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ABSTRACT .

IBANEZ, C.; DAY, J.W., JR., and PONT, D., 1999. Primary Production and Decomposition of Wetlands of the Rhone
Delta, France: Interactive Impacts of Human Modifications and Relative Sea Level Rise. Journal of Coastal Research,
15(3),717-731. Royal Palm Beach (Florida), ISSN 0749-0208.

Above ground primary production and above ground and below ground decomposition of several wetland species were
studied in seven wetland sites in the Rhone delta from October 1992 to October 1993. The sites were located in three
characteristic zones of the delta: a low salinity area close to the river mouth, a marine site near the Mediterranean
Sea and managed, impounded areas. These areas are vegetated by helopytes and glassworts (family Chenopodiaceae).
Wetland production was affected by salinity, cattle and horse grazing and water levels. In a grazed freshwater wetland
dominated by Scirpus maritimus, production was 452 g m 2 yr \ while in an adjacent ungrazed site dominated by
Typha angustifolia production was 2989 g m 2 yr 1. The most productive glasswort marshes were dominated by
Arthrocnemum fruticosum, one near the river mouth (1123 g m 2 yr -1), and a second with a free connection to the sea
(1262 g m 2 yr 1). The least productive glasswort marshes were dominated by Arthrocnemum glaucum. The lowest
production (244 g m 2 yr 1) was in a grazed, semi-impounded marsh with high soil salinity and high ground water
levels, while a second area in the central part of the delta with high soil salinity and grazing had a production of 294
g m 2 yr 1. In the non-grazed brackish Phragmites australis-Scirpus maritimus marsh at the river mouth, production
was 824 g m 2 yr 1, whereas in an unprotected site nearby, grazing was so intense that above ground vegetation was
eliminated. Decomposition rates were significantly different among species and plant parts but not among sites when
the same species were used. Root decomposition was not significantly different with depth. Shoots had the highest
decomposition rates with mean K values of 0.033 wk 1 for Arthrocnemum fruticosum, 0.024 wk 1 for Phragmites
australis and 0.019 wk 1 for Typha angustifolia. Root decomposition had mean K values of 0.0042 wk 1 for Arthroc
nemum fruticosum, 0.021 wk 1 for Phragmites australis and 0.038 wk 1 for Typha angustifolia. The decomposition
rate of woody stems ofArthrocnemumglaucum had a mean K value of 0.0037 wk 1. The main factors affecting primary
production are grazing, soil salinity, waterlogging and nutrients. Human impacts such river and sea dikes, impound
ments, and introduction of large grazers have altered productivity, diversity and successional patterns of the vege
tation communities. Increases in sea level will exacerbate these impacts because of increased waterlogging and salt
stress. These impacts are presently leading to wetland loss and this will likely accelerate unless conditions are
changed.

ADDITIONAL INDEX WORDS: Wetlands, waterlogging, grazing, sea level rise, hypersalinity, Mediterranean.

INTRODUCTION

Intertidal wetlands make up a significant proportion of
many coastal systems. This is especially true in deltaic areas
where there are often large expanses of near sea level wet
lands. These wetlands are ecologically and economically im
portant in terms of nutrient cycling, sediment dynamics, tro
phic interactions, habitat for many species of nekton and wild
life, and fisheries (DAY et al., 1989; MITSCH and GOSSELINK,
1986). The biomass and productivity of coastal wetlands are
good indicators of vegetation health and of the importance of
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wetlands to ecosystem functioning (DAY et al., 1989). Factors
such as competition, salinity, degree of waterlogging, and nu
trient status play important roles in regulating productivity
(PENNINGS and CALLAWAY, 1992; COOPER, 1982; CALLAWAY
et al., 1990; MAHALL and PARK, 1976 a, b, c).

One of the most critical problems facing many deltaic wet
lands is a high rate of relative sea level rise (RSLR) due to a
combination of eustatic sea level rise and subsidence. The cur
rent rate of eustatic rise is 1-2 mm yr- 1 (GORNITZ et aZ., 1982).
Subsidence in the Rhone Delta ranges from 0.5 to 4.5 mmlyr

(L'HoMER, 1992), thus, RSLR in the delta is between 1.5 and
6.5 mmlyr, whereas accretion rates have been drastically re-
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The delta of the Rhone River is one of the largest Mediter
ranean deltas. It has a surface area of 1750 Km2, and its
central part, the Camargue (750 Km2), is a protected area
located between the two main distributaries, the Petit Rhone
and the Grand RhOne (Figure 1). The Camargue contains
large areas of wetlands that are ecologically important as
wildlife habitat and for fisheries (Tamisier, 1990), but the
natural system has been greatly altered by human activities
such agriculture (mainly rice and orchards), grazing by cattle
and horses, and salinas (areas of salt production) (TAMISIER
and GRILLAS, 1994). The upper Camargue and the areas close
to the river channels are mainly devoted to agriculture,
whereas the lower Camargue is largely occupied by shallow
lagoons, salt marshes and salinas (Figure 1), due to the low
land elevation «0.5 m above msl) .

Seven sampling sites were established in three different
areas of the Camargue (Figure 1): a low-salinity area close to
the mouth of the Grand Rhone (La Palissade), a high salinity
marine area located adjacent to the Mediterranean in the
south-central Camargue (Digue a la Mer ), and two managed
fresh to saline areas located in th e east-central Camargue
(Tour du Valat and Relongues). Elevations of the different
sites above mean sea level (msl) were determined from 1:

soil surface elevation and to relate th ese to productivity and
decomposition patterns.

