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SUMMARY

1. The hypothesis was tested that intermediate connectivity to a river results in
propagule inputs to wetlands, whereas excessive connectivity impedes recruitment, and
insufficient connectivity causes less competitive species to be eliminated, with no
recruitment of new species. As a consequence, very low or very high nutrient levels
should decrease species richness by selecting specialized species, whereas intermediate
nutrient levels should favour the co-occurrence of species with contrasting nutrient

requirements.

2. Among cut-off channels with high sinuosity and which are infrequently flooded by
the river (low flood scouring), one example possesses high species richness because
most species are saved from extinction by long-term isolation of the channel and cold
groundwater supplies. Other channels are poorly supplied with groundwater and show
a lower richness of species, because of low propagule inputs and low recruitment

potential.

3. Cut-off channels with low sinuosity and which are flooded at intermediate
frequencies were divided into three groups. The first group was species-poor, being
closely connected to the river through downstream backflows which maintain nutrient-
rich and turbid waters, in keeping with the hypothesis. The second group presents
intermediate richness caused by: (i) lower river backflows; and (ii) floods that partly
scour substrate and plants, and afford regeneration niches for transported propagules.
The third group was species-poor because of excessive groundwater supplies, which

probably acted as a limiting factor for species growth and recruitment.

4. The most frequently flooded channel shows the highest species richness, and
occurrence of rare and fugitive species, because of floods which compensate competition
by scouring sediments and plants, and afford regeneration niches for propagules. In this
case, conservation of biodiversity necessitates propagule sources at the level of the river

landscape.

Introduction

Large river cut-off channels are currently considered
as a high source of productivity and diversity in fluvial
hydrosystems (Drago, 1976; Holcik et al., 1981). This
diversity results from: (i) ecological succession occurr-
ing in these slow-flowing or stagnant water-bodies (in
contrast to the main river channel); and (ii) episodic
connections with the river during floods, which carry
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and import animals, plants and suspended material
(Schneider & Sharitz, 1988; Nilsson, Gardfejell &
Grelsson, 1991a). Succession can be partially re-set by
these flood disturbances, permitting the co-occurrence
of communities from diverse successional stages
(Bravard, Amoros & Pautou, 1986; Foeckler, Diepolder
& Deichner, 1991). Connell (1978) formulated the
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‘intermediate disturbance hypothesis’; that is, that
disturbances with intermediate frequency and magni-
tude permit the co-occurrence of fast-growing and
competitive ruderal species, promoting a great rich-
ness and diversity of species. Such a pattern has been
observed in wetlands (Keddy, 1983; Nilsson et al.,
1991b), where intermediate frequency of disturbances,
depending in some cases on connectivity between the
wetland and the river, favours the maintenance of rare
species that are usually weakly competitive (Wisheu
& Keddy, 1991; Bornette & Large, 1995).

Cut-off channels are progressively disconnected
from the river, first upstream and then downstream, by
alluvial deposition resulting from geomorphological
processes and ecological successions (Petts & Amoros,
1996). Surficial connections between wetlands and the
river remain as long as the downstream end of the
cut-off channel remains open to the river; in this case,
the influence of the river on the wetland depends on
the ability of backflows to go farther into the cut-off
channel (Juget et al., 1979). Wetlands that are closed at
both ends may only be connected during floods, when
the river overflows through their upstream end. In this
case, the frequency of surficial connections between
the river and the wetland depends on the river’s
overflowing frequency. Amoros & Roux (1988) and
Amoros (1991) assume that connectivity between cut-
off channels and the river involves all fluxes of water,
material and living organisms between these two
compartments. Depending on the various forms of
connections quoted above, the degree of connectivity
between cut-off channels and the river varies from very
low (infrequent connections) to very high (permanent
connections).

Other connections that involve slow or no fluxes of
material and living organisms also occur between cut-
off channels and groundwater aquifers (seepage from
the river or inputs from any hillslope aquifer). Such
connections are reduced or even prevented when,
during succession, production and deposition of
organic matter progressively clog the bed of the cut-
off channel (Rostan, Amoros & Juget, 1987). This
disconnection does not occur if sufficient groundwater
fluxes sustain fine sediment removal from the channel
bed (Bornette, Amoros & Chessel, 1994a). River seep-
age is usually richer in nutrients than hillslope aquifers
(Bornette & Amoros, 1991; Trémolieres et al., 1991).
Connections between former channels and hillslope
aquifers usually instigate drainage of the hillslope

aquifer via the former channels, and oligotrophication
of the wetland if this aquifer is effectively nutrient-
poor (Bravard et al., 1997).

