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Abstract

Experiments in exclosures were conducted on a salt marsh in amacrotidal system in western France. The aim of this study was threefold:
(1) to compare vegetation dynamics over a period of 8 years in grazed and ungrazed conditions (2) to investigate the response of annual
species to grazing duration during seedling establishment (3) to test the effect of an increase in soil nitrogen availability after cessation of
grazing on interactions between Suaeda maritima and Puccinellia maritima. In grazed conditions, during all the survey, vegetation was
dominated by a short P. maritima sward with the annual Salicornia europaea in the lower and middle marshes. However, after cessation of
grazing in 1994, a homogeneous matrix of the forb Halimione portulacoides, quickly replaced P. maritima in the well drained lower marsh.
At the middle marsh level, fine sediment and poor drainage maintained P. maritima while the annual S. maritima which tolerates taller and
denser vegetation replaced S. europaea. Elymus pungens cover was limited till 2000 but its rising in 2001 let expect its dominance in the
future. While P. maritima abundance remained high, spring abundance of annual species such as S europaea and S. maritima
globally decreased with sheep grazing duration on the salt marsh between February and June. Experiments with monocultures of P. maritima
and S maritima demonstrated that nitrogen was alimiting factor on the salt marsh. In amixed community, a moderate application of nitrogen
(15 g N m? year™ as NH,-NO,) promoted growth of P. maritima and limited the biomass of S. maritima, but growth of the latter was
enhanced by ahigh application of nitrogen (30 g N m=2 year). Anincrease in the abundance of annuals such as S. maritima on the salt marsh
is discussed.
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1. Introduction

Sat marshes in north-western Europe are commonly
grazed by sheep and cattle (Jensen, 1985; Andresen et al.,
1990). Intensive grazing often results in a plant community
dominated by Puccinellia maritima in the lower parts of the
salt marsh and by Festuca rubrain the upper parts of the salt
marsh (Ranwell, 1972; Jensen, 1985; Bakker, 1989). Grazing
promotes not only perennials such as Puccinellia maritima,
but al so annual s such as Salicornia europaea, although tram-
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pling by livestock has been observed to damage Salicornia
europaea seedlings (Jensen, 1985; Kiehl et al., 1996). Cessa
tion of grazing modifies both the disturbance regime and
interactions between plant species. Grazing experiments de-
signed to study both long-term (Jensen, 1985; Andresen et
al., 1990; Van Wijnen et a., 1997) and short-term (Kiehl et
al., 1996) shiftsin plant species assemblages on the Wadden
Sea salt marshes have demonstrated that cessation of grazing
at low stocking-rates results in a progressive replacement of
Puccinellia maritima and F. rubra dominated communities
by monospecific stands of Halimione portulacoides in the
lower marsh and Elymus pungens (=Elymus athericus) in the
upper marsh (Jensen, 1985; Andresen et a., 1990; Van
Wijnen et a., 1997). Experimental studies of this kind are
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Fig. 1. Diagram of the three exclosures (Stations 1 to 3) along the transect (from Boniset a., 2000; Lefeuvre et a., 2000). Flooding frequency isthe number of

days of flooding per year.

necessary to allow prediction on vegetation dynamics at a
large scale (e.g. in abandoned salt marshes) and as such to
propose appropriate management strategies (Bakker, 1989;
Kiehl et a., 1996) in similar tidal systems of north-western
Europe.

Cessation of grazing means a direct change to the distur-
bance regimes in salt marshes leading subsequently to
changes in vegetation composition and nutrient availability
which, in turn, could modify speciesinteractions. In fact, the
growth of salt marsh plants is often limited by a lack of
nutrients and particularly of nitrogen (Jefferies, 1977; Jeffer-
ies and Perkins, 1977; Kiehl et al., 1997; Van Wijnen and
Bakker, 1999; Van Wijnen and Bakker, 2000) as has been
observed in the annuals Suaeda maritima and Salicornia
europaea growing in British salt marshes (Pigott, 1969;
Stewart et a., 1972). In Mont-Saint-Michel Bay, France,
cessation of sheep grazing has been related to an increasein
N-mineralization (Vivier, 1997). Raising of N-mineraliza-
tion increasesthe availability of nitrogen typically leading to
greater N-uptake by plants (Kaye and Hart, 1997), thus
potentially altering the dominance of species present. This
has been observed along the Wadden Sea coast, where Kiehl
et al. (1997) recorded the replacement of Puccinellia mar-
itima by Suaeda maritima following the addition of high
doses of nitrogen (25 g m= year ).

