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ABSTRACT: In deltas, subsidence  leads to a relative sea-level rise (RSLR) that is often much ,greater than eustadc rise 
alone. Because of  high RSLR, deltaic wetlands will be affected early by an acceleration of  eustatic sea-level rise. If  there 
is sufficient vertical accretion, wetlands can continue to exist with RSLR; however, lack of  sediment  input eventually 
leads to excess ive  water logging and plant death. Areas with low tidal range, such as the Mediterranean 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 f loods and storms, and management  pol ic ies  and decis ions are especially 
des igned to protect against such events.  Management  approaches must be reoriented to take advantage of  pulsing events 
to nourish marsh surfaces with sediments .  We hypothesize  that deltas can be managed to withstand significant rates of  
sea-level rise by taking advantage of  pulsing events leading to high sediment  input, arid that this type of  management  
approach will etthance ecosystem functioning. 

I n t r o d u c t i o n  

Deltaic ecosystems have high ecological and eco- 
nomic  value in te rms of  such factors as fish pro- 
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duction,  wetlands, wildlife habitat,  potent ial  for wa- 
ter-quality improvement and fi 'eshwater storage, 
agriculture,  and tourism. Despite these values, 
there are serious envi ronmenta l  p rob lems  in many  
deltas, including enhanced  subsidence due to 
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drainage,  lowered freshwater  input,  which has led 
to r educed  accret ion and  salinity intrusion,  water- 
qual i ty  d e t e r i o r a t i o n ,  a n d  d e c r e a s e d  b io logica l  
product ion .  These  p rob lems  are the result of  hab- 
itat destruct ion and  the const ruct ion of  dams, im- 
poundment s ,  dikes, and  canals, a m o n g  o ther  fac- 
tors. -l'he~e activities reduce  the inf luence of  puls- 
ing event~ such as s torms and river floods that lead 
to accretion,  h igher  net  biological product ion,  and  
enhanced  deltaic functioning.  

One  of  the most  critical p rob lems  facing deltas 
is a high rate of  relative sea-level rise (RSLR) due 
to a combina t ion  of  eustatic sea-level rise and  sub- 
sidence. RSLR is often much  grea ter  than eustatic 
rise. For example ,  while the cu r ren t  rate of  eustatic 
rise worldwide is between 1 and 2 m m  yr '~ (Gor- 
nitz et al. 1982), RSLR in the Mississippi Delta is 
in excess o f  10 m m  yr -l (Penland and  Ramsey 
1990), in the Nile, it is as high as 5 m m  yr ~ (Stan- 
ley 1990), it has recently been  as high 8 m m  yr 
in Venice Lagoon due  to g round  water  withdrawal 
(Sestini 1992), and  it is between 1 m m  yr i and 5 
m m  yr ~ for the Ebro  and Rh(_me deltas ( L ' I l o m e r  
1992). Because of  this high rate of  RSI.R, deltas 
can serve as models  for  the impacts  o f  accelerated 
eustatic sea-level rise in o the r  coastal systems (Day 
and Temple t  1989). 

Coastal managers  must  now also consider  global 
warming  and a predic ted  accelerat ion of  the rate 
of  eustatic sea-level rise, which will exacerbate  the 
above problems.  The  scientific consensus is now 
that the rise over the next  40 yr will likely be abou t  
30 cm (Kerr 1989; Warrwick and  Oer l emans  
1990). For a review of  issues relative to climate 
change and  the Medi ter ranean,  and  European  
coastal lowlands in general ,  see Jeftic e t a [ .  (1992) 
and  Tooley and  Je lgersma (1992); fi)r tile Missis- 
sippi Delta, see Day and  Temple t  (1989). 

I f  wetlands do not  accrete vertically at a rate 
equal to the rate of  RSLR, they will b e c o m e  
stressed due to water  logging and  ultimately will 
d isappear  (see Discussion). Cur ren t  evidence in- 
dicates that water-level rise (due bo th  to eustatic 
rise and to subsidence)  is leading to wetland loss, 
coastal erosion,  and salt-water intrusion in a num-  
ber  of  coastal areas ( l lackney  and  Cleary 1987; Ste- 
venson et ai. 1988; Day and  Temple t  1989). 

O u r  objectives in this pape r  are to discuss the 
impacts of  rising water  levels on deltaic systems in 
the Gulf  o f  Mexico and  the Medi te r ranean  Sea, the 
role of  pulsing events in deltaic functioning,  and  
the impacts  of  m a n a g e m e n t  on sustainability. In 
doing so we wi[l address |he  following two hypoth-  
eses: Deltas can be m a n a g e d  to offset mode ra t e  
rates of  relative sea-level rise if pulsing events are 
allowed lo supply sediments,  fresh water, and nu- 
trients. By enhanc ing  the ability of  deltas to will]- 
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stand sea-level rise, deltaic funct ioning  will be en- 
hanced  (in te rms of  p r imary  and secondary  pro- 
ductivity,  chemical  t ransformat ions ,  sediment  dy- 
namics, and hydrological interactions).  

A Conceptual Model of 
Deltaic Functioning 

Pulsing events play an impor t an t  role in overall 
dehaic  funct ioning and enable  marshes  to keep  
pace with RSI,R. A conceptual  mode l  of  these in- 
teractions is shown in Fig. 1. The  mode l  illustrates 
how relative land surface cqevation is a balance be- 
tween accret ion and  ILSLR. Wetland surfaces must  
accrete vertically to keep  pace with RSI,R and the 
rate of  accret ion is a funct ion of  both  inorganic 
and organic  material  inputs to the soil. Inorganic  
sediments  can come  f rom ei ther  mar ine  or riverine 
sources (Day and Temple t  1989), arid pulsing 
events are impor t an t  in media t ing  these inputs. 
Storm events resuspend bo t tom sediments  of  coast- 
al bays or  the nearshore  coastal o c e a n  and deposi t  
1hem on coastal marshes  (Baumann  et al. 1984; 
Reed 1989). River floods can carry very high sus- 
p e n d e d  sediment  loads. For example ,  concentra-  
tions up to 1.6 g 1 -~ were measured  in a Rh6ne  
River f lood in November  1992 (Fig. 2)- Riverine 
f looding of  coastal marshes  causes not  only in- 
creased accret ion but also enhances  p r imary  pro- 
duct ion (Nyman et al. 1990), which leads to h igher  
rates of  organic: soil tb rmat ion .  M a n a g e m e n t  ap- 
p roaches  should therefore  be  designed to increase 
the input  o f  f lood waters to deltaic: wetlands. 

