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Abstract

The rare aquatic macrophyte Luronium natans can be encountered with two growth forms: as a bottom-dwelling
plant with a rosette of linear leaves, or as a nymphaeid plant with long-petioled oval floating leaves. The change of
growth form corresponds to a change in size class (small and submerged vs. tall and canopy-forming).

The present study compares through one growing season floating leaf production and patterns of biomass al-
location in Luronium ramets from a natural, moderately nutrient-rich habitat and from nutrient-rich transplantation
sites. We ask whether differences in gross floating leaf production result from differences in ramet vigour while
allocation patterns remain stable, or whether Luronium is able to allocate biomass plastically, and thus to change
its growth form with differences in habitat. The study shows that both leaf types were produced in all habitats
since the mid-growing season (June), but that biomass allocation to them varied. Floating leaves were dominant at
high nutrient levels, whereas at the moderate nutrient level most leaf biomass was found in the rosette. We suggest
that Luronium modifies its biomass allocation in a pattern that corresponds to the outlines of Tilman’s (1988)
mechanistic model of optimal biomass allocation on a light:nutrient gradient. The demonstrated morphological
plasticity may enable Luronium to maintain itself in a large range of habitats, but it raises new questions about the
reasons for the species’ rarity.

Introduction

Morphological plasticity contributes largely to the
diversity of plant forms and sizes. Many studies
have shown that plants may respond to environmental
changes in nutrient level, degree of disturbance, light
availability or temperature with alterations in height
(Wetzel & Van Der Valk, 1998), branch density
(Idestam-Almquist & Kautsky, 1995), root morpho-
logy (Ryser & Lambers, 1995; Fransen et al., 1998),
leaf shape and size (Luther, 1983; Deschamp &
Cooke, 1985; Emery et al., 1994; Perez et al., 1994)
or changes in patterns of biomass allocation (Turk-
ington, 1983; Idestam-Almquist & Kautsky, 1995).
In the case of adaptive plasticity, these morphological
changes are beneficial for the plant’s persistence under
the prevailing habitat conditions (Schlichting, 1986).

A mechanistic model aiming to predict optimal
biomass allocation and growth form according to re-
source availability has been developed by Tilman
(1987, 1988). The model presumes that light availab-
ility is negatively correlated to the availability of min-
eral resources. For each portion of the light:nutrient
gradient, the model predicts how captured resources
are to be allocated to the different plant functional
structures for an optimal competitive ability. In fer-
tile, undisturbed habitats, high parts of biomass should
be attributed to stems (providing height that allows
an individual to be higher than its neighbours), but
only a small part to roots. In nutrient-poor habitats,
the optimal allocation would attribute a high amount
of resources to roots, i.e. the plant parts specialised
in the capture of mineral resources. The development
of ‘elevating’ structures such as stems would be an
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unnecessary expense in nutrient-poor or heavily dis-
turbed habitats, where light energy is not limiting plant
growth. The resulting growth form concentrates leaves
at low height, e.g. in bottom-dwelling leaf rosettes.
If a plant was able to develop several distinct growth
forms, and this morphological change was adaptive to
its habitat conditions, then it might be able to com-
pete efficiently in several habitat types with different
resource levels.

Approaches used to study morphological plasti-
city in plants include experimental modification of
environmental variables under controlled greenhouse
conditions (Fransen et al., 1998), examination of mor-
phological features in plant populations after major
changes in habitat characteristics (Robe & Griffiths,
1998), and transplantation of plants to habitats that
differ in major abiotic or biotic characteristics from its
original one (Lovett Doust, 1981; Turkington & Maze,
1982; Idestam-Almquist & Kautsky, 1995).

Examples of plants presenting different growth
forms can be found among aquatic macrophytes. The
rare species Luronium natans (L.) Raf. is one of them.
Luronium exhibits a highly pronounced heterophylly,
with variation in leaf morphology being linked to
variation in growth form and size class. The species
can be encountered as an evergreen, bottom-dwelling
rosette (isoetid growth form), or as a nymphaeid
plant with additional, long-petioled floating leaves,
and in intermittently emergent habitats, as a small
terrestrial but sterile plant. A transplantation experi-
ment of Luronium has recently be undertaken in the
upper Rhône and Ain River floodplains (France). It
aimed to reveal potential yet unoccupied habitat types
within these floodplains (Greulich et al., 2000a,b).
During the 3-year monitoring, Luronium developed
large colonies and high cover in three out of 13 sites:
on a reference plot within its natural habitat and on
the two transplantation plots representing the least
disturbed/nutrient-rich end of the habitat gradient. The
macrophyte communities on these plots differed in
height structure from that in the species’ natural hab-
itat. In particular, leaf canopies on the water surface
were more extensive (Greulich et al., 2000b). Sub-
jective field observations suggested, that the floating
leaf cover of Luronium was also denser in those sites
than in the natural habitat. The present study aims to
compare floating leaf production in the natural habitat
with that of the fertile, less disturbed transplantation
sites. First we examine whether ramets of transplant-
ation sites produced more or larger floating leaves.
Secondly, we compare patterns in biomass allocation

in order to see, whether differences in floating leaf pro-
duction are due to differences in ramet vigour while
allocation patterns remain stable, or whether Luronium
is able to allocate biomass plastically, and thus to
change its growth form with differences in habitat.