The present study was conducted in a western European
macrotidal system. It focused on annual species which re-
spond quickly to disturbance (Tessier et al., 2002) and which
are abundant both in grazed conditions and in the first years
following cessation of grazing (Kiehl et al., 1996). Thisstudy
investigated (1) the vegetation dynamics over 8 years of
grazed and ungrazed salt marshesin a macrotidal system (2)
the effect of heavy grazing on the demography of annual
species (3) the effects of change in nitrogen availability on
the interaction between the perennial Puccinellia maritima
and the annual Suaeda maritima.

2. Materials and methods
2.1. Sudy area

The study was carried out in the salt marshes of Mont-
Saint-Michel Bay, in western France, between Normandy
and Brittany (48°40'N, 1°35'W). In thisarea, the tidal range
is the highest in Europe with an average of 10-11 m and a
maximum of 16 m during storm events. These salt marshes
were traditionally grazed by sheep leading to an impover-
ished community dominated by the perennial Puccinellia
maritima in association with the annual Salicornia europaea
(Guillon, 1984; Bouchard et al., 1995). Large areas of salt
marshes have now been abandoned and have “ natural” com-
munities dominated by the perennials E. pungens and H.
portulacoides (Bouchard et al., 1995; Tessier et a., 2000;
nomenclature of plant species follows Tutin et a.,
1964-1980). These ungrazed salt marshes are currently in-
creasing in surface area.

The study site was located in a heavily grazed area domi-
nated by Puccinellia maritima. The stocking rate was around
4.5 sheep ha™ in 1980 (Guillon, 1980) but is now 7 sheep
ha™ due to an increase in flock size with a peak of 10 sheep
ha™ during the summer months following the birthing
(Vivier, 1997).

Theentireareaisdrained by anetwork of tidal creeks. The
soil is composed of a mixture of clay and fine marine sand.

2.2. Long-term recording of vegetation

In January 1994, three stations were established along a
transect running from the seawall to the intertidal flats (Sta-
tions1, 2and3; _Fié. iID. Elevations of the three stations above
the mean sea level were 7.69 m for Station 1, between 6.71
and 6.92 mfor Station 2, 6.61 m for Station 3. Stations 1 and
2 were considered to be situated in the middle marsh. Station
1 had a poorer drainage system than Station 2 and was
flooded more frequently (around 5% and 0.2% of the year,
respectively). Station 3 wasin thelower marsh where the soil
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Vegetation experiment

Method Treatment

- Cutting in March
- Sueada maritima seedlings
removal in May

- Herbicide application
in March

Suaeda maritima

Puccinellia maritima
+ Suaeda maritima

- Cutting in March

Puccinellia maritima

Nitrogen experiment

Nitrogen input g m (1/3 in May, 1/3 in June, 1/3 in
July in NH,-NO, form, diluted in 0.5 I of sea water)

I5gN

30gN

OgN
(= control)

( X 7 plots)

Fig. 2. Summary of the nitrogen application experiment on monocultures of Puccinellia maritima, Suaeda maritima and on mixed treatment of both species.

was more sandy than in the other two sites. Themedian grain
size of sediments at Stations 1, 2 and 3 were 13.8, 17.5 and
23.4 um, respectively, while the sedimentation rates between
1 October 1998 and 4 April 2000 (18 months) were 21.16,
10.26 and —1.57 mm, respectively (Bonis et al., 2000).

At each station, one 15 x 15 m exclosure was established.
Thefence allowed small herbivores (rabbits, hare) and geese
to enter the exclosure although these animals were very rare
in the study area. Plant cover was recorded annually from
1994 to 2001 using the point contact method (adapted from
Gounot, 1969) along three 10 m permanent lineswhich were
set up 4 m apart from one another, in grazed conditions
(outside exclosure) and in ungrazed conditions (inside exclo-
sure). Species contacts (presence or absence) were recorded
every 10 cm along each of the permanent lines (=100 points
per line, =300 points per treatment) in September when all
species were fully developed. The percentage coverage of
each species encountered was cal culated as follows: positive
contacts for a species/300. Species with less than 5% cover-
agethroughout the experiment are not included in thefigures.