The  mode l  also shows that freshwater  input  has 
an impor tan t  effect on salinity. Studies have shown 
that salinity stress can lower plant  productivity 
(McKee and Mendelssohn 1989). High soil salinity 
is an impor t an t  su'ess in seasonally arid Mediter- 
ranean  deltas and  input  of  river water reduces  this 
stress. Fu r lhe rmore ,  river input  increases the ex- 
tent of  fresh and  low salinity vegetation,  which gen- 
erally are character ized by lower bulk density soils 
than halophyllic species (Nyman et al. 1990). This 
means  marsh surfaces can keep pace with RSLR 
with lower mineral  sed iment  inputs. 

Daily tides also provide an energy pulse, leading 
to biologically impor tan t  fluxes of  materials  and 
increased plant  p roduc t ion  due to dra inage of  
marsh soils. The  Gulf  of  Mexico (GOM) and the 
Medi te r ranean  Sea generally have low tide ranges, 
on the o rder  of  20-40 cm. The  vertical elevation 
growth range  of  wetland vegetat ion has been cor- 
related to tidal range (McKee and Patrick 1988), 
therefore  coastal wetlands of  tile G O M  and Medi- 
t e r ranean  exist within a relatively nar row elevation 
range.  This sensitivity is impor tan l  in consider ing 
the potent ial  effects o f  increasing water  levels be- 
cause, in the absence of  vertical accret ion,  the el- 
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Fig. 1. Conceptua l  mode l  of  deltaic func t ion ing  anti lhe impacts  of" sea-level rise. The  mode l  shows how natural  lmlses of  fi'esh 
water, nutr ients ,  and  s e & m e n t s  e n h a n c e  soil format ion  anti t)uffel against  RSI,R. Soil fo, 'nlation is b roken  down into inorganic  anti 
organic fl'actions, and  organic mat ler  p roduct ion  depends  on relative land elevalion, a balance between RSI.R and  soil tbrmal ion .  
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Fig. 2. Water  flux and  total su spended  sed iment  concentra-  
tions in the Rh6ne  River, Oc tober  1992-May 1993. The  late 
November  flood represen ted  a 10-yr event, with TSS loads of  
up  to 1660 mg  l L Arrows indicate sampl ing  periods fbr short- 
te rm sed imenta t ion  and  the tinting o f  a 48-h flux study. Both 
expe r imen t s  showed the impor tance  o f  this one  event in sup- 
plying sed iments  to riverine wethmds.  

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

Several Medi te r ranean  deltas have shallow sub- 
surface layers of  hypersal ine water  just  below the 
root  zone (Corre  1992; Marifm 1992). 1,atcral 
g ro lmd  water m o v e m e n t  in these areas is low due 
Io the general ly imperv ious  soils. Vertical move- 
ments  in the g round  water  can be quite rapid, how- 
ever, due  lo hydrostatic ad jus tment  to changes  in 
water level in o the r  areas of  the delta. Corre  
(1992) predicts  that in the Rh6ne  Delta, increasing 
sea level will torce this hypersal ine water  upward, 
causing severe salt stress Io tile wetland vegetation. 

Dehas are the result of  s trong interact ions with 
rivers and /he sea and are ill a dynamic balance 
between these forces. T h e  effect  of  h u m a n  activi- 
ties has been  to upset  this balance by largely iso- 
lating dehas  f rom the river and the sea, which re- 
duces the inf luence of  pulsing events. All impor-  
tant rivers in the Gulf  o f  Mexico and the Mediter- 
ranean  have been clammed, which has reduced  
floods and resulted in a reduct ion  in the a m o u n t  
of  fresh water and sediments  reaching  the deltas. 
The  a m o u n t  of  sed iment  carr ied in the Nile and  
Ebro rivers has been  r educed  by over 95%, for the 
Po River tile reduct ion is abou t  75%, and for the 
Rh6ne  and  Mississippi rivers the reduct ion is great- 
er (llan 50% (Fig. 3; Stanley and  Warne  1993; Var- 
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Fig. 3. Suspended  sed imen t  concent ra t ions  40 kin ups t ream 

of  the m o u t h  of  the Ebro River. 1961-1963 pre-dam construc-  
tion (Q); 1972-1980 (A); 1980-1987 (solid line).  (Mu6oz and  
Prat 1989) 

ela et al. 1983; Sestini 1992; I , ' H o m e r  1992; Day 
and Temple t  1989). 