4. To consider the role of human modifications and sea lev
el rise on the vegetation communities of the Rhone delta.

Figure 1. The central RhOne Delt a, known as the Camargue. The three
types of study sites are indicated on th e map. Marine sites: Digue North
and Digu e South: Riverine sites: Pali ssade Exclosure and Pali ssade Im
poundmen t. Man aged sites: Relongues In , Relongues Out and Tour du
Valat CNRS.

1. To measure seasonal changes in above ground biomass
of a number of characteristic wetland species in three differ
ent areas of the Rhone delta and to calculate above ground
productivity for these sites.

2. To measure the decomposition of above ground and be
low ground plant parts in the different study sites.

3. To measure several environmental variables including,
ground water and surface water salinity, water levels , and

duced in the deltaic plain by the construction of dams, river
dikes and impoundments (DAY et al., 1995; HENSEL et al.,
1998). Vertical accretion must lead to a marsh surface eleva
tion gain which keeps pace with RSLR to avoid increased flood
ing stress. It is also predicted that there will be an acceleration
of eustatic sea level rise of about 50 ern over the next 100 years
due to global warming OPCC, 1996). If vertical accretion rates
in the deltaic plain do not keep pace with present and future
RSLR rates, wetlands will likely undergo reduced primary pro
duction due to salt stress and waterlogging, and they may ul
timately disappear. Current evidence indicates that high
RSLR is leading to wetland loss, coastal erosion and salt water
intrusion in a number of coastal areas (GORNITz et al., 1982;
CLARK, 1986; HACKNEY and CLEARY, 1987; KANA et al., 1986;
CONNER and DAY, 1989; DAY and TEMPLET, 1989; SESTINI,
1992 a,b; STANLEY, 1988, 1990).

In order to investigate spatial patterns of productivity and
the factors affecting wetland health and survival in the
Rhone Delta under RSLR conditions, as well as to propose
management practices to prevent wetland deterioration, we
began a research program in 1992, called "Impacts of sea lev
el rise on the Rhone Delta." In this program, a number of
environmental and biological factors related to the conse
quences of RSLR were studied, including the subsidence rate,
wetland production and decomposition, vertical accretion and
wetland surface elevation change, organic and inorganic mat
ter accumulation, spatial and temporal patterns of soil salin
ity and water levels , and sediment characteristics. In this
paper we present results of studies of above ground primary
production as well as above ground and below ground decom
position in several different types of wetlands in the Rhone
delta. Previous literature concerning primary production and
decomposition of wetlands is very extensive, especially for
helophytic species (MASON and BRYANT, 1975; WHITE et al.,
1978; HOPKINSON et al., 1978, 1980; HACKNEY and DE LA
CRUZ, 1980; BRINSON et al., 1981; WHITE and TRAPANI, 1982;
SCHUBAUER and HOPKINSON, 1984; BUTH and DE WOLF,
1985; WEBSTER and BENFIELD, 1986; GRONENDIJK and
VINK-LIEVAART, 1987; HIETZ, 1992; MITSCH and GOSSE
LINK, 1986). However, there has been little research concern
ing primary production and decomposition of coastal shrub
species of the family Chenopodiaceae (often referred to as
Salicornia type species) such as Arthrocnemum glaucum
(more recently named Arthrocnemum macrostachyum) and
Arthrocnemum fruticosum (more recently named Sarcocornia
fruticosa ) and other similar species, which are very extensive
in coastal wetlands with Mediterranean climates (MAHALL
and PARK, 1976 a; BERGER et al., 1978; REY et al., 1990; PEN
NINGS and CALLAWAY, 1992).

The specific objectives of the study were:
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25,000 topographic maps. The sites are characterized by dif
ferences in riverine and marine influence, salinity, water
depth, grazing by cattle and horses, and degree of impound
ment, which are described below.

(1) Palissade Exclosure is located in a microtidal area bor
dering a canal connecting the Rhone River (near the mouth)
with a shallow lagoon. The area is a brackish marsh with a
vegetation coverage >90% which is protected from grazing
by a fenced exclosure. The dominant species are Phragmites
australis, Scirpus maritimus and Scirpus lacustris. The zone
adjacent to the exclosure is heavily grazed and marsh vege
tation is very sparse or absent. Within this grazed zone, there
were two small 4 X 4 m exclosures constructed for sedimen
tation studies which we monitored for vegetation growth. The
tide range at this site is about 25 em and there is regular
flooding by river and low-salinity near-shore water. The ele
vation is 5-10 em msl.

(2) Palissade Impoundment is located in an impounded
salt marsh about one km north of the first site where vege
tation cover is greater than 90%. The dominant species is
Arthrocnemum fruticosum, accompanied by Juncus mariti
mus, Salicornia gr.europaea and Halimione portulacoides.
This area is surrounded by low dikes with one water control
structure which greatly reduce water exchange. The eleva
tion is about 10 ern above msl.

(3) Digue a la Mer South (referred to as Digue South) was
located on the south side of Digue a la Mer, a sea dike con
structed during the last century to restrict movement of sea
water into the lower Camargue. The site is adjacent to a shal
low lagoon which has a free connection with the sea about
0.5 km away. The area has a vegetation cover >90% and high
biomass. The most abundant species is Arthrocnemum fruti
cosum, accompanied by Halimione portulacoides, Suaeda [ru
ticosa and Limonium vulgare in the highest elevation. Ele
vation is 20-30 above msl.

(4) Digue a la Mer North (referred to as Digue North) was
located on the north side of Digue a la Mer, about 100 m from
the Digue South site. It is thus isolated from normal marine
flooding. Vegetation cover is less than 50% and biomass is
low. The most abundant species is Arthrocnemum glaucum,
with lesser occurrence of Arthrocnemum perennis and Ar
throcnemum fruticosum. Both Digue sites are subject to graz
ing. Elevation is about 10 em above msl.