2.3. Impact of grazing duration on plant dynamics

In Station 2, on the 15th of each month from February to
June 1994, the exclosure fence was moved back by 4 m into
the grazed area. Each date of fence shifting, corresponded to
asubplot. Hence, we obtained 5 subplots corresponding to 1,
2, 3, 4, 5 months of grazing duration during seedling estab-
lishment. This experiment was not conducted in Stations 1
and 3 because of the presence of tracks, creeks and/or hunter
hide-outs prevented the extension of exclosures. For the same
reason, no replicate was conducted in Station 2. Conse-
quently, thelack of replication did not allow statistical analy-
sis and thus limited the significance of the results. Contact
readings were made in January (prior to seedling emergence)

and in July 1994 (following seedling emergence) for each
subplot, using the point contact method, (three transects of
10 m which were 1 m apart) for each species.

2.4. Nitrogen fertilisation experiment

Experimental nitrogen fertilisation was conducted at Sta-
tion 1 in 1998 (Fig. 2). This station was chosen because no
tide covered the exclosure between the first application of
nitrogen in May and plant harvesting in September. Nitrogen
application (0, 15, 30 g m~ year ™) and vegetation state (a
mixture vs. amonoculture) were applied factorialy in seven
replicated blocks containing nine quadrats (Fig. 2). Trea-
ments were assigned to block according to a randomised
block design.

Large monospecific stands of Puccinellia maritima were
present in the 15 x 15 m exclosuresin February 1998. Seven
blocks (5 x 2 m) of nine quadrats (40 x 40 cm) were estab-
lished randomly on the Puccinellia maritima matrix. Quad-
rats were 40 cm apart and located at least 50 cm away from
the permanent line to avoid interference. In order to enhance
the emergence of Suaeda maritima seedlings, during the
month of March, in each block, Puccinellia maritima was cut
in six of the nine quadrats to obtain a homogenous sward
with aheight of about 4 cm. In three of the quadrats with cut
Puccinellia maritima, young plants of Suaeda maritima
were manually removed following germination in May. We
obtained three quadrats with a monoculture of Puccinellia
maritima and three quadrats with a mixture of the two spe-
cies. A non-remnant herbicide (glyphosate) was applied in
March to the three remaining quadrats. The vegetation was
killed but germination occurred soon after and in May, we
obtained three quadrats with a high density monoculture of
Suaeda maritima.




106 M. Tessier et al. / Acta Oecologica 24 (2003) 103-111

In May, three groups of three quadrats corresponding to
the three treatments (Suaeda maritima monoculture, Puc-
cinellia maritima monoculture and both species mixed) were
selected randomly for nitrogen addition. A nitrogen solution
(NH,-NO3) was applied in two groups of quadrats which
received 15 and 30 g m™ year™, respectively. Half alitre of
nitrogen solution mixed with sea water was applied three
times to each quadrat in May, June and July (Fig. 2). The
guadrats of the third group were the controls and received
half alitre of sea water.

In order to avoid edge effects, the above-ground biomass
was cut in September in 25 x 25 cm sub-quadrats placed in
the middle of the 40 x 40 cm quadrats. Each species was
weighed separately in the mixed culture. Plant material was
dried at 68 °C for 72 h and weighed.

Since the data were normally distributed, the effects of
vegetation state and nitrogen addition on biomassyield were
analysed for each of the species by application of the means
of Generalized Linear Model (GLM), incorporating block
effects. When afactor was significant, means were tested for
significant differences using the LSD test for each modality
of the other factor. However, when significant interaction
effects were found, the LSD test was applied only to the
interactions.

3. Results

3.1. egetation dynamics under grazed and ungrazed
conditions

Under grazing pressure, vegetation was dominated by
Puccinellia maritima at all stations. Salicornia euro-
paea cover increased greatly from 1994 to 1996 but showed a
decrease after 1997 except at Station 3. Suaeda maritimawas
absent in 1994 in the grazed area but appeared at Station 3in
1995, at Station 2 in 1996 and at Station 1 in 1997. At the
three stations where the vegetation was dominated initially
by Puccinellia maritima in 1994, it subsequently became a
mixed community with Spergularia spp., and the annuals
Salicornia europaea and Suaeda maritima appearing.

