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Abstract

The rare aquatic plantLuronium natans(L.) Rafin. is a representative of theLittorelletea, i.e.
plant communities growing typically in unproductive habitats with oligo- to meso-trophic, slightly
acid to circumneutral soft waters. Apart from morphological and physiological adaptations to these
particular habitat conditions,Littorelleteacommunities are characterised by their narrow ecological
amplitude. Despite the fact thatL. natansis reported to be limited to habitats with low calcium
content, it is abundant in two of the numerous potential yet calcareous habitats in the floodplains of
the Upper Rhone, and its tributary, the Ain River (France). The present study examines whether the
restriction to such a low number of habitats is linked to particular abiotic conditions therein. It also
aims to identify the range of floodplain habitats that belong to the species’ fundamental niche, i.e.
those where, after arrival, it would be able to establish in the absence of interspecific competition.
L. natanswas therefore transplanted to sites along a gradient of sediment composition, and allowed
to establish during a competition-free period. Extensive physico-chemical analyses were carried
out on sediment, surface and interstitial water of the transplantation sites. The species’ fundamental
niche appeared very large, since establishment was successful in 3/4 of the transplantation sites.
The magnitude of establishment success differed greatly, but only redox-potential was significantly
correlated with establishment success. Abiotic parameters could not provide a general explanation
of complete establishment failure either. The experiment demonstrated that the restriction ofL.
natansdistribution in these floodplains is not caused by a lack of habitats with suitable water and
sediment chemistry. ©2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Luronium natans(L.) Rafin. is one of Europe’s endangered aquatic plant species that
most literature describes as a component ofLittorelletea, i.e. communities occurring in the
very particular habitats that are weakly productive, oligotrophic to mesotrophic, slightly
acidic to circumneutral, shallow waters with low alkalinity and mostly sandy sediment
(Den Hartog, 1981; Roelofs, 1983, 1996; Pott, 1995).Luronium itself has been consid-
ered as typical for acidic- (Cook, 1990, Lambinon et al., 1992) and calcium-poor wa-
ter (Casper and Krausch, 1980). Plants growing in these kinds of habitat need to be
adapted to particular low nutrient levels, especially to the low availability of dissolved
CO2 (Roelofs, 1996). Examples of the high degree of specialisation ofLittorelletea-species
are: root based absorption of free CO2 from sediment pore water (Wium-Andersen, 1971;
Søndergaard and Sand-Jensen, 1979), recapture of photorespired CO2 within internal la-
cunal systems (Søndergaard, 1979) or particular metabolic pathways such as dark fixa-
tion (Keeley, 1982). TypicalLittorelleteahabitats with nutrient-poor and slightly acid to
circumneutral water are endangered by eutrophication or acidification (Schaminée et al.,
1992; Roelofs, 1996). Decrease of theLittorelleteahas been reported from their main dis-
tribution area, e.g. from Germany (Dierssen, 1981; Kaplan, 1993) and the Netherlands
(Schaminée et al., 1992), where only 20% of oligotrophic and poorly buffered waters in-
vestigated in 1950 were still in good condition 30 years later (Roelofs, 1983). Hence,
the widely observed decline ofL. natans(Wade and Greulich, in preperation) seems in-
evitably linked to the disappearance of a habitat type the species is particularly adapted
for.

There are however indications that the niche of this rare macrophyte is substantially
larger than that classically described. For Great Britain, Willby and Eaton (1993) report
the spread ofL. natansfrom oligotrophic softwater upland lakes to navigable lowland
canals with much harder water and meso- to eutrophic plant communities. In the same
way, L. natansoccurs clearly outside the classically described range of habitats in the
floodplain of the Upper Rhone river, despite its calcareous and slightly alkaline water
(Bornette and Large, 1995; Bornette et al., 1996). The species is however encountered
in only two, flood-disturbed sites, among the more than a hundred cut-off river channels
of the Rhone and its tributary, the Ain river, which are all potential habitats for aquatic
plants. What is restricting the distribution ofL. natansto such a low number of sites?
Possible causes may include difficulties in propagation and recruitment of the species,
competitive elimination of established individuals in habitats with high competition in-
tensity, or particular nutrient or other abiotic requirements for growth and establishment.
This last point is examined in this study: Firstly, it aims to clarify whether the realised
habitat ofL. natansis distinguished from other possible habitats by particular abiotic char-
acteristics. Secondly, we aim to reveal the range of habitats within the river floodplains
that belong to the fundamental niche of the species, i.e. the ones whereL. natanswill
be able to establish in absence of interspecific competition. This latter information may
be the starting point for further investigation on the species’ ecological requirements. In
order to answer these questions,Luroniumwas transplanted from a site where it occurs
naturally to a range of cut-off channels with various sediment characteristics. It was then
allowed to establish during a competition-free period. In addition, an extensive analysis of
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physico-chemical characteristics of sediment, surface water and sediment pore water was
undertaken in order to relate establishment success to abiotic properties of the transplanta-
tion sites.