(5) Relongues Out was in a grazed fresh-marsh located in
an abandoned arm of the Rhone River within Tour du Valat,
a private nature reserve in the east-central Camargue. The
marsh is dominated by Scirpus maritimus with lesser occur
rence of Scirpus lacustris and vegetation cover is about 70%.

(6) Relongues In was located adjacent to the Relongues
Out site in a 5 X 5 m enclosure which protected the site from
grazing. The dominant species is Typha angustifolia but Scir
pus maritimus was also present. Vegetation cover was 100%.
Elevation for both Relongues sites is 10-20 em above msl.

(7) Tour du Valat CNRS was located on the flank of a relic
natural levee of the Rhone River in the Tour du Val at reserve
about two km north of the Relongues site. The area is a
grazed salt marsh with vegetation cover of about 50%. The
most abundant species is Arthrocnemum glaucum, with some

patches of Arthrocnemum fruticosum in the highest eleva
tions. Other species present are Suaeda fruticosa, Halimione
portulacoides, and Limonium vulgare. Elevation is about 50
em above msl.

MATERIALS AND METHODS

Estimates of above ground primary production were cal
culated from periodic harvest of above ground biomass. In
each study site, a 40 X 40 m plot was randomly established
near the middle of the area. At each sampling period, sam
pling locations within the plot were randomly selected taking
care not to resample previously-harvested locations. For hel
ophytic species (Phragmites australis, Scirpus lacustris, Scir
pus maritimus and Typha angustifoliai, all above ground bio
mass was harvested from 5 quadrats of 0.1 m" at approxi
mately 40 day intervals from October 1992 until October
1993 for a total of nine sampling events. For Arthrocnemum
glaucum and Arthrocnemum fruticosum, 10 replicates of 0.25
m" were harvested from each site in October 1992 (end of the
growing season). From this sampling, we determined that
seven replicates were sufficient. After, 7 replicates were har
vested from each site in March (beginning of the growing sea
son), May, and August 1993 (peak biomass). Differences in
biomass among locations and sampling periods were tested
using a 2-way ANOVA test (see SOKAL and ROHLF, 1995). At
the beginning of the study, ground water wells were estab
lished at each site. At each sampling interval, water level
(either surface or ground water) was measured with a staff
gauge and conductivity and temperature (of the surface or
ground water) were measured with a Merck CM85T field con
ductivity meter. In the absence of surface water, conductivity
and temperature were measured in the root zone (-30 em),
or in the top of the water column when the level was lower
than 30 cm. Differences between means of environmental
variables were tested using a Kruskall-Wallis test (see SOKAL
and ROHLF, 1995).

The biomass samples were separated into live and dead
material for each species and then dried at 70°C to constant
weight. The glassworts were further separated into leafy
stems, senenscent leafy stems and woody stems following the
terminology ofMAHALL and PARK(1976a). Above ground pri
mary production for the helophytes was calculated according
to the Smalley method (see LINTHURST and REIMOLD, 1978)
based on changes in live and dead biomass. Peak live above
ground biomass was used to estimate productivity for glass
wort species (Arthrocnemum fruticosum and Arthrocnemum
glaucum). This method has been successfully used before in
the Camargue and elsewhere (BERGER et al., 1978; MAHALL
and PARK, 1976 a). Turnover rates were calculated as the
ratio of annual production to mean yearly live biomass. In
order to have an idea of the turnover and growth of leafy
stems, 5 shoots on each of 8 different plants ofArthrocnemum
fruticosum (from Palissade Impoundment) were tagged and
total length, and the number and length of green and senes
cent leafy stems (after MAHALL and PARK1976a), were mea
sured on seven occasions.

Decomposition of above and below ground biomass of Ar
throcnemum fruticosum, Typha angustifolia and Phragmites
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australis was determined from the disappearance of materi
als from litter bags (MASON and BRYANT, 1975; HACKNEY
and DE LA CRUZ, 1980; BUTH and DE WOLF, 1985; RIETZ,
1992) at six sites (Digue North, Digue South, Palissade Im
poundment and Tour du Valat CNRS for Arthrocnemum fru
ticosum and Palissade Exclosure and Relongues Out for the
two helophytes). Litter bags were placed in th e field in Feb
ruary 1993, using dead above ground biomass and roots col
lected from entire plants excavated from the primary pro
duction plots during the previous two months. Root material
was washed of soil material before drying. The litter bags
were 10 X 45 em with a mesh size of 1.5 mm . For Arthroc
nemum fruticosum, each bag had 5 compartments: one for
shoots and one for woody stems (both placed on the ground
surface) and three for roots, placed at three different depths
(5, 15 and 25 em). For the helophytes, each bag had 4 com
partments: one for above ground biomass (placed on the
ground surface) and three for roots, placed at the same
depths. All the samples of each compartment contained 3 gr
of dry biomass, except the shoots and woody stems ofArthroc
nemum fruticosum, which contained 3 gr of fresh weight and
5 gr of dry weight, respectively. The Arthrocnemum frutico s
um material used for the decomposition experiments was col
lected from th e Palissade Impoundment site while Typha an
gustifolia and Phragmites australis material used was col
lected from th e plots in which the litter bags wer e placed.
Typha angustifolia and Phragmites australis material was
placed in separate litter bags. Two replicates from each plot
and each species were removed after 1, 4, 8,16 and 43 weeks.
The samples were carefully rinsed, invertebrates removed,
and the remaining biomass was dried at 70 °C until constant
weight.

The decomposition data were fit to an expon ential function
as follows:

y = e -k t

where y = percent of material remaining, k = decomposition
constant, t = time (weeks ).