After cessation of grazing in January 1994, Salicornia
europaea showed increase in cover compared with grazed
areas at Stations 1 and 2 . Salicornia europaea
disappeared in 1995 and 1996, while Suaeda maritima re-
placed it after 1 year at Stations 1 and 3 and after 2 years at
Station 2. Suaeda maritima decreased and disappeared at
Stations 1 and 3 in 1999 and in 1998, respectively, but not
completely at Station 2. In 2000 and 2001, annuals were
scarce.

Perennial species such as Triglochin maritima and Aster
tripolium tended to increase dlightly just after cessation of
grazing. Puccinellia maritima cover declined meanwhile
with an increase in H. portulacoides cover first at Station 3,
then at Station 2 and subsequently at Station 1 . In
Station 3, the original vegetation was completely replaced by
a monospecific stand of H. portulacoides in 1999. At Sta-

tions 2 and 1, E. pungens and F. rubra were recorded from
1998 and 1999, respectively, and their cover increased up to
2001.

3.2. Impact of grazing duration on plant dynamics

At Station 2, the percentage coveragein July of Salicornia
europaea and Suaeda maritima decreased when exclosure
establishment was postponed from February to May .
However, only one month of exclosure (June exclosure) lead
to a higher Salicornia europaea cover than 2 months (May
exclosure). After 5 months of exclosure, the cover of Puc-
cinellia maritima was at its lowest with 90% cover, while
Salicornia europaea cover reached its maximum (53%).
Soergularia spp. seemed to reach its highest cover after
4 months of exclosure.

3.3. Nitrogen fertilisation experiment

The effect of nitrogen addition was significant for both
Puccinellia maritima and Suaeda maritima (Table 1). How-
ever, vegetation state (monoculture vs. mixture) and the in-
teractions between nitrogen addition and vegetation state
were only significant for Suaeda maritima.

In monoculture and mixed stand conditions, the mean dry
weight of Puccinellia maritima increased significantly
(P < 0.05) between controls and quadrats with a 15 g m™—
input of nitrogen (Table 2). In monoculture, mean dry weight
did not increase further when 30 g m™ additions of nitrogen
were applied. Whereas, in mixed stand conditions biomass
decreased such that the mean dry weight was not signifi-
cantly different than that of the control.

Taking into account the interaction between N addition
and vegetation state, mean dry weight of Suaeda maritima
differed significantly in al cases except in the mixed stand
between quadrats with 0 and 15 g m™ of nitrogen added and
in_ monoculture between quadrats with 15 and 30 g m™

(Taie3,

4. Discussion
4.1. Effects of grazing and trampling on plant demography

At al stations, under grazed conditions, the vegetation
was dominated by a sward of Puccinellia maritima with the
annual species Suaeda maritima and Salicornia europaea.
These three species, generally aso occurring in the ungrazed
lower marsh, may have benefited from an increasein salinity
and bare areas caused by grazing as demonstrated by Bakker
(1985). Perennial species such as Spergularia spp. in the
middle marsh (Stations 1 and 2) and T. maritima forming
small patchesin the upper part of the salt marsh (Station 1)
were only moderately promoted by grazing. On the other
hand, they may have suffered from grazing e.g. H. portula-
coides which was scarce in the lower marsh (Station 3). The
absence of upper marsh species and the vegetation pattern
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Station 1
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B Aster tripolium W Elymus pungens & Festuca rubra
W Juncus gerardi # Halimione portulacoides  !:| Puccinellia maritima
alicornia europaea " | Bare soil # Spergularia spp.

1 Suaeda maritima

# Triglochin maritima

Fig. 3. Changesin plant composition between 1994 and 2001 in grazed conditions (left) and ungrazed conditions (right) in Stations 1, 2 and 3 using the point

contact method.

was similar to other western European salt marshes with
heavy sheep grazing (Ranwell, 1972; Jensen, 1985; Bakker,
1989; Adam, 1990; Kiehl et al., 1996).