A combination of these processes results in a high
diversity of habitat conditions in these cut-off channels
at the fluvial landscape level (Cellot et al., 1994). This
diversity is reflected by the divergent results obtained
by authors who compare species richness in riverine
wetlands with that of a main river channel. Lloyd &
Walker (1986) demonstrated that fish species richness
is high in the main channel, intermediate in backwaters
still connected at their downstream end, and low in
backwaters surficially disconnected from the river,
but they did not indicate the degree of temporary
connectivity of these backwaters with the river (par-
ticularly due to floods). Conversely, Roberts & Ludwig
(1991) observed a greater richness of species in back-
waters and channels disconnected from the main
channel at both ends, and they attributed this observa-
tion to water-level fluctuations that increase recruit-
ment in these wetlands. Because connectivity
continuously decreases due to natural processes and
human impact (Amoros, 1991), the issue of preserving
or restoring connectivity is of primary importance in
the environmental management of large rivers (Ward
& Stanford, 1995).

The present paper aims to delineate the effects of
connectivity, between cut-off channels and a river, on
aquatic plant diversity or rarity, in order to provide
recommendations for their conservation. The hypo-
thesis was that intermediate connectivity allows propa-
gule inputs into the wetlands, without impeding their
recruitment, which promotes high species richness.
Conversely, high connectivity impedes recruitment
either by over-frequent flood scouring or by supplying
nutrient-rich and turbid surficial waters to the wetland,
which reduces species richness. In the same way, too
low a connectivity should decrease flood scouring and
succession rejuvenation, and thus allow competition
to eliminate the less competitive species, with no
recruitment of new species by propagule import
during floods. As a result, species richness and the
number of rare species should decrease. The effect of
connectivity with groundwater should depend on its
origin; thus an ecosystem supplied by both ground-
water from nutrient-poor hillslope aquifers and
nutrient-rich river seepage should present inter-
mediate nutrient levels, favouring greater species rich-
ness, on account of the co-occurrence of species
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possessing contrasted nutrient requirements. Very low
or very high nutrient levels should decrease species
richness by selecting specialized species.

To test these hypotheses, links between surficial
connectivity, connectivity with groundwater and two
expressions of community diversity are considered.
Community diversity is assessed through species rich-
ness and through the relative rarity of species occurr-
ing in cut-off channels.

Materials and methods
Study sites

The study was carried out on twelve cut-off channels
of the Rhéne River (France). All are disconnected from
the river upstream at mean water level, and two are
disconnected at both ends. Four channels are indirectly
connected to the river through a secondary channel,
itself connected to the river (LAU, MOR, VLO, ROS,
Fig. 1). Channels present various overflowing frequen-
cies (as they are inundated by the river from 0 to
37 days yr'!; Table 1) and aquatic plant communities
(Table 2), ranging from oligotrophic communities with
Potamogeton coloratus to eutrophic communities with
Ceratophyllum demersum and Lemna minor through to
mesotrophic communities with Groenlandia densa, Calli-
triche platycarpa and Berula erecta (Kohler, Brinkmeier
& Vollrath, 1974; Carbiener et al., 1990).

Vegetation

Floristic zonation and species richness. To assess species
richness, it was necessary to assess overall spatial
heterogeneity that occurred in each wetland. Sampling
plots of 2-m-wide strips crossing the channels and
evenly distributed along the upstream—downstream
gradient made it possible to consider both: (i) longi-
tudinal heterogeneity occurring along channels; and
(i) transverse heterogeneity from the deepest part of
the channel to the banks. Aquatic vegetation was
surveyed during the summer of 1993 using the double
Braun-Blanquet (1932) cover and sociability scales.
The cover index recorded species abundance, while
sociability focused on patchiness (as opposed to even
distribution of species) within the sampling plots. The
number of replicate strips of each floristic zone is
shown in Table 1. The mean abundance of each species
per floristic zone is shown in Table 2.
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Species richness was obtained by counting the
number of species in the whole sampling set for each
cut-off channel. If floristic discontinuities occurred
along the channel, floristic zonation was carried out,
and species richness was then assessed for each floristic
zone. Floristic zonation permits consideration of
changes in habitat conditions within cut-off channels
that could influence plant recruitment (depth, turbid-
ity, water quality); for example, these zones are sup-
posed to be less influenced by river backflows when
they are located far from the downstream confluence.
Floristic zones have been demonstrated to be a relevant
spatial scale for the study of cut-off channels (Bornette
et al., 1994b) and are a way to avoid any methodologi-
cal bias that could result from differences in wetland
length, since longer wetlands could have upstream—
downstream gradients in habitat conditions, thereby
increasing species richness. Each abundance and soci-
ability data couplet was converted to a single value
to facilitate statistical analysis (for conversion rules, see
Bornette & Amoros, 1991), and floristic data collected
along each channel were analysed using a centred
principal component analysis (cPCA; Goodall, 1954).
All data sets were analysed using ADE software
(Thioulouse et al., 1995). As this analysis provides
ordination of the sampling plots on the basis of their
floristic composition, floristic zones were delineated
within each cut-off channel according to the factorial
co-ordinates of the sampling plots along the first two
axes of the cPCA. Each floristic zone numbered one
corresponded to the downstream end of the cut-off
channel. Some channels were not divided into floristic
zones by analysis (ACH, ARD, ARG, VLO, LAU,
EMC, SAU; cf. Table 1). Species richness was calculated
for each channel, and for each floristic zone within
channels that included several floristic zones. Species
richness per channel did not result simply from the
addition of the species richness of the zones, as a
given species can occur in several zones within the
same channel. Floristic zonation was used in a second
step as a sampling frame.