Within most  deltas of  the Gulf  of  Mexico and  
the Medi te r ranean  Sea, canals, dikes, diversions, 
and  impoundn len t s  have isolated large parts of  the 
delta plain f rom riverine input.  River dikes prevent  
bo th  changes  ill tile course of  the lower river and  
input  of  riverine sediments  to the delta plain dur- 
ing riw~r floods. Canals with their  associated spoil 
banks inhibit  water m o v e m e n t  into marshes  and  
the deposi t ion of sediments  dur ing major  pulsing 
events such as coastal s torms (Swenson and T u r n e r  
1987); wetland loss rates in the Mississippi are pro- 
por t ional  to canal densities (Scaife et al. 1983). Im- 
p o u n d m e n t s  consisting of  a system of  dikes and  
water-control s tructures have been shown 1o re- 
duce the influx of  suspended  sedimenls,  lower ac- 
cret ion rates, lower productivity, and  reduce  the 
m o v e m e n t  of  migra tory  fishes (Rogers et al. 1992; 
Boumans  and Day 1994; Cahoon  1994). 
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Most Medi te r ranean  deltas are also largely iso- 
lated f rom the sea by dikes, reduc ing  the pulsing 
energies  associated with s torms that  resuspend sed- 
iments  in the nea r shore  zone and  t ranspor t  them 
into estuaries. This is t rue for  the Po, Nile, Ebro, 
Rh6ne,  and  Axios deltas (Jeftic et al. 1992). Much 
of  this diked land has been  dra ined  and  conver ted  
to agriculture,  which has enhanced  subsidence due 
to soil oxidat ion and  lack of  sed iment  input  and  a 
n u m b e r  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  i m p o u n d e d  and rec la imed tor  u rban  and  ag- 
ricultural purposes.  Most of  tile agricultural recla- 
mat ions  have failed and  are now shallow ponds  
(Day et al. 1990). 

It  is necessary to put  the conceptua l  mode l  with- 
in an appropr ia te  t ime scale. The  response  of  del- 
taic systems to climate change,  water-level changes,  
and  h u m a n  in tervent ion  that  we discuss in this pa- 
pe r  take place on the o rder  of  decades.  Within this 
t ime frame,  climate and  sea level will change  only 
modera te ly  f rom presen t  conditions.  M a n a g e m e n t  
actions taken now, while perhaps  poin t ing  the way 
for longer  t e rm responses,  will last no more  than 
a century. On  a m u c h  longer  t ime scale of  100s to 
1000s of  years, climate and  sea level have changed  
and  will cont inue  to change  on a much  grea ter  
scale (McMillan and  Emery  1968). Al though the 
mechan isms  governing  the funct ioning of  deltas 
do not  change,  the m a n a g e m e n t  responses  to 
these changes  will have to be different.  Our  dis- 
cussion does not  ret lect  these very long- term scales 
because they are outside of  cu r ren t  m a n a g e m e n t  
perspectives. 

Pulsing events affecting deltaic systems occur  on 
a hierarchy of  different  t ime scales and  result  in 
different  responses  (Table 1). On a t ime scale of  
several h u n d r e d  to a thousand years, channe l  
switching leads to the fo rmat ion  of  a b road  deltaic 
plains despite a RSIJR in excess of  eustatic sea-level 
rise. On the o rder  of  decades  to one  to two cen- 
turies, great  river floods and the most  powerful  
s torms (e.g., ca tegory 5 hurr icanes)  lead to major  
depos i t i ona l  events ,  large-scale  hab i t a t  c h a n g e  
(i.e., to rmat ion  of  new wetlands and  tidal flats and  
b reach ing  of  bar r ie r  islands), and  initiate channel  
changes.  As the t ime scale decreases,  the f requency 
of  pulsing events increases, but  the spatial scale of  
impact  decreases. Shor t - term pulses enhance  sed- 
iment  deposi t ion,  nu t r ien t  and  hydrological  ex- 
changes,  and  product ion .  Ten-year to 20-yr s torm 
events are impor t an t  in sed iment  deposi t ion and  
enhanced  biological p roduc t ion  within the coastal 
env i ronment .  On a shor te r  t e rm basis, the daily 
rise and  tall of  tides leads to h igher  p roduc t ion  
and enhanced  interact ion between wetlands and 

TABLE l .  T e m p o r a l  scale  o f  p u l s i n g  events .  

Event Tlnle 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 
Nor,hal storm events W e e k s  Enhanced deposition 

(frontal passage) Organism transport 
Net transport 

Tides Daily Drainage and/or marsh 
production 

l,ow net transport 

the adjacent  water  bodies. Energy pulses on differ- 
ent  scales may interact  synergistically. For example ,  
the passage of  a low-pressure zone dur ing a rising 
tide coupled  with a river flood, will increase coastal 
f looding due to a set-up of  water  levels in the re- 
ceiving water body. An awareness of  these t ime 
scales is i m p o r t a n t  b e c a u s e  m a n a g e m e n t  ap- 
proaches  should take advantage of  these natural  
energy pulses to enhance  accret ion and  wetland 
function.  

Sea-Level Rise and the 
Mississippi Delta 

The  Mississippi Delta is a large area  of  lakes, 
bays, near  sea-level wetlands, and  low-lying uplands  
that  is very impor t an t  for wildlife and  fisheries 
(Madden et al. 1988). Mean RSI,R is abou t  1.0 cm 
y r  1 in the Mississippi deltaic plain as a resuh  of  
regional  subsidence due  to sed iment  compact ion ,  
consolidat ion,  and  dewater ing (Penland and  Ram- 
sey 1990). This rate has been  increased locally due  
to withdrawals of  water, oil, and  gas. The  eustatic 
c o m p o n e n t  o f  sea-level  i nc rea se  a c c o u n t s  for  
12.5% of  total RSIJR (Turne r  1991). The  presen t  
Mississippi Delta was built  dur ing  tile past 5 ,000-  
7,000 yr, (since the stabilization of  sea level al ter  
the last glacial retreat) ,  fo rming  a large deltaic 
plain of  about  50,000 km z of  which nearly 20,000 
km" are wetlands. This co r responds  to a net  growth 
over the past 5,000 yr of  abou t  4 km '~ yr -1. Delta 
growth took place as the river successively occu- 
pied different  channels.  The  occupat ion  of  these 
channels  can be cons idered  as pulses opera t ing  on 
a geological  t ime scale (1,000 yr, Table 1). On a 
t ime scale of  mon ths  to years, sed imenta t ion  pulses 
occur  dur ing  river f loods and  s torm events. For 
example ,  in a 5-yr study of  sed imenta t ion  in salt 



marshes  a long the I .ouisiana coast, B aum ann  et al. 
(1984) r epor t ed  that  80% of  total accret ion oc- 
curred  dm' ing  winter ti-ontal passages and  two 
tropical storms. 