2. Material and methods

2.1. Life-cycle characteristics of Luronium natans

Luronium natans(L.) Rafin. (Alismataceae) is an evergreen species, composed of a
submerged rosette of flexible, linear leaves. In summer, the species may also produce small,
long-petioled oval leaves which float on the water surface.Luroniumshows an abundant
vegetative reproduction by means of stolons, which makes it an efficient coloniser of nearby
gaps in the vegetation cover, e.g. after disturbances (Barrat-Segretain and Amoros, 1996).
Not all of the newly produced rosettes become rooted near the parental ramet; some keep
floating in the water column and, after detachment from the stolon, may contribute to the
species’ vegetative dispersal (Willby and Eaton, 1993). The flowering period is between
May and August (Casper and Krausch, 1980). Flowers are generally aerial and pollination
occurs by insects. Fertilised flowers bend into the water where the fruits (achenes) ripen
(Schenck, 1885). Submerged flowers are able to reproduce by cleistogamy (Schenck, 1885;
Sculthorpe, 1967). Deeply submerged individuals however produce neither floating leaves
nor flowers (Casper and Krausch, 1980) and reproduction is in this case exclusively asexual.
Little is known about the respective roles of seeds or vegetative propagules in the species’
dispersal.

2.2. Study sites

The transplantation sites are located in the Upper Rhone and Ain River floodplains,
where numerous cut-off river channels with a wide range of water and sediment chemistries
co-occur (Rostan et al., 1987, 1997; Bornette et al., 1998a, b). The common feature of the
channels is alkaline water with rather high conductivity.L. natansoccurs naturally in this
set of diverse habitats with a seemingly very narrow realised niche (two cut-off channels
among more than 30 similar channels along the Rhone and more than a hundred along the
Ain River).

The experiment was carried out on a total of 13 experimental plots, located along 11
cut-off channels (Table 1). These channels were selected because they span a large range
of the sediment types encountered in the floodplains, differing greatly in sediment compo-
sition. At the same time, they are similar in their water characteristics, since they are all
supplied by groundwater with similar chemistry (Bornette et al., 1998a, b). A reference
plot was located in a cut-off channel of the Rhone river where an abundantL. natanspop-
ulation occurs (MEA). The others were new transplantation plots. In two cut-off channels
two experimental plots were established. In the first one (INL), the plots are very close
to each other (50 m), but differ in their sediment: a deep layer of fine sediment in the up-
stream experimental plot (INLm) suggests that the site has not been altered recently by
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human intervention, whereas the downstream station (INLv) had been dredged recently
(within the last 10 years) and presents a coarse gravel substrate. In the same way, the
upstream experimental plot at ‘vers la Borne’ (BORm) had been dredged in 1992. The
second experimental plot (BORv) is located around 500 m downstream, in an undredged
part of the channel. In order to allow a competition-free establishment period, the plots
were cleared of their vegetation cover (including underground parts) beforeL. natanswas
transplanted.

2.3. Transplantation procedure and evaluation of establishment success

In each area whereL. natanswas to be transplanted, a plot of 3 m× 3 m was carefully
cleared of its vegetation in early April, 1996. Single rosettes ofL. natanswith strong and
healthy appearance were taken from the reference site (MEA) and within 24 h planted in
each experimental plot. Twenty-five rosettes were placed in the central 2 m× 2 m area of
each plot in five rows and five columns, each row or column spaced 50 cm from the next. All
experimental plots were characterised by low water depth (0.25 m to 0.6 m at the beginning
of the experiment), high water transparency, standing or slow flowing water, and low or no
shade.