Species richness and community uniqueness. As the
number of species does not provide information on
the rarity of the species, and as the occurrence of
rare species can be favoured by connections between
wetland and the river, the relative uniqueness of
species content was estimated for each channel. Fre-
quency of occurrence of each species within the twelve
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channels was calculated (the most frequent species
occurred in nine channels). In a second step, the
number of species occurring in each channel, and
simultaneously in one, two, three and up to nine
channels of the data set was counted. Finally, the
percentage of species showing a relative rarity of one,
two, three, and up to nine occurrences was calculated
for each channel, and represented by a graph. The
highest are the values on the left side of the graphs,
the most unique are the communities of the channel
compared to the whole set of channels.

Connectivity assessment

Surficial connectivity. The degree of connectivity
between cut-off channels and the river was assessed
through the quantification of: (i) river overflows into
the cut-off channels; and (ii) river backflows into the
cut-off channels through their downstream outlet. The
influence of river backflows can be assessed by water
physico-chemistry of the channels (Juget et al., 1979;
Ortscheit, 1985).

The frequency of overflowing of the river was
derived from the knowledge of: (i) the stage-discharge
relationships of the river at the upstream end of each
cut-off channel; (ii) the discharge frequency distribu-
tion of the river; and (iii) the stage at which water
flows into the cut-off channel (Table 1; S. Quignard,
unpublished data). As the scouring ability of water
during floods depends on its velocity, and as it was
not possible to measure velocity during flooding, the
variables that have an effect on hydraulic behaviour
were documented; that is, the drainage capacity of the
channel (mean depth and width) and its relative
slope through its sinuosity (Bravard & Gilvear, 1993).
Reduction of sinuosity increases the slope within the
cut-off channel and therefore the flow velocity and
the scouring effect of floods. The set of sampled
channels included both channels with low sinuosity
(usually a braided pattern, nine channels with sinu-
osity ranged between 1.07 and 2.6) and high sinuosity
(usually a meandering pattern of the river, three
channels with sinuosity ranged between 7.3 and 12.8).

The number of substrate classes (coarse = 2-
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250 mm; sand or sandy silt =0.01-2.00 mm; silt and
clay =< 0.01 mm, mud, peat) occurring within a flor-
istic zone was visually recorded (Table 1), because it
affords information on the net effect of floods: within
the same alluvial floodplain, substrate grain-size is
indicative of the dominant processes operating in a
former channel (erosion vs. deposition; Poff & Ward,
1990; Lamberti et al., 1991). In addition, it can provide
a number of microhabitats for aquatic macrophytes
(Macan, 1977; Barko & Smart, 1986), and increase
species richness.

The data set was analysed through a simple, normal-
ized PCA (nPCA; Goodall, 1954).

Groundwater connectivity. Connections between cut-off
channels and either river seepage or hillslope aquifer
can be assessed through the physico-chemistry of
water (Ortscheit, 1985; Bornette & Amoros, 1991;
Trémolieres et al., 1991).