Over the past several decades,  however, the long- 
t e rm net land gain has been  reversed and recent  
land loss rates have been as high as 100 km '~ yr -l 
(Day and Temple t  1989). This dramat ic  reversal is 
related to a n u m b e r  of  factors, all of  which involve 
tile reduct ion or  e l iminat ion of  pulsing events, 
which has led to an inability to mainta in  surface 
elevation in the t~tce of  rising water levels. 

The  reduct ion of  pulsing ew~nts is mainly due to 
h u m a n  activities that have greatly reduced  sedi- 
men t  input  to the deltaic plain. Dikes along the 
river ex tend  nearly to its mou th  and  there is an 
extensive network of  canals in the Mississippi Del- 
ta. The  dikes and  the canals and their  associated 
spoil banks have r educed  sed iment  input  to coastal 
wetlands (Craig et al. 1979). Canals have also con- 
t r ibuted to the reduct ion of  water quality by allow- 
ing nutrient-r ich upland runo f f  to flow past wet- 
lands directly to water  bodies (Gael and  Hopkin-  
son 1979), and  they have also been  a factor in sa- 
linily intrusion. Wetland i m p o u n d m e n t s  have been 
widely cons t ruc ted  in the Mississippi Delta (Day et 
al. 1990) for both  wetland conservat ion and  hunt-  
ing activities. All of  these h u m a n  influences have 
caused al tered hydrology, sed iment  starvation, and 
wetland loss. 

Certain m a n a g e m e n t  activities can sl imulate  
the rate of  accre t ion by taking advantage  of  puls- 
ing events. Cont ro l led  diversions dur ing  river 
t loods can deliver river water  to specific areas, a 
t echn ique  now employed  in the Mississippi Deha.  
An example  of  a " n a t u r a l "  diversion is the At- 
chatMaya River, the dis t r ibutary of  the Mississippi 
car ry ing  abou t  one- th i rd  of  the flow of  the river. 
A new delta is f o rm i ng  at the m o u t h  of  the At- 
chafalaya River and  wetlands in the vicinity are 
e x p a n d i n g  due  to high rates of  sed imen ta t ion  
(van H e c r d e n  el al. 1983). T h e r e  were two very 
large t loods on the Rh6ne  River in the winter  of  
1993-1994 that  b r e a c h e d  the dikes and  led to 
high sed imen ta t ion  rates in the delta. Such diver- 
sions should  be done  in a con t ro l l ed  way on a 
m o r e  f requen t  schedule.  Sed iment  cap tu re  by the 
use of  wave-stilling devices talso called sed imen t  
fences) has been  shown to increase the rate of  
sed imen ta t ion  and vegeta t ion es tab l i shment  in 
the Ne the r l ands  (Bouwsema et al. 1986) and  the 
Mississippi Delta (Day and  Temple t  1989). These  
sed iment  fences  Irap sed iments  suspended  dur ing  
s torms  by r educ ing  wave energy. 

In consider ing the eftizcts o f  sea-level rise and  
m a n a g e m e n t  responses,  it is impor tan t  to take into 
acco tmt  the considerable  t ime lag (on the o rder  
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of  decades)  before  the effects become  apparent .  
For example ,  dikes a long the lower Mississippi 
were substantially comple ted  in the 1930s, and  
widespread canal construct ion had taken place by 
tile 1960s. The  rate of  wetland loss was low up to 
the 1950s but increased very rapidly ill the late 
1960s (Day and Temple t  1989). Al though the na- 
ture of  subsidence was unders tood  over 50 yr ago, 
it was not  until the mid-1970s that  the p rob lem of  
land loss began to be apprec ia ted  and  not  until the 
mid 1980s that the role of  RSLR was beg inn ing  to 
be unders tood  by decision-makers.  This suggests 
that m a n a g e m e n t  action should be taken well he- 
fore the acute symptoms of  rising water levels ap- 
pear  and  that  lhe effects o f  the reduct ion of  puls- 
ing ew~nts can take years to manifest  themselves. 

A n u m b e r  of  general  conclusions can be drawn 
f rom these studies of  the Mississippi Delta. The  
high rate o f  RSLR, in combina t ion  with the reduc- 
tion o f  pulsing energies,  is leading to high rates of  
coastal wetland loss. I f  there  is sufficient sediment  
input  and accretion,  however, wetlands may ac- 
crete vertically at a rate equal to water-level rise, 
ensur ing their  survival. In essence, this means  tak- 
ing advantage of  energet ic  events that  mobilize 
and t ranspor t  sediments,  l)iversions of  river water 
(such as is seen with tile Atchafalaya River) and 
sediment-capture  schemes are examples  of  man-  
aged pulses that can enhance  sedimentat ion.  

The Mediterranean 

Most wetlands in the Medi te r ranean  region are 
associated with deltaic areas such as those of  the 
Nile, Po, Ebro,  Rh6ne,  and  Axles rivers. Wetlands 
in these areas are facing n u m e r o u s  threats. We 
have already stated that most  deltaic areas are sub- 
siding, leading to a high rate o f  RSLR. Based on 
pro jec ted  increases in the rate of  eustatic sea-level 
rise for the middle  of  the next  century, many  Med- 
i te r ranean  wedands  may exper ience  rates of  RSI,R 
of  nearly 10 m m  yr -~ in the next  centm'y  (Day 
1992), a magni tude  comparab le  to the Mississippi 
Delta. 

As in the case of  the Mississippi River, these del- 
taic areas with high rates of  RSI,R need sufficient 
inputs of  sediment  in o rder  to offset RSLR, yet Ira- 
man activities have r educed  sed iment  input. Dam 
construct ion has reduced  freshwater discharge and 
the sed iment  load of  rivers. Rivers are diked to the 
sea and what sed iment  is left is mostly discharged 
directly to the sea ra ther  titan allowed Io f lood into 
coastal wetlands. Finally, large areas of  deltaic wet- 
lands have been  i m p o u n d e d  and mostly recla imed 
tbr  agricul ture and  o the r  reasons. Thus  while there 
is an increasing need for  sed iment  input  to ofs 
RSI,R, sed iment  availability has diminished.  River 
water is often suppl ied to these dehas  as part  of  
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Fig. 4. The Rh6ne 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, howewrr, is 
generally not  deliw'.red to subsiding wetlands and 
the deltas have been isolated fi'om tile most ener- 
getic pulsing events (river lloods 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). 