Three months later, in July 1996, the colony sizes were evaluated on each transplantation
plot by counting all ramets. The count was difficult in the reference plot (MEA) because of
the presence of nativeL. natans, which started to colonise the transplantation plot from the
borders. For this reason, we considered as the colony size the average from a count discard-
ing all ramets established on a 25 cm broad plot-margin, and from a maximal estimation,
summing all ramets present.

2.4. Water and sediment sampling and analysis

Chemical laboratory analyses were carried out according to French standard-methods
(‘norme française’ (NF)) where available. Samples fromsurface waterwere collected
monthly from January to December 1996. pH, conductivity, O2 content and temperature
were measured in situ with a MERCK oxy-, pH and conductivity meter. Water samples
were taken to the laboratory and contents of NO3

−, PO4
2− and SO4

2− were measured
by ionic chromatography (NF T 90 042 and NF EN ISO 10304), NH4

+ (NF T 90 015)
and SiO2 (NF T 90 007) colorimetrically and values of HCO3

− volumetrically (NF T
90 036). Only average values (over 12 months) were used for the present data analysis
(Table A1).

Severalsediment samples(≥10) of the superficial 5 cm were taken in November 1996
along eachL. natansplot. The sampling depth included the mean rooting depth of the species
(3 cm, personal observations). Sediment pH, redox potential and temperature were measured
in situ with a MERCK pH- and redox-meter. Sediments were kept at low temperature and
brought to the laboratory. There were measured total N (Dumas method, NF v 03 100),
N-NH4

+ (extraction by KCl 0.5 mol/l, colorimetry in continual flux at 660 nm), total P
(method Joret Hebert: colorimetry (NF× 31 161)), Fe3+, Mn2+ (extraction with EDTA;
atomic absorption spectrophotometry (NF× 31 120), Mg2+, K+, Ca2+, Na+ (extraction
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by ammonium acetate; atomic absorption spectrophotometry and flame photometry (NF
31× 108), mineral and organic C (on a Dohrmann DC 80 carbon analyser) and grain size
classes (NF× 31 107). The water content of sediment was determined by weight loss after
drying. The organic matter content of sediment was estimated by the formula: organic
C× 1.72 (Aubert, 1970).

Interstitial water was extracted from the sediments at 15 bars with a nylon sediment
press (Reeburgh, 1967) and filtered through Millipore filters (0.45mm). The pH of the
interstitial water was measured immediately after its extraction. One part of the extracted
water was then acidified to pH 1–2 for further determination of total metal ions (Mn, Mg,
Fe, Na, K, Ca). Anions (HPO4−, NO3

−, SO4
2−) and NH4

+ were determined without
acidification. All concentrations enumerated were determined by ionic chromatography.
Interstitial water samples for determination of organic and mineral C were stored by freezing
and the measurements were done later using a Dohrmann DC 80 carbon analyser. Levels of
phosphate were below detection levels in the liquid phases (<1 mg l−1 in interstitial water
and<0.05 mg l−1 in surface water) in all study sites, so they have not been included in
statistical data analysis.

2.5. Data analysis

Physico-chemical characteristics of water and sediment were analysed through nor-
malised principal component analysis (nPCA) (Goodall, 1954; Orloci, 1966) that pro-
vided an ordination of the cut-off channels according to their physico-chemistry. Cor-
relation between transplantation success and each of the measured variables was cal-
culated after logarithmic transformation of ramet numbers (log(number of ramets+ 1)).
This transformation was carried out in order to reduce the skewness of the data. All
data analysis was carried out with the ADE 4.0 software package (Chessel and Dolédec,
1996).

3. Results

3.1. Establishment success

Three months after the transplantation ofL. natans, the number of ramets in the different
sites varied from 0 to 343, the latter representing a 14-fold increase in colony size (Fig. 1).
According to the colony sizes, the plots can be separated into three distinct groups. A first
group of four plots (PLA, BORv, VIO, GAL) was called ‘establishment failure group’
because the number of ramets present at the end of the three-month experiment was lower
than the 25 individuals planted initially (from 0 to 7 individuals). The second group of
five plots (INLv, FOU, BORm, LAU, PAR) presented ramet numbers from 42 to 90, and
was called ‘low success group’. The third one, further assigned as ‘high success group’
comprised four plots (GOU, MEA, INLm, VIL) with colony sizes ranging from 180 to 343
individuals.
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Fig. 1. Sizes of theL. natanscolonies at the transplantation sites three months after planting 25 individuals. The
colony size measures the establishment success of the species in each of the transplantation sites. The reference
plot corresponds to the site of natural occurrence ofL. natans.