Hillslope aquifer is characterized by high nitrate
content (measured as [N-NO;] mg L™}, obtained by
ion chromatography), high alkalinity ([HCO;7],
measured by HCl N/10) and high conductivity
(US em™, measured in situ with a MERCK device)
compared to seepage or river water (Bornette &
Amoros, 1991; Bornette & Large, 1995). Water temper-
ature (measured in situ with a MERCK device), oxygen
concentration (measured in situ with a MERCK oxy-
meter) and silica content (obtained by colorimetry and
using the molybdic acid method) can also indicate
oxygen-poor stenothermic groundwater supplies.
Water inputs from the Rhéne River are indicated by
higher pH values (measured in situ with a MERCK
pH-meter) and higher sulphate content (measured
by ion chromatograph; Juget et al., 1979). Phosphate
(obtained by ion chromatography) and ammonium
nitrogen contents (measured by colorimetric method
using salicylate) indicate the nutrient content of the
water and can indicate anthropogenic inputs from
farmland drainage and sewage effluents.

Floristic zonation was used as a sampling frame
for measuring water physico-chemistry (Fig. 1). Water
samples were collected monthly from each floristic
zone from May 1995 to August 1996. Two stations in

Fig. 1 Location of studied wetlands in two reaches of the Rhéne River floodplain. Locations of floristic zones and chemical
sampling stations are indicated along each former channel, as well as coded labels of zones used in other figures and text. RBR

and RJO indicate river sampling stations.

® 1998 Blackwell Science Ltd, Freshwater Biology, 39, 267-283
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the river were also sampled in each floodplain section
(RBR and RJO).

Data were analysed through a between-class nPCA.
For this analysis, data were normalized then averaged
for each sampling station (Table 3). The reduced data
of sites against physico-chemical variables were then
analysed by simple nPCA, affording an average typo-
logy of the sampling stations on the basis of their
water physico-chemistry (Dolédec & Chessel, 1991).

Results
Surficial connectivity and species richness

Statistical analysis of data is provided in Fig. 2 (for
analysis, the overflow frequency was attributed to
each floristic zone within a given channel). The first
two axes represented, respectively, 50.7% and 26.9%
of inertia of the whole data set.

The F1 axis was positively correlated to the overflow
frequency and number of grain-size classes, and nega-
tively correlated to sinuosity and width. The former
meandering channels (GG1, GG2, GG3, SAU and
EMC), as well as the downstream part of LP1, were
plotted in the negative part of the F1 axis, and were
characterized by low overflow frequency, high sinu-
osity, greater width and low substrate heterogeneity.
LP1, GG3, SAU and GG2 were also discriminated
along the F2 axis, as they presented greater depth,
whereas GG1 and EMC have negative scores on the
F2 axis and low depth.

Cut-off channels with low sinuosity, intermediate-
to-high substrate heterogeneity and overflow frequen-
cies, show positive coordinates along the F1 axis. Axis
F2 discriminated low depth channels on the negative
part of the axis (VLO, MO4, MO3, MO2 ARG), from
the deeper channel (ME1).

Some channels that were rarely connected to the
river (GG2, SAU, GG3) and the more frequently
flooded channels (ME1, ME2, ME3) both had high
species richnesses. Only one significant link was
delineated between the F1 coordinates of the stations
and species richness (polynomial regression of rank
2; y = 12.85 + 2.00X + 1.34 X% P < 0.05).

Groundwater connectivity and species richness

The first two axes of the between-station nPCA (Fig. 3)
represented, respectively, 28.9% and 22.4% of inertia
of the whole data set.

© 1998 Blackwell Science Ltd, Freshwater Biology, 39, 267-283

Plant diversity and connectivity in wetlands 273

Positive scores on axis F1 were related to pH, oxygen
content and, to a lesser degree, sulphate content. ARG,
ARD, LP1 and, to a lesser extent, LP2 and ACH, were
plotted close to the river stations (RJO, RBR) on this
part of the factorial map, indicating the high river
influence through backflows (although the river never
overflowed into the cut-off channels during water
sampling). Negative scores on axis F1 were related to
high conductivity and silica content, low pH, oxygen
and sulphate contents. Stations located on this part of
the axis were less influenced by the river water.
High conductivity and silica content, and low oxygen
content indicate that they are supplied by ground-
water. Positive values on axis F2 discriminated stations
supplied by hillslope aquifer (MEA, GGR, LAU) with
higher nitrate content, conductivity and alkalinity.
Hillslope aquifer characterized by high nitrate content
was depicted in this area (Reygrobellet et al., 1981).
Stations plotted on the negative part of this axis (ROS,
VLO) were supplied by river seepage, as indicated by
low nitrate and oxygen contents, high ammonia and
sulphate contents, together with high conductivity
and alkalinity (Bornette & Amoros, 1991). Two chan-
nels were plotted in an intermediate position between
the two other groups (MOR, SAU), suggesting that
they were supplied by both hillslope aquifer and
river seepage.