THE RIt()NE DELIA 

The Rhgne Delta (La Camargue)  is one of  the 
most impor tant  natural areas in the Mediterranean 
region (Fig. 4), conta ining large areas of  wetlands 
that are ecologically impor tant  for wildlife habitat 
and fisheries (Tamisier 1990). It is an excellent 
place to study the interaction of  sea-level rise and 

human activity because the area is subsiding and 
the natural system has been greatly altered. Subsi- 
dence in the Camargtte ranges from 0.5 mm yr 1 
to 4.5 nun yr -~ ( l / H o m e r  1992). Sediment  input  
to wetlands of  the Camargue is severely limited by 
dikes; only in a small area at the mouth  of  the 
Rh6ne Riw~r and in front of  the sea dike are wet- 
lands connected to the river and the sea. 

Sediment dynamics were studied in different ar- 
eas of  the Camargue fi'om August 1992 until ,July 
1993 to determine the impact of  management  
practices on accretion and wetland survival. Mea- 
surements of" sedimentation and plant product ion 
were carried out  at wetland sites isolated fi'om the 
sea and the river ( inlpoundnlents) ,  sites with a t]'ee 
connect ion with the sea (marine),  and sites at the  
mouth  of  the Rh6ne River affected by river dis- 
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Fig. 5. A'~erage lotal short-term sedimentation (organic - inorganic ) in diffiwent areas of the RhYme Delta fi-om August 1992 to 

May 1993. "Ihe annual t~tll and spring floods (especially the late No~ember event) are very important in driving scdimentamm at the 
riverine sites. 

c h a r g e  a n d  t ides  (f l -esh-brackish;  Fig 4). At  each  
sile, s h o r t - t e r m  s e d i m e n t a t i o n  p a t t e r n s  were  mea -  
s u r e d  eve ry  2 - 4  wk as m a l e r i a l  a c c u m u l a t e d  on  ill- 
t e r  pads  p l a c e d  on  the  m a r s h  su r face  (Reed  1989). 
Vert ical  a c c r e t i o n  was m e a s u r e d  each  6 m o  at the  
t h r e e  sites as s e d i m e n t a t i o n  over  t i le  m a r k e r  hor i -  
zons  ( C a h o o n  a n d  T u r n e r  1989). A s c d i m e n l a t i o n -  
e r o s i o n  tab le  ("SI-Ti"'; B o u m a n s  a n d  Day 1993) was 
u sed  to m e a s u r e  c h a n g e s  iLL the  su r face  eh;va t ion  
al  ea(:h of the  t h r e e  sites. S e d i m e n t  a n d  wa te r  t lux- 
es were  m e a s u r e d  tLetween the  R h 6 n e  River a n d  
the  w e t l a n d  site at  lhe  m o u t h  o f  the  r iver  by m o n -  
i t o r ing  i n s t a n t a n e o u s  t luxes  ow.'r 48-h p e r i o d s  dur -  
ing  six d i f f e r e n t  h y d r o l o g i c a l  a n d  c l imac t i c  cond i -  
t ions  (as in S te rn  et  al. 1991 ). T h e  c o m b i n a t i o n  o f  
these  a c c r e t i o n  a n d  t lux m e t h o d s  c h a r a c t e r i z e d  
s e d i m e n t  d y n a m i c s  over  t ime  scales r a n g i n g  f rom 
i n s t a n t a n e o u s  to a n n u a l .  

P r e l i m i n a r y  r e suhs  i n d i c a t e  h igh  s e d i m e n t a t i o n  
ra tes  in the  w e t l a n d s  at  t he  m o u t h  o f  the  R h 6 n e  
Rive r  S h o r t - t e r m  s e d i m e n t a t i o n  was h i g h e r  at 
t h e s e  sites (Fig. 5) a n d  was g e n e r a l l y  a s soc i a t ed  
whh  a c o m h i n a l i o n  o f  h i g h e r  r iver  d i s c h a r g e  a n d  

winds,  l e a d i n g  to t l o o d i n g  o f  w e t l a n d s  a n d  d e p o -  
s i t ion o f  s u s p e n d e d  s e d i m e n l s .  T h e  h ighes t  sedi-  
m e n t a t i o n  ra tes  o f  the  s tudy  were  m e a s m ' e d  a t  t i le  
r ive r ine  si te arieL" a R h 6 n e  River  t l o o d  tha t  c a r r i e d  
20% o f  the  a n n u a l  r iver  f low in a l - too  p e r i o d  a n d  
w h e r e  s u s p e n d e d  s e d i m e n t  lew,'ls in the  r iver  
r e a c h e d  1,600 mg 1 I (Fig. 9_). T h e  l lux s tudy 
showed  a ne t  i m p o r t  o f  s u s p e n d e d  s e d i m e n t s  a n d  
i n o r g a n i c  n u t r i e n t s  a n d  a n e t  e x p o r t  o f  ch lo ro -  
phyll .  Vert ical  a c c r e t i o n  at the  r ive r ine  site was be-  
tween 10 m m  yr ~ a n d  20 m m  yr  ~, a n d  the  ac- 
c r e t e d  m a t e r i a l  was p r i m a r i l y  i n o r g a n i c .  A c c r e t i o n  
at  the  sites i so l a t ed  f rom t i le  r iver  a n d  sea were  
g e n e r a l l y  less than  1 m m  vr i. I n c r e a s e s  in surf 'ace 
e l eva t ion  m e a s u r e d  with t i le  SET was s ign i t i can t ly  
h i g h e r  at the  r ive r ine  site t han  at the  m a r i n e  o r  
i m p o n n d e d  sites (1.'25 cm yr i versus  0.74 cm yr l 
a n d  0.,51 cm yr -~, respec t ive ly) .  