The k paramet er was estimated for each replicate of spe
cies , location and depth using non-linear regression (NLIN)
and the SAS statistical analysis package. A series of ANO
VA's with a 2-way cross classified design were used to test
th e null hypothesis that the K coefficient was equa l for all
levels of each factor in th e models. A significant result is in
terpreted to mean th at th e rate of decomposition differ s
am ong th e levels of th e given factor.

RESULTS

Above Ground Biomass Changes

There wer e strong seas onal patterns of live and dead above
ground biomas s for th e three sites with helophytic species
(Figure 2), with sta tist ically significant differences among lo
cations and sampling periods for both live and dead biomass
(Table 1). In all cases, live biomass wa s zero from J anuary to
March, when th e growing seas on starte d. Patterns were very
similar and st rongly seas onal, with max imum live biomass
occurring betw een July (Relongues Out, 396 g m . 2) and Sep
tember (Relongues In, 861 g m 2 and Pali ssade Exclosure,

522 g m: "), and maximum dead biomass occurring in fall and
winter. Species at Relongues Out, which is dominated by
Scirpus maritimus, had a shorter growing season and a more
marked (but much lower ) peak live biomass than plants at
the other two sites. Relongues In (dominated by Typha an 
gustifolia ) and Palissade Exclosure (dominated by Phragmi
tes australis ) had a period of rapid increase in biomass at the
beginning of th e growing season (from March to May) fol
lowed by a period of slower growth (from May to August).
The decrease of live biomass was also rapid in all three cases,
but it occurred earlier in Relongues Out (from August to No
vemb er ) than in the other two sites (from November to J an
uary). Standing dead biomass was highest in the fall and win
ter months and decreased through the spring and reached
lowest levels during the summer.

The measured seasonal patterns of biomass for the glass
wort species did not show statistically significant differences
either for live and dead components, but they did among lo
cations (Table 1). The sites dominated by Arthrocnemum fru
ticosum (Paliss ade Impoundment and Digue South) had
much higher average (2094 and 1540 g rn 2) and peak bio
mass (2779 and 2157 g m - 2) levels than those dominated by
Arthrocnemum glaucum (Digue North and Tour du Valat
CNRS ) (Figu re 3). Maximum live biomass was measured in
June or July for all sites although high bioma ss occurred in
late October for Arthrocnemum glau cum at Tour du Valat
CNRS. Minimum live biomass occurred in March; in Digue
North, th e October value was only slightly high er than that
in March. After the winter, the percentage of gre en leafy
stems was low due to the occurrence of low temperatures , so
most of th e live biomass was in the form of lignified parts.
Dead biomass was generally higher in th e fall and winter
periods.

The total number of leafy stems did not vary much over
the year for th e measured shoots of Arthrocnemum fruti cos
um from th e Palis sade Impoundment site, but th e proportion
of those ste ms which were green changed significantly over
time (Figur e 4). The total number of leafy stems was gener
ally between 20-40 per shoot but sometimes with an increase
in July, however the percentage which wer e green was close
to zero in th e winter and early spring and varied from 60
100% in the summer and early fall. Leafy ste ms were red
during th e winte r probably due to a cessation in growth as a
result of low temperatures. The increas e in tot al leafy ste ms
from April to July was due to ra mification -th e growth of new
leafy st ems- and th e lignification of old stems (as describ ed
by CAMERON 1972).

Above Ground Primary Production

Primary production (Table 2) was maximum (2989 g dry
wt m ? yr I ) at Relongues In, the freshwater Typha marsh
protected from cattle grazing. For Relongues Out, the site
subj ect to grazing, production was much lower (452 g m-2

yr I). In th e brackish Palissade Exclosure site which was pro
tected from grazing, primary production of th e Phragmites
Scirpus dominated wetland was 824 g m .2 yr "' . In th e adja
cent grazed area at Palissad e Exclosure, above ground veg
etation was virtually absent . In th e salt marshes dominated
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Figure 2. Seas ona l changes in live (open squ ares ) and dead (closed squares) biomass (g m- 2 yr - l ) du ring th e study period in th e hel oph yti c sites . Vertica l
bars a re :!: one st andard error .

by Arthrocnemum fruti cosum, productivity was considerably
higher (Digue South, 1262 g m - 2 yr " ; Palissade Exclosure,
1123 g m ? yr" ) than salt marshes dominated by Arthroc
nemum glaucum (Digue North, 244 g m ? yr": Tour du Valat
CNRS , 294 g m - 2 yr" ).

Turnover rates (product ion/mean bioma ss ) were consider
ably higher for the helophytic species than for the glassworts.
The highest turnover occurred in Relongues Out (4.9 yr" ), a
grazed site dominated by Scirpus maritimus, whereas the
minimum was in the Pa lissade Impoundment, a site located
in a well develope d Arthocnemum fruticosum sa lt marsh (0.5
yr" , Table 2).

Conductivity, Water Levels and Temperature

There were highly significant differences among locations
for mean water level and conductivity (Table 3) which showed
statistical differences among locat ions (Kru skall-Wallis test,
P = 0.0001 ), but differ ences were not significant for temper
ature (Kruskall-Wallis test, P = 0.67 ). The conductivity of the
salt marshes wit h glas swort vegetation had significantly
higher levels than the sites with helophytic vegetation. The
highest conductivity values, with a mean of 84 .6 mS em- I,
occurred at Digue North, which was hypersaline all the year.
By contrast, Digue South, less than 100 m away on the sea
side of the dike , had a mean conductivity of 34.6 mS cm"' .