Grazing promoted largely Salicornia europaea which was
the dominant annual to emerge from the perennial matrix. It
created open space suitable for Salicornia europaea seed-

lings but it also damaged plants as a result of trampling
(Jensen, 1985; Kiehl et al., 1996). Our results showed that
spring abundance of Salicornia europaea depends on sheep
grazing duration (=trampling duration) on the salt marsh
between February and June. Trampling led to the lowest
Salicornia europaea cover in July after exclosure establish-
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Fig. 4. Effect of grazing duration on species cover in July. On the x coordi-
nate, “initial” correspondsto the initial state of vegetation in January while
the month is the date of exclosure (from February to June 1994).

ment in May (5.7% cover value) in spite of a high potential
(53.3% cover after exclosure erected in February). In fact,
many young and fragile seedlings progressively germinated
until May and were damaged by sheep trampling. The quan-
titative impact of trampling on Salicornia europaea seed-
lings should be measured in other salt marshes so much more
that our experiments lack of replications.

Paradoxically, it seemed that late grazing enhanced the
survival of Salicornia europaea, which was more abundant
in July after 1 month of exclosure establishment (June estab-
lishment) than after 2 months (May establishment). Grazing
appeared to be beneficial for the establishment of plant spe-
cies by reducing the height of canopy in spring and thus,
seedling mortality (Bakker and De Vries, 1992). Moreover,
their fragility decreased while their size increased. Finaly,
the cover of Salicornia europaea in September 1994

Table1

Effect of Nitrogen (N) and vegetation state (monoculture, mixture) on dry
aboveground biomass of Suaeda maritima and Puccinellia maritima:
F-values of atwo way ANOVA with block factor

d.f. Suaeda maritima Puccinellia maritima

N 2 17.87* * * 18.85* * *
Vegetation state 1 217.00* * * 0.97
N x vegetation state 2 5.64* * 2.087
Block 6 0.28 0.92

** P<0.01,

* % * P <0.001.
Table2

was higher after cessation of grazing at Stations 1 and 3 than
in grazed conditions, but not at Station 2. There is some
evidence to suggest that competition interactions with the
perennials was stronger at Station 2 and had limited Salicor-
nia europaea’s emergence.

Trampling had agreat impact on demography of seedlings
of Salicornia europaea but it had no effect onitsfina cover.

4.2. \egetation dynamics after cessation of sheep grazing

The vegetation dynamics just after cessation of sheep
grazing is conducted by seedling recruitment from seed bank
(and from seeds input by flooding) and clonal expansion of
perennials.

In salt marshes seedling recruitment depends greatly on
salinity and perturbations due to flooding (Ungar, 1998).
Studies completed in Mont-Saint-Michel Bay have demon-
strated that Suaeda maritima tolerates saline conditions and
most of the seeds in the seed bank will germinated in the
spring (Tessier et al., 2000). Moreover, the transient seed
bank of Suaeda maritima can be supplied by a high seed
production and a large input from flooding (Tessier et al.,
2002). This explains the high abundance of Suaeda maritima
particularly at the lower marsh (Station 3) in spite of high
salinity caused by frequent flooding. Additionally to these
constraints, some studies have shown that animal grazing
leads to a differential decline in the species seed banks.
Foraging by Lesser Snow Geese leads to a reduction in
vegetation cover and thus, to a decline in the relative abun-
dance of seeds of species characteristic of ungrazed vegeta-
tion (Chang et al., 2001). In a heavily grazed salt marsh in
South Wales dominated by Puccinellia maritima the two
species Salicornia europaea and Suaeda maritima com-
posed 100% of the seed bank while in ungrazed or lightly
grazed marshes seeds of other species (Spergularia marina,
T. maritima and Juncus gerardi) were numerous (Ungar and
Woodel, 1996). In our study area where heavy grazing oc-
curred, the seedling recruitment of Spergularia spp., Salicor-
nia europaea and Suaeda maritima was efficient while the
impoverishment of the seed bank of other species could
explain their low abundance after grazing cessation. Indeed,
species such as J. gerardi and T. maritima even if they could
have a persistent seed bank in ungrazed conditions (Hutch-
ings and Russell, 1989), were probably absent from the seed
bank in our study and seemed to develop in thefirst year after
exclosure only by clonal expansion in the middle marsh.