Species richness appeared lower in the stations that
were submitted to river backflows (ARG, ARD, LP1],
LP2, ACH). The highest values of species richness
were observed in most of the stations supplied by
river seepage or hillslope aquifer. Only EMC, LAU,
RO1 and RO2 had low species richness. Any increase
in species richness appeared to be significantly correl-
ated to the decrease in river influence and an increase
in groundwater supplies (linear regression: y = 15.82—
2.09X; P = 0.02).

Rare species and community uniqueness

The community uniqueness of each channel is indi-
cated in Fig. 4; for example, 8.7%, only two of the
twenty-three species occurring in ROS were found
only in this channel; 21.7% (five of the twenty-three
species) were noted both in ROS and another channel,
17.4% (four of the twenty-three species) occurred in
ROS and in two other channels, etc.

Some channels (ARD, ARG, LPE, LAU and EMC)
did not present any rare species (i.e. that occur only
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Table 3 Means and standard deviations of physico-chemical data from the sampling stations. For the location of the sampling

stations, see Fig. 1

O] EC (NOs>]  [NH] (PO (5i0,] [HCOs1 (S04
™ mg L pH (Scm™) mgL! mg L} mg L1 mg L™ mgL™! mgL™!
RJO 153£51 99%15 82+02 328*36 37+1.0 007*004 0.03x005 20£08 149+38 274*68
ARD 19486 111%£22 83x02 317x35 20+x14 008x0.06 0.01=*0.02 18+06 139*23 265*65
ACH 15163 9.0+45 79+04 377x71 13+x15 036*058 0.01 *0.02 38+18 181+x42 189=*70
GG3 161+62 90x+13 78%02 399*111 124=*28 003003 0.02=*0.06 71%x12 207%17 9.6 + 06
GG2 16355 9013 78%02 398x111 123*27 0.04=003 002+ 0.07 71x13 210x8 9.6 £ 0.6
GG1 16355 88*11 78x02 449*60 130x32 004003 0.02=006 75+x12 212*7 9606
ME2 143+37 98+18 77x01 44760 100*1.0 0.03+003 0.000.01 43209 224*9 83+16
ME3 129+14 7510 76x01 43749 8110 003+004 0.00x001 3807 2015 76+ 31
LAU 123206 63+10 74*02 477*x37 129*19 001002 0.01=*0.03 53+£30 238=x13 8409
ME4 13749 92x24 7602 45149 82%65 006005 000001 29+14 231x19 68+1.2
SAU 13064 46*36 75*x02 435x95 03+05 031*x030 0.05=0.09 4924 242+ 58 3.8+x20
MO1 126 46 90%27 81x02 417+*38 32x11 009=*010 001 *0.02 52+40 215%52 67+18
MO2 13160 54x39 76*+02 362x82 03%x05 0.16*013 0.01 % 0.03 58+48 1984 55+31
MO3 12859 56*+47 7602 367*115 01x03 017+016 0.00*0.02 44*24 201 *56 55%58
MO4 124+57 66*41 77x02 354*103 01x01 023+030 0.010.03 38+£22 189*x52 57*56
VLO 12035 28+x20 75x02 424*41 13+15 015*0.14 0.02*006 74+16 193x27 381*101
EMC 15069 99+43 7802 581*74 38%35 033x027 011*018 103*41 289+38 240+39
LP3 150+54 71*x14 7602 461*103 11.4*113 014+012 0.01 +0.02 50£38 209+x49 215*56
LP2 16170 101+22 80x03 381 =*89 39+£47 011007 0.01*0.02 29*£30 16750 286=*58
LP1 15351 99%15 82x01 328x36 3.7+x10 007=*004 003005 2008 149+38 274*68
ARG 171275 126+34 85*04 320+93 1.5%£13 010x006 0.01=*0.04 1607 118+29 325+33
RBR 13351 98x18 82=x01 304 £33 2607 017007 0.05=*0.06 17+06 122+23 363+*58
RO3 128+44 3820 75*02 443%58 07*04 007004 001002 5416 210+x25 324=*45
RO2 123+38 4217 76*02 427*49 06*06 007+005 0.00=*0.01 6415 197*£19 358*4.6
RO1 123+40 45x10 7701 387 £ 59 15+x1.0 007=*0.05 0.02=*0.04 56+22 17634 373*40

in one of them, Fig. 4). Most of the species are very
frequent (Ceratophyllum demersum, Myriophyllum
spicatum, Nuphar lutea, Phalaris arundinacea, Phragmites
australis). Some were abundant along the main river
channel (C. demersum, M. spicatum and P. arundinacea).
Nuphar lutea and P. qustralis were widely distributed
in undisturbed wetlands (Pautou & Girel, 1981;
Cernchous & Husak, 1986). Potamogeton perfoliatus
occurred only in ACH, but this species also occurred
along the main river channel. ACH was consequently
close floristically to ARD, ARG and LPE. All these
channels showed low species richness (from six for
ARG, to eighteen for LPE).