3.2. Classification of the experimental plots according to habitat parameters

The correlation circle of the nPCA (Fig. 2) revealed that the first factorial axis (F1),
explaining 32% of the total variation, was mainly correlated with sediment parameters. It was
negatively correlated with redox potential and sand, and positively with all other parameters,
including all sediment nutrients, fine grain size classes (finer than sand), organic and mineral
carbon, moisture and thickness of sediment (the length of the vertical projection of an arrow
on the considered axis indicates the strength of the correlation with this axis). A test of
correlation between the environmental variables revealed significant positive correlations
of all nutrients, except manganese, to grain sizes finer than coarse silt. Thus, the first
factorial axis described a gradient from coarse, oxidised sediments to finer, more reducing
and nutrient rich ones, i.e. it can be considered as an axis of sediment nutrient richness.
The F2 axis (representing ca. 18% of the total variation of the data set) was negatively
correlated with sediment pH and fine sand, but positively with sediment ammonium content
and most of the ions contained in the liquid phase – in interstitial as well as in surface
water.

There was no clear clustering of the three success groups. Sites of establishment fail-
ure were distributed along the whole length of the first factorial axis, indicating that
they presented no similarities in overall sediment nutrient content and grain size struc-
ture. Low success sites presented low to medium and high success sites medium to high
scores on F1, with superposition of both groups at medium values. At-test on F1 scores
failed to distinguish clearly both groups (p= 0.059). This suggests that medium to high
sediment nutrient richness may be a necessary but not a sufficient condition for estab-
lishment success. Nutrient richness may thus be involved in the magnitude of establish-
ment success, whereas complete establishment failure seems independent from nutrient
availability.
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Fig. 2. (a) Normalised PCA on physical and chemical parameters of the transplantation sites. The population sizes
of L. natansin each of the sites are represented by circles of area proportional to ramet numbers. (b) Correlation
circle of physical and chemical parameters in transplantation sites. For better legibility the circle has been split up
into four partial circles according to environmental compartments. redox: redox potential; moist: moisture; thick:
thickness; csd: coarse sand; fsd: fine sand; cst: coarse silt; fst: fine silt; Ntot: total N; Cmin: mineral C; Corg: organic
C; Temp: temperature; Cond: conductivity; hard: hardness.

3.3. Linking establishment success and habitat parameters

No significant correlation (atα = 0.05) between establishment success, i.e. ramet number,
and habitat parameters could be found when the whole data set was taken in account. For
the subset of sites with low and high establishment success, for which Fig. 2 suggests a link
between nutrient richness and colony size, the only significantly correlated parameter was
redox potential (atα = 0.01). High success sites presented lower redox potential (−18 to
145 mV) than low success sites (227 to 284 mV) (Fig. 3). This relationship explained 64%
of the observed variability. Sediment iron, sediment manganese and sediment thickness
tended to have higher values in high success than in low success sites, but some overlap
between the two success groups occurred (Fig. 3).



S. Greulich et al. / Aquatic Botany 66 (2000) 209–224 217

Fig. 3. The environmental parameters the most closely linked to establishment success in the low and high success
sites. Transplantation sites are ranged from the left to the right according to decreasing ramet numbers. Values
of failure stations are represented for comparison on the right parts of the figures. Redox potential is the only
parameter which is significantly correlated to the magnitude of establishment success (atα = 0.01). Correlation
coefficients are indicated in the upper right corners of the figures. sed. redox.: sediment redox potential; sed. Mn:
sediment manganese; sed. Fe: sediment iron; * significant correlation.

4. Discussion

The results of this transplantation experiment do not support the hypothesis that the oc-
currence ofL. natansin the Rhone and Ain rivers floodplains is limited by particular abiotic
characteristics of sediment and water. On the contrary, with its establishment success in 3/4
of the transplantation sites, the species exhibited a great ability to establish outside its actual
habitat and to increase rapidly its colonies by vegetative spread. A striking feature in this
study is however on the one hand the great differences in the magnitude of establishment
success and on the other hand the quasi-absence of correlation of abiotic habitat parameters
with establishment success.