Journal of Coas ta l Resear ch, Vol. 15, No. 3, 1999
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Table 1. Result s of the analysis of variance (2-way ANOVAS) of helaphytes
and glasswort species for live and dead biomass. Factors are location and
sampling period. S ign ificant for p < 0.05.

Var iable df Sum of Squares F p

HELOPHYTES

Live biomass
Location 2 14195062 73.341 0.0001
Month 8 1430015 18.471 0.0001
Sta tion X month 16 9889011 6.387 0.0001

Dead Biomass
Location 2 11961940 86 .790 0.0001
Month 8 4559839 8.271 0.0001
St ation X month 16 5062158 4.591 0.0001

GLASSWORTS

Live bioma ss
Locat ion 3 15760351 13.258 0.0001
Month 3 1357620 1.142 0.3417
St ation X month 9 3431400 0.962 0.4824

Dead biomass
Location 3 1065046 5.217 0.0034
Month 3 327986 1.607 0.2001
Station X month 9 746720 1.219 0.3057

Palissade Impo undment was hypersa line for muc h of th e year
but with values lower than Digue North. The mean conduc
tivity was 57.4 mS cm- I with the lowest val ues during the
spring. The Tour du Valat CNRS site had a mean value of
47.8 mS em - I . The freshest site was Relongues, with a mean
value of 2.7 mS cm", whereas the Palissade Exclosure site
was brackish (mea n value of 14.9 mS cm") with the lowest
values in the spring.

The salt marsh sites with gla ssworts generally had little or
no surface water during the study period. The deepest ground
water levels occurred at Tour du Valat CNRS because of the
high elevation of this site. Digue North had shallower ground
water levels than Digu e South. Th e Palissade Impoundment
site had the shallowest ground water levels and was flooded
during the spring period of high river flow. The Palissade
Exclosure site also often had surface water due to riverine
flooding. The Relongues site was always flooded due its lo
cat ion in the relic river channel. There were no significant
differences in mean water temp erature among the different
sites but there was a seasonal temperature signal with the
highe st values in summer and the lowest in winter . Temper
ature ranged from a low of 9.5 C at Palissade Exclosure in
January to 23.7 at Digu e North in J un e.

Decomposition

The K values, regression coefficients and t values for sig
nificance of regression are shown in Table 4 and Figure 5.
All regressions were stati st ically significant except two , for
root s at 25 em from Digue North and Palissade Impound
ment. Table 5 show s th e ANOVA's results of testing th e K
values for each species as a function of the plant part and the
location . For Arthrocnemum fruti cosum, decomposition rates
were significantly differ ent between leafy stems and woody
stems (p = .000l), but there were no significant differences
in decomposition of either leafy stems or woody stems among
sites . Root decomposition was not significa ntly different with

depth. Leafy stems had the highest decompo sition rates with
K values ranging from 0.044 to 0.023 wk - I . K ranged from
0.0039 to 0.0033 wk 1 for woody stems and from 0.0067 to
0.0015 wk - 1 for roots . Results from Relongues Out are not
shown because litter bags were destroyed by cattle during the
experiment.

There were significant differences in below ground decom
position between Phragmites australis (p = .0103 ) and Typha
angustifolia (p = .033) but there were no differences with
depth. There were no significant differences in above ground
decomposition between spec ies and sites. Above ground K
values were 0.024 and 0.019 wk " for Phragmites australis
and Typha angustifolia, respectively. K for roots ranged from
0.025 to 0.019 wk- 1 for Phragmites, and from 0.040 to 0.034
wk 1 for Typha. Although the expon ential fitting is satisfac
tory in general terms, in most of cases decomposition data
can be divided in two nearly linear periods: the initial period
of 10-15 weeks characterized by hig h decomposition rates fol
lowed by another with much slower rates (Figure 5).

DISCUSSION

Comparison of Biomass Changes, Productivity and
De composition Rates with Other Areas

Marked seasonal patterns of biomass and low or abs ent live
above ground biomass in winter are characteristic of temper
ate zone coastal marshes. In the Rhone Delta, growth of
Phragmites and Typha began in March, one month earlier
than in Norfolk, England (MASON and BRYANT, 1975). In the
Missi ssippi Delta, growth of Phragmites communis starts at
the end of January when live biomass was low (HOPKINSON
et al ., 1978). Standing biomass and primary production val
ues obtained in this study for reed-type species are in the low
range for Phragmites and in the high range for Typha (MA
SON and BRYANT, 1975 ; HOPKINSONet al., 1978; BRINSON et
al., 1981). The Smalley method, used in this study for helo
phyte species, yields production est ima tes somewhat greater
than methods based on peak live biomass, but it is inade
quate for species in which growth, mortality and the disap
pearance of dead plant material occur at a relatively constant
rates throughout the year (HOPKINSON et al., 1980 ). Howev
er , our results show rapid and pronounced changes in live
and dead biomass, and thus the underestimates of the Smal
ley method in this study may be small.