LAU presented low species richness (only eleven
species), although its water characteristics were similar
to MEA. Of its species, 45% showed restricted distribu-
tions (in only two other channels, i.e. Berula erecta,
Hippuris vulgaris, Hottonia palustris, Juncus articulatus
and Mentha aquatica). All these species occurred in
aquatic ecosystems supplied by mesotrophic ground-
water (Bornette & Large, 1995), very infrequent in the
Rhéne River floodplain (Bornette et al. 1994c).

Three channels (VLO, MOR and ROS) contained
widely distributed species, but also some infrequent
or rare species. However, the latter were mostly helo-
phytes or terrestrial species (Epilobium sp. and Juncus
effusus in ROS, Humulus lupulus, Lycopus europaeus and
Rubus fructicosus in VLO), also widely distributed in
the floodplain. Thus, only Riccia fluitans and Sagittaria
sagittifolia, occurring in MOR, were really rare, as they
were not observed in the main river channel. These
three channels showed intermediate species richness
(respectively twenty-one, twenty-three and twenty-six
species for VLO, ROS and MOR), with numerous
hydrophytes in two of them (respectively thirteen and
seventeen species in ROS and MOR).

SAU, MEA and GGR were characterized by
numerous rare or sparsely distributed species. GGR
showed the highest number of rare species (eleven)
with the occurrence of Chara major, Cladium mariscus,
Juncus subnodulosus, Menyanthes trifoliata, Potamogeton
friesii, P.coloratus, Ranunculus lingua, Thelypteris
palustris, Typha latifolia, Alnus glutinosa and Utricularia
minor. Alnus glutinosa occurred in the inundated

© 1998 Blackwell Science Ltd, Freshwater Biology, 39, 267-283
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locations of floristic zones, see Fig. 1.

channel bed, but was frequently observed in the
floodplain, and thus cannot be considered a rare
species. Chara major, Cladium mariscus, J. subnodulosus,
P. coloratus and T. latifolia have been observed in several
cut-off channels supplied by groundwater of the Ain
River, which is the largest tributary of the Rhéne River
upstream from Lyon (Bornette, Amoros & Rostan,
1996). Menyanthes trifoliata, P.friesii, R.lingua,
T. palustris and U. minor occur nowhere else along the
Rhéne or the Ain River (Bornette etal., 1996; G.
Bornette, unpublished data). Ranunculus lingua,
Menyanthes trifoliata and T. palustris occur only in a
few sites in the surrounding mountainous regions,
whereas P. friesii and U. minor occur sporadically in
other aquatic ecosystems (Grenier, 1992; Bugnon
et al., 1993; Netien, 1993). Ranunculus lingua has
frequently been found in the northern part of Europe
(Johannson, 1993).

MEA showed the highest species richness (thirty-
eight species) and was characterized by numerous
rare or sparsely represented species (seven rare species,

© 1998 Blackwell Science Ltd, Freshwater Biology, 39, 267-283

six species occurred in only one other channel, and
eleven occurred in two others). Eleocharis acicularis,
E. palustris, Fontinalis antipyretica, Glyceria fluitans,
Luronium natans, Nitella confervacea and Senecio
aquaticus occurred only in MEA. Eleocharis palustris and
S. aquaticus are frequent in ponds of the surrounding
region (Netien, 1993).  Eleocharis  acicularis,
F. antipyretica, G. fluitans, L. natans and N. confervacea
grew permanently in this channel, and grow also in
cut-off channels or in the main channel of the Ain
River (Bornette etal., 1996). Luronium natans occurs
only in one site of the Ain River. Berula erecta,
C. vulgaris, H. palustris, |. articulatus, G. densa, Potamo-
geton natans and Ranunculus trichophyllus, occurred in
one or two other channels, and are usually found in
groundwater-supplied ecosystems (Kohler et al., 1974;
Carbiener et al., 1990). These species are also found in
several cut-off channels of the Ain River (Bornette
et al., 1996).