4.1. Characteristics of success groups

As indicated by the factorial map, high success sites tended to have higher scores on
the sediment nutrient axis F1 than low success sites. However, the only significant corre-
lation between environmental factors and establishment success occurred with sediment
redox potential. Elements usually supposed to represent limiting growth factors such as
sediment phosphorus, nitrogen or iron (Larcher, 1995) were not significantly linked to es-
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tablishment success. It is however possible that we failed to detect existing correlations
between establishment success and dissolved phosphate, since our chemical detection lim-
its were relatively high. Sediment redox potential typically sets a framework for biological
and chemical exchange and transformation processes rather than directly influencing plant
growth. Best success occurred in the most reducing sites. Moderately reducing conditions
in a range close to that of this study are supposed to support availability of metal-ions for
plants, by reducing otherwise oxidised and solid metal-compounds into their soluble forms
(Wetzel, 1988; Jackson et al., 1993). According to the Berner (1981) sediment classifica-
tion, metal mobility is strongest between−150 and+200 mV. All high success sites fall
into this range, whereas low success sites are situated clearly above the 200 mV level. We
do therefore suppose that the huge differences in establishment success were at least partly
induced by a greater nutrient availability in high success sites. More precise data about sol-
uble nutrient concentration was expected from analysis of interstitial water, but our results
exhibited no link between establishment success and nutrient content of pore water. We have
to stress that the extraction of interstitial water is a very ‘delicate affair’ and the method-
ology used is able to influence the results of the chemical analysis (Elkhatib et al., 1987;
Rofes et al., 1995). This should in particular concern iron and other ions for which exchange
processes and oxidation degree depend highly on temperature, pH, redox-potential etc. For
this study, the extraction of interstitial water was not realised under anoxic conditions. It is
possible that an oxidation of in situ soluble ions occurred during the sample treatment. More
reducing field conditions would also explain why in situ measured sediment pH was lower
than that of laboratory-extracted interstitial water (Table A1). The lack of information about
an elements’ oxidation form in situ could be a reason why correlation between sediment
nutrient concentrations and establishment success was so weak. Another reason may be a
hierarchy of importance of abiotic parameters, or the fact that some abiotical factors may
only above or below a certain level become physiologically or ecologically significant. Both
is not taken in account by the statistical analysis. High establishment success occurred, for
example, in none of the sites with a very thin sediment layer (≤5 cm). If Luroniumneeds
sediment layers >5 cm for high establishment success, then rapid colony increase will not
be possible even on medium to rich thin-layered sediment. This may be the case at PAR,
where sediment is much more fine-grained than at other thin-layered sites and where it
shares some chemical characteristics with sediments from high success sites (P, K; see
Appendix A). PAR therefore presents medium scores at F1, but establishment success was
only low.

4.2. Characteristics of establishment failure groups

If the explanation of establishment success is possible to a limited extent, the failure sites
lack any common abiotic feature and cannot be discriminated from success sites accord-
ing to physical or chemical factors. Since none of them exhibits particularly low nutrient
values compared to that of success sites (Table A1), establishment failure by nutrient de-
ficiency can be excluded. Other causes of failure may be linked to high organic matter
content or biotic interactions different from competition for light or nutrients. Highly or-
ganic sediments may be unfavourable for macrophyte growth for several reasons. They
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are very fine-grained and moist and the resulting high fluidity could impede macrophyte
establishment through burying of plants or propagules, or through difficulties for root an-
chorage (Barko and Smart, 1986; Barrat-Segretain, 1996). Sediments with an organic matter
content exceeding 20% have been shown to lower the growth of the aquatic macrophytes
Hydrilla verticillata andMyriophyllum spicatum(Barko and Smart, 1986). VIO and BORv
exhibited the highest values with respectively 17% and 15% and approached this level.
However,L. natans, even if generally occurring in habitats with low organic matter con-
tent, is occasionally found in sites up to 25% sediment organic matter, e.g. in the Nether-
lands (personal observation). Not only the content, i.e. the quantity, but also the type,
i.e. the ‘quality’ of the organic matter could be important for macrophyte development.
Growth can be inhibited by compounds released by the decomposing organic material,
effects of toxicity being attributed especially to reducing conditions (Wetzel, 1988).L.
natans’root aerating system has also been proved to be less well adapted to highly anoxic
conditions than that of typical organic sediment species like nymphaeids (Smits et al.,
1990).