T h e s e  resul ts  i n d i c a t e  tha t  s e d i m e n l a f i o n  a n d  
ver t ica l  a c c r e t i o n  in the  C a m a r g u e  is g e n e r a l l y  low, 
a n d  on ly  in the  w e t l a n d s  n e a r  t h e  r iver  m o u t h  is 
t h e r e  suf f ic ien t  a c c r e t i o n  to offset  loca l  RSI,R. Ac- 
c r e t i o n  occur s  d u r i n g  s t r o n g  p u l s i n g  events  sHch 
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as river floods and  storms, suggesting that  man-  
agemen t  in the Camargue  will have to change to 
take advantage of  these pulsing events if wetland 
ecosystems are to survive. 

OTIIER MEDITERRANEAN I)EI,TAS 

We have focused on the Rh6ne Delta, but  similar 
condi t ions hold for o ther  major  deltas. The re  is 
considerable  informat ion  on the Ebro  and Po del- 
tas, Venice Lagoon  (Fords and  Comin  1987; Mufioz 
and Prat 1989; Varela et al. 1983; Sestini 1992), the 
Nile Delta (Stanley and  Warne 1993), and  the Ax- 
ios delta (Georgas  and  Perissoratis 1992). As in the 
Camarguc' ,  most  of  the wetland area in these o the r  
four deltas has been conver ted  to agriculture.  Sed- 
iment  t ranspor t  in the Nile and Ebro rivers has 
essentially been  el iminated,  while that  of  the Po 
has been  reduced  by abou t  40%. These  deltas have 
also been  largely isolated f rom the rivers and  the 
sea. Subsidence is significant in all three  areas re- 
sulting in high rates of  RSLR. Much of  the Po and 
Nile deltas is presently below sea level (Sestini 
1992) and  Stanley (1988) has predic ted  that  sub- 
sidence in the Nile will likely lead to increased 
f looding and  salt intrusion in the eastern delta, an 
area  of  impor t an t  agricultural product ion .  Finally, 
env i ronmenta l  pol lut ion is serious in the three ar- 
eas. 

Development of  Management Plans for 
Sustainable Deltas 

ENVIRONMENTAL PROBLEMS OF 
DEI;I'AS: ELIMINATION OF PUINES 

Deltas suffer f rom a variety of  in ter re la ted  envi- 
ronmenta l  problems,  most  o f  which stem fi-om the 
legacy of  h u m a n  intervent ion,  which has isolated 
them f rom energies  that  subsidize and  sustain del- 
las. Deltas undergo  regional  subsidence that has 
often been  accelera ted by subsurface fluid with- 
drawals and the oxidat ion of  dra ined  soils. Deltas 
normal ly  persist, however, because sediment  de- 
position and organic soil formatioi l  lead to a rate 
of  accret ion that  balances subsidence. The  a m o u n t  
of  fresh water and  sediments  reaching  deltas has 
been  greatly reduced  due to re tent ion of  sedi- 
ments  in reservoirs and  ups t ream freshwater diver- 
sion. Unde r  natural  condit ions,  fresh water  tlows 
slowly th rough  wetland and  aquatic habitats form-  
ing a buffer  against sah-water i nmls ion  and  allow- 
ing time for processing and  t ransformat ion  of  riv- 
er-borne nutrient~s. Presently, most  river water  is 
channe led  th rough  the delta, e i ther  in the river 
itself or in i r r iga tkm chaimels,  and  is often dis- 
charged  directly into the coastal ocean or  into 
coastal lagoons or  bays, where  high nutr ients  and  
toxins lead to coastal pol lut ion and  eut rophicat ion .  

The  impacts  descr ibed above have led to habitat  

destruct ion,  which in turn have exacerba ted  prob-  
lems such as salinity intrusion and  eut rophicat ion .  
The  loss of  wetlands leads to reduct ions  in fresh- 
water storage, nut r ient  processing, wildlife, and 
fisheries. In summary,  changes  in deltas have led 
to the tbllowing interrela ted env i ronmenta l  prob- 
lems: Enhanced  subsidence due to soil oxidat ion 
and fluid withdrawal; Reduced sediment  input,  
leading to low vertical accretion;  I~]utrophication; 
Salt-water intrusion; and  Habi ta t  loss, causing low- 
ered  wildlife and  fisheries values. 

All o f  these p rob lems  in deltas are related to the 
reduct ion of  pulsing events. The  input  o f  nutri- 
ents, fresh water, and  sediments  associated with riv- 
er floods and  s torms have been largely el iminated.  
I Iydrological changes  within deltas such as river 
dikes, canals, and  i m p o u n d m e n t s  have reduced  
tidal interact ions between wetlands and  water bod- 
ies, result ing in reduced  water  quality. T h e  isola- 
tion of  deltas f rom the sea has lowered fisheries 
product ion .  

COMPREHENSIVE MA_\AGEMENT: 
UTII,IZATION OF PL'I^SING EVEN'IS 

To address the p rob lems  of  deltas within the 
context  of  rising water levels, comprehens ive  man-  
agemen t  is needed  that  actively uses energet ic  puls- 
ing events. It is the unorganized,  f r agmented  way 
deltas have been  m a n a g e d  in the past that  has giv- 
en rise to the p rob lems  existing today. Within an 
overall context ,  the.fol lowing specific issues must  
be addressed: sed iment  managemen t ,  nut r ien t  
m a n a g e m e n t ,  fresh and saline water m a n a g e m e n t ,  
and  ma in t enance  of  habitat  quality and quanti ty 
M a n a g e m e n t  actions must  take into considerat ion 
not  only the delta itself but  also the dra inage  basin. 
We will now consider  some specific c o m p o n e n t s  
that should be cons idered  in comprehens ive  plan- 
ning and  m a n a g e m e n t .  