Materials and methods

The species

L. natans (L.) Rafin. is an endemic, European member
of the Alismataceae. Because of its massive decline
over the last hundred years, it is listed in the European
Union’s Habitat Directive 91/43/EEC in Annex II.
Its isoetid growth form is composed of an evergreen,
basal rosette of flexible, linear leaves. If submerged
at water depths until ca. 1 m (pers. obs.), Luronium
may in summer develop its nymphaeid growth form
by production of additional long-petioled, ovate float-
ing leaves. Sexual reproduction occurs under similarly
submerged conditions. Vegetative spread is realised
in all habitat types through stolons bearing new basal
rosettes.

The species is generally encountered in nutrient-
poor habitats with low productivity (Roelofs, 1983;
Schaminée et al., 1992), but can also be found at
higher nutrient levels where plant biomass is peri-
odically reduced by natural or human-induced dis-
turbances (Hanspach & Krausch, 1987; Bornette &
Amoros, 1991; Willby & Eaton, 1993).

Transplantation sites and -procedure

Within the Rhône and Ain river floodplains (France),
Luronium occurs in only two of several hundred
former river channels (Bornette et al., 1996, 1998).
These channels are currently more or less cut-off from
the present main channel. During flood periods, they
may be re-connected to the active river. These re-
connections represent a disturbance for aquatic mac-
rophyte communities because of high flow velocities
which can remove fine sediment and plant material
(Bornette et al., 1994). The degree of flood disturb-
ance varies across channels, with major differences in
frequency of re-connection and intensity of scouring.
Intermittent emergence of sediment due to waterlevel
fluctuations is another type of disturbances. Sediment
emergence occurs at banks and shallow parts of some
channels and results in destruction of strictly aquatic
macrophytes. Both natural Luronium colonies occur
in cut-off channels that are moderately nutrient-rich
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Table 1. Fertility-linked sediment characteristics of the three Luronium habitats

Site Site Fine silt Clay Org. C P N Remarks

code % % ‰ ‰ ‰

Méant N 13.1 9.8 25.9 0.26 1.7 spontaneous habitat

Gourdans T1 31.3 20.7 67.23 0.53 7.2 transplantation habitat

Villette T2 46.4 23.8 54.1 0.39 5.7 transplantation habitat

and among the most disturbed macrophyte habitats.
In April 1996, samples of Luronium ramets were
transplanted from one of its habitats to 12 new sites.
All transplantation sites were former channels of the
Rhone and Ain River, and represented a gradient in
sediment nutrient richness and disturbance regime.
Each transplantation site received a total of 25 Lur-
onium rosettes. They were planted evenly spaced in
vegetation-cleared plots of 3 m × 3 m. After the
transplantation, plots were left to be re-colonised by
the surrounding vegetation (for details see Greulich
et al., 2000a). The present study focuses on the sites
in which Luronium developed large colonies. This
allowed us to harvest a sufficient amount of plant
material for biomass determination without signific-
antly impacting the colonies. These were the species’
natural habitat (‘le Méant’; hereafter: N) and two pro-
ductive, less disturbed cut-off channels (‘Gourdans’
and ‘Villette’; hereafter T1 and T2 (for ‘transplanta-
tion sites’)). Sediments of these transplantation sites
were more nutrient-rich and finer grained than sedi-
ment in the natural habitat (Table 1). Water chemistry
was similar in all sites (Greulich et al., 2000a). A
closed macrophyte cover had developed in all plots by
the end of the first growing season. Two years after
the transplantation, several thousand Luronium ramets
had colonised each plot, and Luronium was among
the dominant species in each macrophyte community
(Greulich et al., 2000b). Its cover represented approx.
20% of the total macrophyte cover at N, and 30% at
T1 and T2. At the same time, canopy forming species
other than Luronium provided about 20% of the total
macrophyte cover at N, 30% at T1 and 60% at T2
(approximate means for the second and third growing
season after transplantation). Thus, the abundance of
Luronium as well as community size structure differed
among sites.