In the cas e of glasswort species, biomass changes among
sampling periods were not statistically significant, so pri
mary production es timates bas ed on bioma ss changes can not
be consider ed as statistically significant. This probl em is
common in studies of net primary pr oduction for perennial
glasswort species because of a number of factors . Th ese in
clud e less marked seasona l patterns and, in some cases,
green leafy stems remaining during winter, as well as the
large lignifi ed standing stock, a non-h omogeneous spatial dis
tribution of vegetation, and the time-consuming proces sing of
biomass sa mples . It was also difficult to accurately esti mate
loss rates of standing leafy stems, either when the litter
method was used (due to th e very fast decomposition rate) or
when the tagging method was used (due to its sm all size and
particular growth pattern). BERGER et al. (1978), using th e
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Figure 3. Live and dead biomass changes (g m- 2 yr: ' ) of sit es dominated by glassworts (Chenopodiaceae) during th e study period . Palissade Impound
ment and Digue South are dominated by Arthrocnemum fruti cosum and Tour du Valat CNRS and Digue North are dominated by Arthrocnemum glaucum.

same methods, reported similar values to ours for productiv
ity an d biomass of Arthrocnemum fruticosum and Arthroc
nemum glaucum at different locations in the Rhone delta .
They reported biomass of 2000-3500 g m - 2 and primary pro
duction of 950-1000 m ? yr ? for Arthrocnemum fruticosum
and a biomass of aro und 400 g m -2 for Arthrocnemum glauc
um . In Californ ia, the above groun d biomass of Salicornia
uirginica ranged from 400-2700 g m - 2 , an d the primary pro
ductio n from 550 to 960 g m- 2 yr " , using the same method
as our study (MAHALL and P ARK, 1976; MALL, 1969).

The decomposition rates of Arthrocnemum fruticosum
showed large differences between leafy stems and lignified
parts (woody stems and roots) . Leafy stems lost aro und 75%
of the initial weight after 43 weeks, but it should be noted
that most of the remaining material was small lignified parts
that form the base of the leafy stems, and also that ash con
tent of leafy stems is high (30% of dry weight in the study of
BERGER et al., 1978). This indicates that the organic matter
in leafy stems decomposes almost completely during the first

year. In contrast, woody stems and roots only lost around
20% of initial weight after 43 weeks. These differences in de
composition, together with the fact that most of the leafy
stems remain on the plant and become lignified , are reflected
in the litter, which is composed almost entirely of lign ified
material. We know of no previous study of decomposit ion of
Arthrocnemum-like species, but it has been reported that
woody material decomposes slowly (BRINSON et al ., 1981).

By contrast, decomposition studies ofhelophytic species are
quite common (see BRINSON et al., 1981; R IETZ, 1992). The
decomposition patterns and rates for Typha angustifolia and
Phragmites australis, both for below and above ground bio
mass, were sim ilar. The decomposition rate of above ground
biomass was almos t constant for the two species, as has been
reported elsewhere for these two species (MASON and BRY
ANT, 1975). Approximately 50%'of the material remained af
ter 39 weeks for leaves of both species and roots of Phrag
mites, and around 25% for roots of Typha . The decomposition
rates obtained by MASON and BRYANT (1975 ) for above
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Table 3. Conducti vity (mS cm - '), temperatu re ( "C) and water level (cm)
during the study period at the different sampling sites . Blanks indicate no
data .

Ta ble 2. Biomas s, production, and turno ver values of the different study
sites . Biomass parameters show the standard error.

Figure 4. Changes during th e study period in the total nu mber of leafy
stems (black squares ) and the per cen tage of the total leafy stems which
were green (white squ ares) in 8 different shoots of Arthrocnemum fruti
cosum from th e Palissade Impoundment site.
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ground biomass, were a little higher for Phragmites (50% re
mai ning after 30 weeks) but a little lower for Typha (50%
remaining after 1 yea r).

Pa lissade
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Relongues In
Relongues Out
Digue North
Digue South
Pal issad e

Impoundment
Tour du Valat

CNRS

305 =74
862 =244

93 =45
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73 =23
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2779 =1118 1123
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0.5

1.2

Factors Mfecting Productivity and Decomposition

A number offactors affected the patterns of production and
decomposition that we observed inclu ding species, soil salin
ity, waterlogging, nutrien ts and grazing pressure. The high
est productivity measu red was for the Relongues In site,
which is dominated by Typha angustifolia. This site is fres h,
fed by nutrient-rich Rhone water, an d is not affecte d by graz
ing . By cont rast, th e lowest productivity was at the Digue
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Table 4. Decomposition constants (K), regression coefficients and t values (for significance of regression) obtained for different study sites, species and plant
parts. *p < 0.05. ns = not significant.

Site Species Plant Part K Weeks r2

Digue South Arthrocnemum fruticosum leaf stems 0.033 0.897 9.3*
woody stems 0.0038 0.782 6.0*
roots -5 em 0.0050 0.623 4.1*
roots -15 em 0.0036 0.444 2.8*
roots -25 em 0.0032 0.356 2.3*

Digue North Arthrocnemum fruticosum leaf stems 0.031 0.938 12.3*
woody stems 0.0033 0.648 4.3
roots -5 em 0.0039 0.601 3.9*
roots -15 em 0.0036 0.551 3.5*
roots -25 em 0.0026 0.250 1.8 ns

Palissade Impoundment Arthrocnemum fruticosum leaf stems 0.044 0.961 15.7*
woody stems 0.0039 0.891 9.0*
roots -5 em 0.0058 0.711 4.9*
roots -15 em 0.0030 0.410 2.6*
roots -25 em 0.0015 0.109 1.1 ns

Tour du Valat CNRS Arthrocnemum fruticosum leaf stems 0.023 0.886 8.8*
woody stems 0.0036 0.872 8.3*
roots -5 em 0.0055 0.656 4.4*
roots -15 em 0.0067 0.750 5.5*
roots -25 em 0.0058 0.672 4.5*

Palissade Exclosure Typha angustifolia shoots 0.019 0.965 18.8*
roots -5 em 0.039 0.908 10.9*
roots -15 em 0.040 0.903 8.6*
roots -25 em 0.034 0.830 7.6*

Palissade Exclosure Phragmites australis shoots 0.024 0.942 15.1*
roots -5 em 0.025 0.890 10.6*
roots -15 em 0.019 0.897 11.0*
roots -25 em 0.019 0.784 7.1*