SEDIMENT MANAGEMENT OPTIONS ANt) 
APPROACI I ES 

As discussed above, the quantity of  ti-esh water  
and  sediments  reaching deltas has been  reduced,  
and  in some cases (i.e., the Nile and  Ebro rivers) 
a l m o s t  c o m p l e t e l y  e l i m i n a t e d .  For  su s t a inab l e  
m a n a g e m e n t  of  deltas, sediments  will have to be 
delivered to coastal wetlands. One  possibility in- 
volves the remobil izat ion of  sediments  that  are cur- 
rently t rapped in reservoirs. Engineer ing me thods  
need  to be  developed to accomplish this. Sediment  
m a n a g e m e n t  should also include plans for both  
t ransport  and  re tent ion of  suspended  sediments  
within deltas. Dikes a long lower river courses pre- 
vent  input  o f  sediments  into deltaic wetlands. Con- 
trolled diversions are presently being carr ied out  
in the Mississippi Delta and  this approach  should 



be done  in o the r  deltas. In addi t ion to sediments  
in river water, r e suspended  sediments  f rom bays 
and tile nearshore  zone are also an impor tan t  
source. For example ,  mos t  of  the sediments  de- 
posited on the surface of  coastal marshes  in the 
Mississippi Delta are resuspended  f rom bay bot- 
toms and in the nearshore  area  (Baumann  et al. 
1984). The  work of  resuspending  and  t ranspor t ing  
these sediments  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 Deha to encourage  settling of  suspend- 
ed sediments  and inhibit  resuspension (Bouwser- 
ma et al. 1986; Day and Temple t  1989). This raises 
the elevation of  the sed iment  surface allowing rev- 
egetafion to occur. Sediment  m a n a g e m e n t  would 
therefore  involve a combina t ion  of  natural  and  ar- 
tificial energy pulses. 

FRESH AND SALINE WATER MANAGEMENT 
OPTIONS AND APPROACIIES 

Fresh water and  sediments  should be diverted 
into deltaic areas to mainta in  high productivity, 
wetland habitat,  and low salinity areas, as is being 
done  in the Mississippi Delta. Ia rge-sca le  diver- 
sions are current ly  carr ied out in malay Mediter- 
ranean  dehas  for irr igation and these should be 
incorpora ted  into an overall m a n a g e m e n t  plan. At 
present,  salinity intrusion is often control led by the 
use of  harriers  that  prevent  the inflow of  mar ine  
waters. A negative impact  of  this type of  manage-  
men t  is that in terchanges  with the sea are greatly 
reduced  and  the positive impacts  of  mar ine  puls- 
ing events such as s torms are largely el iminated.  
Managing salinity by using fresh water to f o r m  a 
buffer  against  salt-water intrusion allows the coastal 
systems to remain  open  to a grea ter  extent ,  thus 
allowing the m o v e m e n t  of  fishery species that use 
brackish water and  wetlands as impor t an t  habi ta t  
(Rogers et al. 1992). 

NI:IRIENT MANAGEMENT OPTIONS AND 
APPROACI IES 

Eutrophicat ion  is a p rob l em  in coastal water 
bodies, caused in par t  by the inputs  of  nutr ient-  
laden r u n o f f  from agricultural fields, u rban  areas, 
industry, and  directly f rom rivers. A well-designed 
m a n a g e m e n t  plan would include the use of  wet- 
lands and  shallow waters to assimilate nutr ients  at 
a rate that  would increase productivity but  lessen 
the p rob lems  of  enr ichment .  Num erous  studies 
have shown that wetlands can assimilate nutr ients  
and  lead to improved  water  quality; because of  this, 
t r ea tmen t  systems have been  designed to specifi- 
cally to use wetlands fbr  wastewater t r ea tmen t  
(Godfrey et al. 1985). The  applicat ion of  nutr ients  
at the appropr ia t e  rate can st imulate wetland pro- 
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ductivity, in the coastal zone,  this leads to en- 
hanced  accretion,  which can balance ILSLR and 
also is a p e r m a n e n t  sink for nutr ients  via burial as 
accret ion takes place. 

MAINTENANCE OF HABITAI 
QUALITY AND QUANTITY 

kal integral par t  o f  any delta m a n a g e m e n t  plan 
is the conservat ion and restorat ion of  natural  hab- 
itat. The  m a n a g e m e n t  approach  p roposed  above 
will enhance  the conservat ion and productivity of  
natural  habi ta t  while ensur ing  a diversity of  fresh, 
brackish, and  saline habitats including wetlands, 
submerged  vegetation,  and  open  water. For such 
m a n a g e m e n t  plans to funct ion properly,  there 
needs  to be a p r o p e r  balance of  aquatic, wetland, 
and  agricultural habitats. It is likely that  some ag- 
ricultural lands will have to be  conver ted  to wet- 
land or  shallow-water habitat.  This reconversion is 
current ly  occurr ing  in the Rh6ne  Delta, where  an 
increasing percen tage  of  land is being conver ted  
into seminatural  wetlands, used primarily for hunt-  
ing (unpubl i shed  data).  With the rise of  eco-tour- 
ism, it is p red ic ted  that  such reconversions will be- 
come more  popu la r  in the future.  Energy and  
mone ta ry  subsidies in such systems is inuch lower 
than for  agricultural fields, and the net  re turns  can 
be as great.  

Summary and Conclusions 
In summary,  deltas in the Gulf  o f  Mexico and  

the Medi te r ranean  are good  examples  of  the in- 
teractions of  the impacts  of  sea-level rise, h u m a n  
activities, and  the role of  energet ic  pulses. 

These  dehas  have large wet land areas. The  area 
of  wetlands was much  grea te r  in the past, and  large 
por t ions  have been  conver ted  for  agricul ture and  
()tiler purposes.  The  wetlands remain ing  in these 
deltas are impor t an t  for  wildlife habitat,  mainte-  
nance" of  biological diversity, and  suppor t ing  fish- 
eries. 