Growth form and biomass allocation

From March to late August 1998, monthly samples

of rooted ramets were taken from the natural hab-
itat and from both transplantation plots. All sampled
ramets grew at water depths lower than 1 m. At each
sampling date, at least 10 parental ramets, i.e. those
having originated stolons with daughter ramets, were
carefully uprooted from each habitat, brought to the
laboratory and rinsed in tap water to remove sediment
and detritus. The restriction to one type of ramets en-
sures a similar stage in life cycle. This is important
since floating leaves appear later than rosette leaves
in ontogeny (Arts & Den Hartog, 1990). For biomass
determination, ramets were separated into roots, sto-
lons, necks (i.e. parts of insertion of rosette leaves),
rosette leaves, floating leaves and organs of sexual re-
production. Plants were dried at 105 ◦C for 24 h to
obtain dry weights. In addition, the canopy character-
istics ‘number of floating leaves’ and ‘area per floating
leaf’ (approximated by leaf length × leaf width) were
determined at the June sample, i.e. in the middle of the
growing season.

From the beginning of the growing season 1998,
i.e. from the start of annual floating leaf production,
to the sampling date in June, water levels varied ap-
proximately between 0.3 and 0.7 m at N, between 0.05
and 0.4 m at T1 and were relatively stable at about
0.4 m at T2. Only ramets presenting an aquatic growth
form were included in the study. None of the sites was
disturbed by a flood during that period.

Results

Total biomass varied between sites at several sampling
dates (Table 2). But in none of the three habitats did
Luronium ramets develop systematically higher bio-
mass than in another. A temporal trend appeared at
N with continually increasing biomass from April on-
wards, and at T1 where biomass tended to decrease at
the end of the growing season. Within the same site
and for the same sampling date, dry weight of plant
organs varied largely (median coefficient of variation:
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Table 2. Total dry weights of sampled Luronium ramets at the stud-
ied sites. TDW: mean total dry weight (∗10−3 g); SD: standard
deviation; n: sample size. Means at a same date with the same su-
perscript are not significantly different (least-significant-difference
test (P = 0.05) after one-way ANOVA on log-transformed data)

Sampling month Site

N T1 T2

3 TDW 93.52 a 164.40 a 92.10 a

SD 35.61 144.09 67.72

n 15 17 15

4 TDW 76.24 a 47.51 a 78.30 a

SD 43.51 13.47 51.30

n 15 15 10

5 TDW 104.9 233.55 a 192.25 a

SD 37.46 98.46 75.35

n 15 14 15

6 TDW 130.07 a 143.03 a 170.54 a

SD 70.01 85.63 81.35

n 19 15 16

7 TDW 273.27 136.63 a 127.0 a

SD 104.16 52.01 37.00

n 20 10 16

8 TDW 193.6 a 76.34 158.93 a

SD 82.90 20.54 104.01

n 14 10 12

62.6). At the same time, biomass allocation patterns
were relatively stable (median coefficient of variation:
36.9).

At all sites, plants produced both types of leaves
and allocated resources to both vegetative reproduc-
tion (represented by the elaboration of stolons) and
sexual reproduction. At the beginning of the growing
season, reproduction was exclusively vegetative and
all leaf biomass was comprised in the rosette (Fig. 1).
First floating leaves were produced in April (N) or
May (plots T), and from June on, all ramets pro-
duced them. Sexual reproduction appeared one to two
months later (N and T1: June; T2: July). Phenological
timing was thus similar at all sites.

On average, 50–80% of total biomass was alloc-
ated to leaves (rosette and floating leaves), less than
20% each to necks and stolons, 10–35% to roots and,
at the end of the growing season, 10–30% to sexual
reproduction (Fig. 1). Significant differences in alloc-

ation patterns were observed since the first monitoring
date (least-significant-difference test after one way
ANOVA on arcsin-transformed data; α = 0.05). These
differences exhibited a trend over several months only
in the second half of the growing season: from May to
July, allocation to stolons was significantly higher at
T1 than elsewhere. From June on, allocation to roots
was highest at T2, allocation to rosettes higher at N
than elsewhere and higher at T1 than at T2, and alloc-
ation to floating leaves lowest at N. Biomass allocation
to sexual reproduction was, at the end of the growing
season, significantly higher at N than elsewhere, and
higher at T2 than at T1.

The study of canopy features revealed a coincid-
ence between biomass allocation to floating leaves and
their number: they were most numerous on ramets
from T2, followed by ramets from T1 (Fig. 2a). But
only leaf numbers at T2 and N differed significantly
(least-significant-difference test after one-way AN-
OVA; P < 0.01). Floating leaf area was similar at each
plot (Fig. 2b).

Discussion

This study shows that Luronium produced a more
extensive floating leaf cover in its fertile, relatively un-
disturbed, densely canopied transplantation sites than
in its natural habitat. Our findings also demonstrate
that these differences in floating leaf cover are not
due to differences in plant vigour, but that Luronium
is highly plastic in its biomass allocation to major
functional structures. Thus, the leaf rosette was relat-
ively more developed in the natural habitat, whereas
allocation to floating leaves became predominant at
the transplantation sites. This represents a switch in
dominant growth form from isoetid in the natural hab-
itat to nymphaeid in the transplantation sites. This
also means that Luronium switched in size class from
small to tall, coinciding with the height structure of the
communities it was growing in.