North site, which has hypersaline ground water at or near
the surface for much of the year, is affected by grazing and
receives very little fresh water or nutrient input. High pro
ductivity has been often reported for Typha spp. (WESTLAKE,
1963; MASON and BRYANT, 1975) especially in nutrient rich
situations (KADLEC and KNIGHT, 1996). The effect of grazing
is clear at the Relongues site; the protected area had much
higher productivity than the grazed site. In the Norfolk
Broadlands of England, MASON and BRYANT (1975) reported
values of 1081 and 551 g m -2 yr- 1 for the same site in two
successive years. The lower productivity the second year was
due to grazing. Extensive stands of Phragmites are commonly
found in the Mediterranean at river mouths and around
coastal lagoons receiving freshwater inputs, where nutrients
are abundant and salinity stress is low. The biomass and pro
ductivity of Phragmites found in our study is similar to values
reported elsewhere in the Mediterranean (IBANEZ et al., in
press). In the Mississippi Delta, HOPKINSON et al. (1978)
measured a higher above ground productivity (2318 g m 2

yr 1) using the Wiegert-Evans method.
The growth rate of glasswort species seemed to be affected

primarily by salinity but also by waterlogging, low nutrients,
and grazing. Our values of above ground productivity are
similar to those reported in other Mediterranean areas
(IBANEZ et al., in press). The highest production rates were
at Palissade Impoundment and Digue South where salinities
were near sea water. The soil was well drained at Digue
South and neither site was strongly affected by grazing. The

Tour du Valat CNRS site had high soil salinity while the
Digue North site had hypersaline ground water which was at
or near the surface for much of the year. Although both sites
were enclosed during the study, they had been affected by
grazing prior to the study. These observations are similar to
earlier reports on the factors affecting Arthrocnemum [ruti
cosum and Arthrocnemum glaucum growth. BERGER et al.
(1978) reported that low summer rainfall caused low growth
and seed production for these two species in the Rhone delta.
Long periods of waterlogging are stressful for Arthrocnemum
fruiticosum, probably due to anoxic conditions. ABDULRAH
MAN and WILLIAMS (1981) reported that Arthrocnemum [rui
ticosum growing on the Mediterranen coast of Libya had de
creased production at high temperatures and salinities. ZED
LER et al. (1980) found that increased flooding can cause a
decrease in productivity if soil salinities increase but can also
result in higher production if salinities are lowered due to
rainfall or upland runoff. FERREN (1985) reported that pro
longed inundation can reduce the cover of, or totally elimi
nate, Salicornia virginica. MAHALL and PARK(1975) also re
ported that tidal immersion inhibits growth of Salicornia vir
ginica.

Decomposition of organic matter in litter bags is not only
influenced by temperature and flooding time, but also by tid
al flushing which removes litter (WHITE and TRAPANI, 1982).
However, lunar tides are very low in the Mediterranean
(about 20 em in the Rhone Delta), and they do not flush most
of marshes. Marsh flushing is usually associated with episod-
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Figure 5. Decomposition curves obtained for the studied sites. The regression coefficien t and the k values are shown in Tab le 4. x = wk, y = gr .

ic events like storms or strong winds causi ng higher changes
in water levels. We sus pect that litter removal is more af
fected by these climatological forcings but that overa ll litter
export is probably lower than in regularly flush ed coastal
marsh es. Our st udy, in which decomposition experiments of
Arthrocnemum fruticos um were carried out in four different
sites, does not show significant differences among sites. This
may be attributed to simila r flooding condit ions for all sites.

Patterns of Productivity Related to Vegetation
Succession

The data and observations presented here suggest succes
siona l patterns for both species and wet land productivity over
the natural cycle of deltaic evolution, especially as affected
by human activities. The factors affecti ng these patterns are
soil sa linity, soil waterlogging, grazing and nutrients. The
Rhone like all other deltas has gone through a number of
cycles of deltaic lobe building and abandonment (L'HoMER,
1992). There are at present two active arms of the river, but

a number of relic channels have been identified, including the
Relongues channel where two of our sites are located. In
fres hwater areas such as these, which receive high inputs of
riveri ne water and nu tr ients, very high biomass and produc
tivity can be mai ntaine d by commu nities of Scirp us and Ty
pha. Fu rth er seaward in the delta , in the vicinity of the river
mout hs, marshes of Phragmites develop in low sa linity, mi
croti da l areas, like in La Palissade. In the RhOne delta, these
have a rather limi ted distribution because dikes limit the riv
er's influence. However, in some deltas such as the Po and
Mississippi, there are extensive Phragmites marsh es. Pro 
ductive salt marshes dominated by Arthrocnemum fruticosum
occur in well drained areas where soil sa linities are near that
of sea water such as in the Digue South and Pa lissade Im
pound ment sites.

In isolated areas of the delta that do not receive direct
flooding from the river or sea, hypersaline conditions can de
velop becau se of the lack of fres h water inp ut, strong evapo 
ration, and migration of hypersaline ground water towards
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Figure 5, Continued.

the surface (HEURTEAUX, 1969). These areas also have low
rates of accretion becau se external inputs of min eral sedi 
ments are low (HENSEL et al. , 1998) and in sit u organic soil
formation is also low due to low productivity exacerbated by
low nutrie nts. Thus, these areas become progressively more
flooded as accretion is un able to offset rel ative sea level ris e
(DAYet al., 1995; HENSEL et al., 1998). An ext reme example
of this situation is Digu e North, which has th e lowest pro
ductivity of all the sites . Here water levels are near th e sur
face for much of th e year, soil salinity is nearly twice that of
sea water, and veget ation is dying over extensive areas .
Coas tal vegetation death due to sediment deficit s, excess ive
waterlogging and sa linity intrusion has been demonstrated
for a number of coastal areas, especially th e Mississippi delta
(CAHOON, 1994; DELAUNE et al., 1983; NYMAN et al., 1990).