The re  are high subsidence rates in most  deltas 
and this gives rise to rates of  RSI,R that  are often 
much  grea ter  than eustatic sea-level rise. Because 
of  RSI,R, these deltas serve as models  of  the effects 
of  an accelerat ion of  eustatic sea-level rise. Under  
natural  condit ions,  pulsing events such as river 
floods and  s torms led to accret ion rates that bal- 
anced  RSI,R. 

Because of  low tidal ranges, the Gulf  of  Mexico 
and  Medi te r ranean  wetlands survive within a nar- 
row elevation gradient .  A rising sea level will affect 
such wetlands more  rapidly than o ther  coastal ar- 
eas with grea te r  tidal ranges. 

T h e r e  are a variety of  m a n a g e m e n t  pract ices in 
the dehas  of  the Gulf  of  Mexico and  the Mediter- 
ranean  that t end  to isolate the deltas f rom the puls- 
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i n g  e v e n t s  o f  b o t h  r i v e r s  a n d  t h e  sea.  T h e s e  m a n -  
a g e m e n t  p r a c t i c e s  i n c l u d e  d i k e s  f o r  f l o o d  c o n t r o l ,  
i m p o u n d m e n t  a n d  w a t e r  c o n t r o l  s t r u c t u r e s ,  c h a n -  
n e l i z a t i o n ,  w a t e r - l e v e l  n l a n i p u l a t i o n  f o r  w a t e r f o w l ,  
a q u a c u l t u r e ,  s u b s i d e n c e  e n h a n c e d  by  d r a i n a g e  o f  
w e t l a n d  soi ls ,  a n d  w e t l a n d  r e c l a m a t i o n  a g r i c u l t u r e  
a n d  o t h e r  p u r p o s e s .  

S e v e r a l  M e d i t e r r a n e a n  d e l t a s  h a v e  s h a l l o w  z o n e s  
o f  h y p e r s a l i n e  w a t e r . j u s t  b e l o w  t h e  w e t l a n d  r o o t  
z o n e .  I n c r e a s e s  in  s e a  l eve l  m a y  c a n s e  v e r t i c a l  
g r o u n d w a t e r  m o v e m e n t s  d u e  to  a d j u s t m e n t s  o f  hy- 
d r o s t a t i c  p r e s s u r e .  T h i s  will  l e a d  to  v e g e t a t i o n  
d e a t h  i f  t h e  h i g h  s a l i n i t y  w a t e r  p e n e t r a t e s  i n t o  t h e  
r o o t  z o n e .  

W e t l a n d s  ( :an p e r s i s t  in  t h e  f a c e  o f  r i s i n g  w a t e r  
l eve l s  i f  t h e  a c c r e t i o n  r a t e  is e q u a l  to  t h e  r a t e  o f  
RSLR.  A c c r e t i o n  in  d e l t a s  o c c u r s  m a i n l y  d u r i n g  e n -  
e r g e t i c  p u l s i n g  e v e n t s  s u c h  as r i v e r  t l o o d s  a n d  
s t o r m  e v e n t s .  M o s t  m a n a g e m e n t  h a s  r e d u c e d  o r  
e l i m i n a t e d  t h e s e  p u l s i n g  e v e n t s .  F u t u r e  m a n a g e -  
m e n t  m u s t  r e i n c o r p o r a t e  t h e s e  p u l s i n g  e n e r g i e s  
i n t o  d e l t a i c  f i m c t i o n i n g .  

F u t u r e  r e s e a r c h  s h o u l d  a d d r e s s  a n u m b e r  o f  
q u e s t i o n s  c o n c e r n i n g  d e l t a i c  f u n c t i o n i n g  a n d  m a n -  
a g e m e n t .  H o w  will  s c e n a r i o s  f o r  d i f f e r e n t  r a t e s  o f  
s ea - l eve l  r i se  a f f e c t  t h e  ab i l i t y  o f  d e l t a s  to  b e  m a i n -  
t a i n e d ?  H o w  d o e s  s u b s i d e n c e  v a r y  a m o n g  t h e  dif-  
f e r e n t  d e l t a s  a n d  w i t h i n  i n d i v i d u a l  d e l t a s  a n d  h o w  
d o e s  t h i s  i m p a c t  t h e  m a i n t e n a n c e  o r  d e t e r i o r a t i o n  
o f  t h e  d e l t a s ?  W h a t  e f f e c t  will  d i f f e r e n t  m a n a g e -  
m e n t  a p p r o a c h e s ,  s u c h  as f o r  a g r i c u l t u r e ,  f i sh  
f a r m i n g ,  w a t e r  m a n a g e m e n t ,  s h o r e l i n e  r e g r e s s i o n ,  
h a v e  o n  t h e  s n c c e s s  o f  d e l t a i c  m a i n t e n a n c e ?  W h a t  
is t h e  r e l a t i v e  i m p o r t a n c e  o f  o r g a n i c  soi l  f o r m a t i o l l  
a n d  i n o r g a n i c  s e d i m e n t  i n p u t  to  t h e  m a i n t e n a n c e  
o f  a c c r e t i o n  r a t e s ?  W h a t  r o l e  wil l  h y p e r s a l i n i t y  p l ay  
in  t h e  o v e r a l l  e f f e c t s  o f  s ea - l eve l  r i se?  U n d e r  o p t i -  
m u m  c o n d i t i o n s  o f  p l a n t  g r o w t h ,  m i n e r a l  s e d i m e n t  
i n p u t ,  a n d  u t i l i z a t i o n  o f  p u l s i n g  e n e r g i e s ,  w h a t  is 
t h e  h i g h e s t  r a t e  o f  s ea - l eve l  r i se  t h a t  t h e  d e l t a  c a n  
w i t h s t a n d  w i t h o u t  d e t e r i o r a t i o n ?  
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