Canopy and height structure in plant communities
is generally linked to habitat productivity and dis-
turbance regime: tall, canopy-forming communities
generally occur in fertile, undisturbed habitats and
shorter, more open vegetation in disturbed and/or un-
fertile sites (Grime, 1979; Tilman, 1988; Keddy, 1990;
Wisheu & Keddy, 1992) – a pattern that is verified in
our study. A major consequence of dense, high leaf
canopies is low light availability for plants below the
canopy, i.e. in the case of aquatic macrophytes, sub-
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Figure 1. Patterns of biomass allocation in Luronium over the growing season 1998 in the three sites. N: spontaneous habitat (moderate
fertility); T1 and T2: fertile transplantation sites. Biomass allocation is expressed as percentage of dry weight.

merged vegetation. By developing predominantly its
nymphaeid growth form, Luronium has maximised its
ability to compete for light in the transplantation sites.
Especially poor light availability at T2 can also ex-
plain the relatively high proportion of roots at this site:
whereas terrestrial plants depend exclusively on roots
for nutrient uptake, aquatic macrophytes may also use
submerged leaves to do this (Denny, 1972, 1987).
While Luronium’s rosette leaves are potentially able
to do both, photosynthesis and nutrient uptake, float-
ing leaves may mainly exert a photosynthetic function,
since the potential area for nutrient uptake is reduced
to only one side of the blade. In T2, rosette leaves were
quasi-absent. Photosynthesis was therefore entirely
realised by floating leaves wheras nutrient uptake had
to be ensured by roots only.

Luronium’s switch in dominant growth form from
isoetid in the disturbed, low-nutrient habitat to
nymphaeid in less disturbed, nutrient-rich ones with a
priori intense competition for light coincides with the
outlines of Tilman’s (1988) mechanistic model of op-
timal resource allocation on a light:nutrient gradient.
However, because of the low number of colonies avail-
able for biomass determination, this finding cannot be
generalised. A higher number of replicates at different
fertility levels and/or controlled experimental condi-
tions will be needed to deterrmine whether nutrient
level and light availability are actually the triggering
conditions for changes in growth form, as predicted

by Tilman (1988). Another factor which might also
impact the production of floating leaves is submer-
gence depth (with associated changes in variables such
as light quality or hydrostatic pressure), which was in
average slightly higher at the natural habitat than at
the transplantation sites. But even in the shallow parts
of the natural habitat, we never observed a floating
leaf production comparable in magnitude to that of the
transplantation sites T1 and T2. A more formal test
of our allocation hypothesis will also help to explain
differences in biomass allocation in this study that
seem anecdotal or cannot be explained by information
presently available: among anecdotal results we tend
to classify the temporally high allocation of biomass
to stolons in T1. It may be explained by the persistence
of stolons over the whole growing season, while other
plant parts may present a higher turn-over. This is es-
pecially obvious for floating leaves, in which petiole
length is adapted to water level. Hence, at T1, water
levels were very low during the second half of the
growing season, thus explaining the decrease in total
ramet weight. The present study also demonstrated
that Luronium is able to modify resource allocation to
sexual reproduction, since the latter took a greater part
in the species’ natural habitat than in its transplanta-
tion sites. This seems, however, not to be a consistent
pattern, since we observed abundant flowering and
seed production at both transplantation sites during
the growing season prior to this study, while sexual
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Figure 2. Canopy characteristics of Luronium in June. N: spontaneous habitat (moderate fertility); T1 and T2: fertile transplantation sites. Bars
with the same superscript are not significantly different (least-significant-difference test after one-way ANOVA at P=0.05). Sample sizes: (a)
N: n=15, T1: n=17, T2: n=14; (b) N: n=16, T1: n=31, T2: n=39.

reproduction appeared to be very low in the natural
habitat.

This study shows that Luronium is a species of
extensive morphological plasticity, able to adapt its
growth form to habitat conditions in a pattern similar
to optimal biomass allocation as proposed by Tilman’s
resource allocation model. This ability should repres-
ent a valuable adaptation to competition in a large
range of habitats. It would, at least partly, explain the
integration of Luronium into the plant communities of
transplantation sites. Paradoxically, Luronium is a rare
plant – and this despite its ability to grow over a large
range of physical and chemical habitat characteristics
(Willby & Eaton, 1993; Greulich et al., 2000a). This
study emphasises that, for the examinated time frame,
Luronium cannot be considered a poorly performing
species. Major reasons for its rarity must therefore be
searched in other phases and features of its life cycle,
such as dispersal or recruitment.
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