SAU had intermediate species richness (twenty-four
species) and few rare species (three), but numerous
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sparsely distributed species (eight species occurring
only in one other channel, and three in two others).
Salix cinerea, Frangula alnus and Solanum dulcamara
occurred only in SAU, on the Carex floating mats, but
were very common in the floodplain, and cannot
therefore be considered rare. Most of the infrequent
species (Bidens tripartita, Carex pseudocyperus, Galium
palustre, Hydrocharis morsus-ranae, Lysimachia vulgaris,
Lythrum salicaria, Scrophularia auriculata, Scrutellaria
galericulata, Sparganium erectum and Urtica dioica) were
also widely distributed helophytes growing on floating
mats. Carex pseudocyperus and H. morsus-ranae occurred
only in one other channel, but were abundant in
a large downstream tributary, the Sadne River (G.
Bornette, unpublished data).

Discussion

Previous studies in backwaters have shown that
species richness is not simply related to the degree
of connectivity to the main river channel through
overflows (Lloyd & Walker, 1986; Roberts & Ludwig,
1991). Overflow frequency is an expression of con-
nectivity that must be considered, together with the

Fig. 3 Between-class nPCA (sampling
stations as classes) of physico-chemical
data set. (a) Correlation circle of
physico-chemical parameters with the
first two axes of the analysis;

(b) F1 X F2 factorial map of station
coordinates on which is plotted the
species richness per floristic zone (circle
sizes are proportional to the species
number, and each station corresponds
to one floristic zone). For code meaning
and locations of sampling stations, see
Fig. 1.

geomorphology of channels, which may or may not
allow flood-scouring of sediment and recruitment of
new individuals (Henry, Amoros & Bornette, 1996).
Two cases were observed in which channels over-
flowed infrequently and possessed high sinuosity (low
scouring) in relation to their groundwater connec-
tivity (Fig. 5).
1 One channel (GGR) was isolated from the river,
which for this reason could not supply any propagules
(Fig. 2). High species richness results partly from its
insularity. Numerous species occurring in this channel
occur nowhere else in the floodplain, but are often
observed in colder mountainous areas or in northern
regions of Europe (Grenier, 1992; Bugnon et al., 1993;
Johannson, 1993; Netien, 1993). Other cases have been
reported in which terrestrial plant species that usually
occur in mountainous regions are also found in river
floodplains (Pautou & Girel, 1986). They are probably
species remaining from colder periods, saved from
extinction by long-term isolation of the channel (dis-
connected from the river before 1649; Bravard, 1987)
and by cold groundwater supplies (Fig. 3). Isolation
probably prevents invasion by exotic species, and cold
nutrient-poor groundwater supplies preclude com-

© 1998 Blackwell Science Ltd, Freshwater Biology, 39, 267~283
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Fig. 4 Uniqueness of plant
communities in each cut-off channel
compared to the others. (a) Relative
number of species in each channel
(expressed as percentages of the
channel species pool) belonging to each
occurrence class (number of channels
where the species occur; for further
explanations, see text); (b) number of
species occurring in only one channel
(for channel abbreviations, see Table 1).

petition, maintaining favourable ecological conditions
for the rare species. The large size of the ecosystem
probably allows numerous microhabitats to co-occur,
and permits more species to coexist (Grubb, 1977,
Kohn & Walsh, 1994). However, species richness can
only decrease, because any species extinction would
not be compensated by the recruitment of new species
entering this ecosystem through water fluxes. This
probably explains the low hydrophyte richness of this
ecosystem, as these species are usually transported by
water fluxes, helophytes being more easily wind-
dispersed (Cook, 1987).

2 Two other channels (SAU and EMC) were only

© 1998 Blackwell Science Ltd, Freshwater Biology, 39, 267-283
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poorly supplied by hillslope groundwater (Figs 2 and
3) and presented intermediate-to-low species richness.
In the species-poor EMC channel (eleven species),
competitive processes should be intense, because of
the absence of water renewal and also the small size
of the ecosystem, both probably reducing the co-
occurrence of diverse microhabitats. Propagules are
probably rarely, if ever, brought to the channel, and
Barrat-Segretain (1996) demonstrated that anchored
hydrophyte species cannot be recruited because of a
very deep layer of fluid organic matter that prevents
any such recruitment. Thus, species richness can be
expected to be low, in keeping with previous studies,
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which demonstrate that increasing organic content of
the substrate during succession is related to a decrease
in abundance of rooted species (Wetzel, 1979;
Carpenter, 1981). Propagule fluxes may be higher in
channel SAU because of the higher overflow frequency.
Furthermore, more microhabitats are probably avail-
able due to the size of the wetland, as demonstrated
by a higher number of helophyte species than in EMC.
Hydrophytes are also mostly not anchored, due to the
deep layer of fluid organic matter, as in EMC channel.
Three kinds of situation were observed among the
channels that overflowed at an intermediate level
(from 2 to 9daysyr!) and had low sinuosity,
depending on their downstream connection to the
river and on groundwater influence (Fig. 5).
1 The first group (ARG, ARD, ACH and the down-
stream part of LPE) included channels that were
closely connected to the river through surficial back-
flows (Fig. 3), which maintain the flow of nutrient-rich
and turbid waters to channels and promote sediment
deposition in the confluence area (Martinet, Juget &
Riera, 1993). As a consequence, only a few species are
present, and turbid water impedes the recruitment of
exotic species. This excessive connectivity decreases
species richness, in keeping with the hypothesis.
2 The wetlands of the second group (MOR, VLO and
ROS) were connected to river seepage (and partly
hillslope groundwater for MOR). These wetlands were
only slightly influenced by surficial river water, except
MOR in the downstream zone. Nutrient-content and
turbidity of river seepage were quite low, and sporadic
overflows allowed species recruitment, both promot-
ing intermediate values of species richness. Their