The remaining failure plots (GAL and PLA) were similar to success plots in their habitat
characteristics. Species’ richness was rather low in these sites and the dominant species,
Eleocharis acicularisandChara vulgaris, are known or supposed to exert allelopathic ef-
fects on several macrophyte and algae species (Wium-Andersen et al., 1982; Gopal and
Goel, 1993). This suggests that a physiological growth inhibition could have been in-
duced by the surrounding vegetation or by residual allelopathic substances in the sediment.
Finally, an additional cause for establishment failure in sites with a former dense vegeta-
tion cover might be herbivory, since only a few plant ramets on a large, bare spot became
suddenly exposed to an abundant invertebrate community, accustomed to abundant vegeta-
tion.

This transplantation experiment tested the influence of abiotic parameters where inter-
specific competition has been prevented by elimination of the existing vegetation cover.
The absence of correlation between abiotic parameters and establishment failure, as well
as the weakness of the links in success groups stress the possible importance of factors
apart from nutrient level and competition. These factors may be related to surrounding and
former plant communities, animal communities, or other parameters linked to the history
of the habitat.

4.3. Abiotic requirements and fundamental niche width of L. natans

The present experiment demonstrated the great ability ofL. natansto establish and spread
over a large range of sediment types. As already mentioned, it is commonly considered that
the species requires low calcium levels (Casper and Krausch, 1980; Cook, 1983), but this
study demonstrated that it also develops well in the calcareous habitats of the Upper Rhone
and Ain River floodplains. In other experiments, the species has been shown to survive, and
even to grow, during prolonged periods in especially acid water with pH 3 to 4 (Maessen
et al., 1992). Thus, the fundamental niche ofLuronium appears to be very large. This
observation seems to be opposed to the low number of its realised habitats. Willby and
Eaton (1993) mention that all known habitats ofL. natansin Britain present a rather low
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competition intensity – either by low productivity in the case of the ‘classical’ habitats, or
by disturbances in the recently described ones. Another hint for a low competitive abil-
ity of L. natansis given by its morphology: apart from small ovate floating leaves, the
light-capturing leave surfaces are mainly formed by a submerged basal rosette – a growth
form that is supposed to be inefficient in competition for light but likely to cope with hy-
draulic disturbances efficiently (Wilson and Keddy, 1986). Hence, the species seems to
present characteristics of weak competitors as described by models of centrifugal commu-
nity organisation (Rosenzweig and Abramsky, 1986; Keddy, 1989, 1990). According to
these models, which have been applied to communities of wetland plants (Keddy, 1989,
1990; Wisheu and Keddy, 1992), weak competitors possess a large fundamental niche,
reaching from productive, nutrient rich habitats into more marginal, stressful and/or dis-
turbed ones, whereas fundamental niches of efficient competitors are small. The models
state further, that all species perform best in the same habitat type, called ‘core habi-
tat’. In plant communities, core habitats should correspond to especially productive, i.e.
nutrient-rich and undisturbed sites and should be occupied by the species with the high-
est competitive abilities. Weak competitors should be restricted to the low-productive end
of their fundamental niche, i.e. to habitats in which strong competitors are physiologi-
cally not able to maintain. If competition is the mechanism that limits the species oc-
currence,Luroniumshould be eliminated from the most productive, least disturbed plots
during their re-colonisation by the surrounding vegetation. If not, the species rareness
should be limited by other potentially critical steps of its life cycle, such as dispersal,
propagule deposition, sexual reproduction, germination or establishment in dense commu-
nities.
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Appendix A. Characteristics of the transplantation plots

Values of surface water are means over monthly sampling during one year, standard de-
viations are indicated between parentheses. redox: redox potential; moist: moisture; thick:
thickness; csd: coarse sand; fsd: fine sand; cst: coarse silt; fst: fine silt; Ntot: total N; Cmin:
mineral C; Corg: organic C; Temp: temperature; Cond: conductivity; hard: hardness. (1) : 1
degree of French hardness (D◦F)= 10 mg CaCO3. (Table A1)
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