Grazing has a profound effect on both productivity and spe
cies compositi on. Thi s was especially not able in th e Re
longues sites, where in addition to th e decreased productivity
note d above , th ere was a species shift from a Typh a to a Scir
pus community in th e grazed area. Likewise, th er e was quite

high Phragmites biomass in th e Pali ssade Exclosure site ,
whil e in th e adjacent unfenced area, th er e was essentia lly no
above ground vegetation. In 1994 , grazing was exclud ed from
the whole of th e Palissa de and th ere has been an invasion of
hel ophytic gene ra such as Scirpus, Juncus, and Phragmites
in areas formerly dominated by Arthrocnemu m fruticosum
and Arthrocnemum glaucum . We also noted inv asion of gr as s
species inside th e exclosure at th e Tour du Valat CNRS site
which is also subjected to gr azing. BASSETT (1980) also re
ported th at in th e camargue, Phragm ites and Scirpus in
creased greatly when grazing wa s excluded and thatArthroc
nemum fruticosum marshes remained relativ ely unchanged
when th er e was grazing. Digu e North is the only site wher e
there has not been an invasion of grass species inside the
exclosures, despite the fact th at this area is occasionally
grazed . We believe that this is due to the ext remely stressful
condit ions of hyper sa linity and continuous wate r logging in
th e root zone. Other s have shown th e effect of grazing on
coastal wetl ands. EVERS et al. (1998) repor ted that a combi
nation of waterfowl and nu tria grazing in the Atchafal aya
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Figu re 5. Cont inue d.

delta, Louisiana, resulted in almost complete removal of veg
etation. In th e Netherl ands, cattle grazing cause d retrogres
sive succession in a salt marsh (BAKKER 1985).

In th e abs ence of human activity, relatively high levels of
productivity are maintained as species assemblages shi ft to
tho se well adapted to prevail ing conditions. Human activity
has altered thi s cycle by changing the hydrol ogy of th e delt a
and by introducing grazing. Much of th e area of the central
and southern Rhone delta is similar to the conditions at Di
gue north, and wetl ands will likely progre ssively disappear if
management is not changed. Introduction of riyer water and
reduct ion of grazing pressure would increase productivity of
these areas. A similar situation exists in the Mississippi del
ta. Under natural conditions , when a deltaic lobe is aba n
doned, vegetation shifts from fresh to salt. This is compen
sated for by wetl and formation in th e area of acti ve delt aic
lobe formation (ROBERTS, 1997). However, suppression of
channel switching and restricting th e river to channel flow

by dikes has resulted in widespread wetland loss (D AY and
TEMPLET, 1989; D AY et al., 1997).

Implications of Different Management Practices on
SustainabiIity

The results of th is study, in conjunction with findings by
others, have implications for sustainable wetland manage
ment in the Rhone delt a . This delta, like most delt as , has a
re la tively high rate of relative sea level rise (RSLR) due both
to eustati c sea level rise and regional subsidence (L'HoMER,
1992; DAY et al., 1995). In order to survive in the long term,
deltaic wetlands must be able to grow vertically at a rate
equa l to RSLR (DAY and TEMPLET, 1989). The high produc
tivity sites dominated by Phragmites and Typha are in area s
of relatively high accretion. In th e Palissade area , high ac
cretion is due to riverine flooding. Accretion at the Typha site
protected from grazing is mainly due to organic soil forma
tion . Thi s sugges ts that input of river water with suspended
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Table 5. Result s of the analysis of variance (2-way ANOVAS) of the k pa -
rame ter for each species and plant part. Significant for p < 0.05.

Sum of
Variable df Squares F p

ABOVE-GROUND

Arthrocnemum fruticosum
Locati on 3 0.24209 0.955 0.4591
Plant part 1 4.07590 48.24 0.0001
Locat ion x plant part 3 0.24253 0.957 0.4584

Typha and Phragmites
Locati on 0.00010 3.110 0.1760
Species 0.00024 7.155 0.0754
Loca tion X species 0.00001 0.170 0.7081

BELOW-GROUND
Arthrocnemum fruticosum

Locat ion 3 0.000083 1.961 0.1738
Depth 2 0.000077 2.724 0.1058
Location X depth 6 0.000042 0.494 0.8014

Phragmites austral is
Locati on 1 0.00815 13.566 0.0103
Depth 2 0.00004 0.030 0.9703
Locatio n X Depth 2 0.00027 0.225 0.8051

Typha angustifolio
Location 1 0.00830 14.114 0.0330
Depth 2 0.00010 0.850 0.5099
Location X depth 2 0.00013 0.113 0.8972
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a Digue North
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mineral sediments and nutrients can contribute to sustain
ability of wetl ands in the Rhone delta . Without sufficient in 
put of river water , problems of hypersalinity and waterlog
ging are increased . Impounded sites , such as Digue North
and Tour du Valat CNRS, have low production and low rates
of vertical accretion (DAY et al., 1995; HENSEL et al., 1998).
The se sites, like the Relongues Out site, are also grazed.
These results suggest that exclus ion of river ine input com
bined with grazing is leading to non-sustainable conditions
for RhOne delta wetl ands. We believe that controlled inputs
of river water can offset lack of accretion, waterlogging and
high salinity. In a general sense, thi s is an example of using
th e natural energy pulses of the syste m to maintain ecosys
tem integrity and sus ta inability (DAY et al., 1995). Future
studies are needed to define how various grazing levels will
affect diversity and producti vity in a restored delt aic system.
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