Dry aboveground biomass (g m2) of Suaeda maritima and Puccinellia maritima in monoculture and mixed communities. Since significant interactions was
found for Suaeda maritima between Nitrogen addition and Vegetation state, equal letters (from a to c) indicate that differences between Suaeda maritima
biomass are not significant (LSD test, P > 0.05). Equals letters x and y for monoculture and o to § for mixture (no interactions between Nitrogen addition and
Vegetation state) indicate that differences between Suaeda maritima biomass are not significant difference between means after Nitrogen addition in
monoculture and in mixed communities for Puccinellia maritima (LSD test, P < 0.05)

Nitrogen addition (g m™) Suaeda maritima biomass

Puccinellia maritima biomass

Monoculture Mixture Monoculture Mixture
0 1072+ 101a 128+ 46 ¢ 657 £ 46 x 647 + 68 a
15 1787+ 108b 99+48c¢c 1149+ 88y 1219+ 107b
30 2002+ 149b 552+ 174d 1102+ 115y 832+ 115a




M. Tessier et al. / Acta Oecologica 24 (2003) 103111 109

Other species, scarce and absent from the site such as F.
rubra and E. pungens, respectively, and with probably any
persistent seed bank could have established by seeds, coming
from adjacent areas, after few years.

In the upper part of the marsh (Station 1) Puccinellia
maritima remained dominant throughout the experimental
period and was not replaced by upper marsh species even
following the cessation of sheep grazing. In salt marshes
where grazing has been abandoned, Puccinellia maritima is
generaly associated with waterlogged and poorly aerated
soil (Gray and Scott, 1977), caused by afine sediment texture
(Bonis et al., 2000). Those conditions occurred in Station 1
due to the light topographic level increase between the sea-
wall and the middle marsh and then its decrease towards the
sea. This“inversedope”, resulting from the embank-
ment construction limits drainage of the upper marsh. Handa
et a. (2002) showed that clonal species propagation in the
context of natural re-vegetation on coastal marsh occur only
where edaphic conditions are suitable. These edaphic condi-
tionsoccurring at Station 1 (fine sediment and poor drainage)
seemed to be unsuitable for the establishment of H. portula-
coides. At Station 3, after cessation of grazing, Puccinellia
maritima was quickly replaced by amonospecific stand of H.
portulacoides near the intertidal flats although this species
usually occurs in ungrazed upper parts of salt marshes
(Jensen, 1985; Van Wijnen et al., 1997; Tessier et a., 2000).
The proximity of creeks and the sandy texture of soil pro-
vided agood drainage favourable to this species (Beeftink et
a., 1978). Moreover, in grazed and ungrazed plots of the
lower marsh station, small individuals of H. portulacoides
were numerous in 1994. In the former, they were kept at low
coverage by grazing, however, in the latter, cessation of
sheep grazing lead to ahigh abundance. At Station 2, edaphic
conditions were intermediate and the expansion of H. portu-
lacoides seemed limited but less than at Station 1.

At Stations 1 and 2, E. pungens and F. rubra presented
few small patches in 2000 which spread substantially in
2001. They may replace Puccinelliamaritimainthefutureas
suggested by OIff et al. (1997) who showed that Puccinellia
maritima and Plantago maritima were gradually replaced
during succession by E. pungens especialy in the mid and
upper salt marsh. However, the spread of E. pungens and F.
rubra may be limited at Station 2 by H. portulacoides which
iswell adapted to competition (Dormann et al., 2000) and by
the poor drainage occurring at Station 1. The vegetation
monitoring in exclosures in the future will give more infor-
mation.

The pattern of change was consistent with that observedin
the North Sea where a microtidal regime occurs (Jensen,
1985; Kiehl et a., 1996). The macrotidal regime which
occurred in the Mont-Saint-Michel Bay did not seem to
influence succession of perennial species after cessation of
grazing.

After cessation of grazing, Salicornia europaea was rap-
idly eliminated as a result of the reduction of bare soil
(Bakker and De Vries, 1992); this species was quickly re-

placed by Suaeda maritima which tolerates taller and denser
vegetation than Salicornia europaea. These annual species
remained abundant between 1995 and 1997 but decreased
after 1997. Annual species showed both in grazed and un-
grazed conditions great fluctuations in their abundance dur-
ing the experiment. Grazing intensity and increase in the
nitrogen availability were expected to explain these fluctua-
tions.

4.3. Effect of nitrogen application

While Puccinellia maritima did not respond significantly
to the interaction between vegetation state and N addition,
Suaeda maritima biomass showed significant differences
when interactions between the two factors were tested. The
reproductive strategies of both plants (the former is peren-
nial, the latter is annual) might explain their contrasting
behaviour. Additional studies are needed to elucidate the
mechani sms underpinning both responses.