for locations of zones, see Fig. 1.

hydrophyte species richness was higher than in SAU,
despite their similar overflow frequency and their
smaller width and depth. Because of low sinuosity,
depth and width, floods can scour most of the fluid
part of the organic matter deposits, prevent any depos-
ition of too fluid organic matter (Rostan et al., 1987),
and supply silt to the channels. Consequently, regener-
ation niches for propagule recruitment are available.
3 The species-poor wetlands of the third group were
mostly supplied by groundwater from hillslope aqui-
fer (LAU and LP3 with, respectively, eleven and
fourteen species). LAU had cold and permanently
flowing water that acted as a limiting factor for species
growth and recruitment. Groundwater discharge was
very low in LP3, allowing a summer increase in
temperature (average T° observed at this station:
14.96 °C = 5.36, vs. in LAU: 12.19 °C = 0.61; Table 3)
and permitting phytoplankton development and high
turbidity, impeding plant growth and recruitment.
The most frequently flooded channel had low sinu-
osity and the highest species richness (MEA, Fig. 5).
Frequent overflows scoured fine sediments and plants,
compensated competition processes, and afforded
regeneration niches for propagules (Grubb, 1977). The
lack of replicates did not allow demonstration in the
present study of whether an even higher overflow
frequency would increase or decrease species richness.
The water was renewed by groundwater supplies, but
flow velocity remained low (particularly in the species-
rich downstream zone) and did not limit species
recruitment. High species richness may result from
propagules derived from the available pool (propagule
broadcast, sensu Whittaker & Levin, 1977), which

© 1998 Blackwell Science Ltd, Freshwater Biology, 39, 267-283



compensated for losses due to frequent flood scouring.
Many frequently flooded cut-off channels supplied by
nutrient-poor groundwater and located along the Ain
River (flowing into the Rhéne River just upstream from
MEA) were a source of propagules and maintained
fugitive species. In accordance with the intermediate
disturbance hypothesis (Connell, 1978), high local
instability (scoured patches) and high total stability
(at channel level) of communities and of species
richness were demonstrated by long-term investig-
ations (Bornette etal., 1994b; Barrat-Segretain &
Amoros, 1996).

Surficial connectivity between riverine wetlands and
a river cannot be reduced to a single phenomenon.
Overflows of the river into cut-off channels bring
nutrient-rich, fine sediments and propagules to the
ecosystem, but water may be rapidly renewed by
groundwater supplies. Sediments promote better
recruitment of new individuals and/or species, and
thus increase species richness. Conversely, river back-
flows maintain nutrient-rich and turbid water in the
permanently connected downstream zone, impeding
the recruitment of most propagules: a few species
occur, and permanent connection reduces species
richness.

The effects of connectivity depend on its nature
(overflows vs. backflows, hillslope vs. seepage ground-
water), its intensity (permanent connection, vs. rare
overflows), and geomorphological characteristics of
the channels (low sinuosity, and higher scouring ability
of floods vs. high sinuosity, and low scouring). High
surficial connectivity decreases species richness and
occurrence of rare species, but overflows enhance
biodiversity to some extent, depending on the occur-
rence of propagule pools at the river landscape level.
In many wetlands, changes in connectivity, or the
exhaustion of propagule pools, should lead to a
decrease in species richness.

The effects of connectivity appear much more com-
plex than previously hypothesized. However, their
understanding can explain patterns of richness and
rarity observed in riverine wetlands, and permit us to
forecast community dynamics and thus guidelines for
the conservation of this biodiversity.
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