In monoculture, the biomass of Suaeda maritima and
Puccinellia maritima increased greatly after nitrogen appli-
cation, even with amoderateinput of nitrogen (15 gm—). As
has been observed in other salt marshes, nitrogen appears to
limit plant production (Vaiela and Teal, 1974; Jefferies,
1977; Jefferiesand Perkins, 1977; Leendertse, 1995; Kiehl et
al., 1997).

In the mixed community, at the highest nitrogen input
(30 g m™@) Puccinellia maritima biomass increased only
dlightly while Suaeda maritima growth was strongly pro-
moted. Kiehl et al. (1997) noted a decrease in Puccinellia
maritima biomass after high nitrogen application (25 g m),
that was caused by competition for light with Suaeda mar-
itima, which overshadows Puccinellia maritima. Scholten et
al. (1987) noted that Puccinellia maritima was the dominant
species where there was alow nitrogen input. In our experi-
ment, with amoderateinput (15 g N m2 year ) the biomass
of Suaeda maritima was much lower than in monoculture
conditions. A moderate nitrogen application promoted Puc-
cinellia maritima growth which efficiently limited the
growth of Suaeda maritima.

N-mineralization was higher in ungrazed than in grazed
salt marshes. This has been attributed by Van Wijnen et al.
(1999) to herbivores (geese, hare and rabhits), that by pre-
venting litter accumulation, reduce mineralization rates. The
mineralization potentia in the middle marsh of the Mont-
Saint-Michel Bay was estimated to be 7 g N m™ year™ in
grazed conditions and 16.1 g N m™2 year* in ungrazed
conditions (Vivier, 1997). Thisincrease in N-mineralization
does not seem to be sufficient to explain the dramatic in-
crease in Suaeda maritima cover measured in ungrazed
conditions. Indeed, thereisavery big difference between the
increasein N-mineralizationinthefield (9.1 g N m=2 year™)
and the level of N addition needed to promote Suaeda mar-
itima (25-30 g m™2) in experiments. M oreover, while Suaeda
maritima abundance increased in ungrazed conditions, Sali-
cornia europaea cover in the sheep-grazed conditions also
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increased. Thus, we may assumethat othersfactors promoted
annual species. This period (approximately 1995-1998)
favourable for annual species was marked by a succession of
events which occurred in the Mont-Saint-Michel Bay: (1)
early 1995 was characterised by aseries of storm events. Ina
macrotidal regime, the effect of waves on sediment and
vegetation removal is amplified during a storm. Thus, the
succession of storms in 1995 removed sediment from the
intertidal flats (Radureau, unpublished data) and created
patches in the exclosure where Suaeda maritima occurred as
a monoculture. (2) After this stormy period, the sedimenta-
tion rate on the salt marsh was higher between 1996 and 1998
at Stations 1 and 2 than in 19992000 period (Jigorel, unpub-
lished data). It resulted in ahigher mineral nitrogen input into
the salt marsh (Van Wijnen and Bakker, 1997). Moreover,
sheep faeces and organic matter deposits were observed in
the exclosures where the tall vegetation retained them. This
input of organic nitrogen could also explain the high abun-
dance of Suaeda maritima.

5. Conclusion

Grazing caused significant disturbance on the salt marsh
which greatly influenced the demography of Salicornia eu-
ropaea seedlings and resulted in the dominance of the peren-
nial Puccinellia maritima from the seawall to the lower
marsh. After cessation of grazing, competitive interactions
led to rapid or progressive changes in plant composition in
the lower and middle marsh, respectively. Puccinellia mar-
itima cover remained high during the exclosure experiment
in the middle marsh. Changes in nutrient availability and
some disturbances interfered with these dynamics and
seemed to promote annual species such as Suaeda maritima.
Nitrogen accumulation resulting of litter accumulation (Van
Wijnen et al., 1999), led to the replacement of Puccinellia
maritima by E. pungens. An increase of this species may be
expected in the future except in some depressions created by
the “inverse slope’. The colonisation of E. pungens could be
enhanced by exogenous nitrogen inputs from atmospheric
deposition (Bakker and Berendse, 1999).
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