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ABSTRACT

Plastic responses of 10 aquatic plant species from 5 rivers and 5 lakes in NW Poland were examined. Chara
fragilis, C. delicatula, Potamogeton pectinatus, P. perfoliatus, P. natans, Spirodela polyrhiza, Hydrocharis mor-
sus-ranae, Salvinia natans, Nymphoides peltata and Juncus bulbosus were the subject of research. In the running
water of rivers, rhizophytes were generally bigger and they allocated from 0.6% to 58.6% more biomass for an-
choring in the substrate than in stagnant water (ox bow lakes). In both flow variants rhizophytes allocated a simi-
lar biomass fraction for generative reproduction. On the other hand, under the influence of water flow pleustophy-
tes reduced the mass of an individual (Spirodela by 25%, Hydrocharis 67%, Salvinia 77%) and emergent structu-
res (p<0.001), and the number of sporangia (p<0.001). In both flow variants the input of biomass to generative re-
production was the same (Salvinia), or it was greater in running water (Hydrocharis; an increase from 4.9+1.3%
to 15.1£3.6%). Under the conditions of strong wave action, in comparison with the lack of this environmental fac-
tor, Chara delicatula was several times shorter (p<0.001). However, it was also stouter, and as a result it had simi-
lar mass. In the areas of wave action the plant allocated 88.8% of its mass for anchoring in the substrate, whereas
when there were no waves, only 22.7%.
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current velocity, wave exposure.

INTRODUCTION

The within-population variability of aquatic macrophytes
is caused by environmental pressure, competition and ge-
netic diversity of individuals, which result from many fac-
tors including different general-purpose or single-purpose
genotypes, sensu Barrett et al. (1993). Genetic diversity of
local populations is usually low. However, among popula-
tions it is common (Hofstra et al. 1995; Akimoto et al.
1998; Gornall et al. 1998; Gao and Hong 2000). The low
level of the former and high of the latter probably arise
from asexual reproduction which is widespread in aquatic
plants. According to Santamaria (2002), genetic variability
of aquatic macrophytes is of rather secondary importance
in local populations. If it turned out that such a statement is
fully justified, the role of environmental heterogeneity in
the plasticity of aquatic plants would acquire new mea-
nings.

In rivers, water flow exerts an important effect on envi-
ronmental conditions, structure and spatial organisation of
vegetation, as well as variability of individuals in popula-
tions (Dawson 1988; Allan 1998). In the shallow lake litto-

ral, it is wind-induced wave action that plays this part
(Hutchinson 1975; Szmeja 1994a-c). Water flow or wave
action cause erosion of the substrate or accumulation of
matter which is sorted into various granulation fractions
(Vermaat et al. 2000). These phenomena are environmen-
tal disturbances leading to changes in vegetation structure
(Duarte and Kalff 1988; Chambers et al. 1991; Vestergaard
and Sand-Jensen 2000) and competitive relations (Kautsky
1991), which is generally manifested by plastic responses
in local populations (Szmeja 1994a, b; Idestam-Almquist
and Kautsky 1995).

The vast majority of aquatic macrophytes are clonal pe-
rennials. Modifications in the construction of a clo-
ne’s structural units, such as organs of assimilation, repro-
duction or anchoring, as well as the plasticity of the clo-
ne’s (individual’s) architecture meant as a structural and
functional whole, are examples of the clone’s phenotypic
variability. Structural units participate in various functions
of the clone (organism), both general and detailed, such as
for example resource uptake and exchange, transfer of as-
similates, reproduction or anchoring. What is more, the
multiple of units which perform the same function in a clo-
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nal plant cause its higher tolerance of mechanical distur-
bances in its environment than in the case of a non-clonal
plant (Szmeja 2006), which occurs very rarely among aqu-
atic macrophytes. Take, for example, anchoring in the sub-
strate of a clonal individual, which depends on several fac-
tors including the number of anchored shoots. However, in
non-clonal plants it is only a matter of one anchoring point.

In this work we put forward the hypothesis that plastic
responses of clonal plants exposed to wave action in a lake
or water flow pressure in a river are adaptations to mainta-
in the occupied area. We will test this hypothesis in the po-
pulations of plants growing in a current of not very fast but
constantly running rivers, ox bow lakes without water
flow, as well as the littoral with frequent wave action and
without the influence of this factor.

METHODS

Generative ramets, i.e. above-ground structures (shoots
and thalli) including their anchoring organs (roots, holdfa-
sts, thizome or stolon), were the subject of our study. Ten
species of aquatic macrophytes were taken into considera-
tion: 5 rhizophytes, 2 nymphoids and 3 pleustophytes from
5 lakes (Druzno, Gieboczko, Dybrzk, Krasne, Ostrowite)
and 5 rivers (The Brda, The Zbrzyca, The Chocina, The
Tuga, The Dzierzgonka) in NW Poland. One hundred ma-
ture individuals of Chara fragilis Desv. and the same num-
ber of ramets of Potamogeton pectinatus L., P. perfoliatus
L., P. natans L., Spirodela polyrhiza (L.) Schleid., Hydro-
charis morsus-ranae L. and Salvinia natans (L.) All., 50 of
each species from running and 50 from stagnant water, we-
re collected in the rivers (700 ramets in total). On the other
hand, 100 individuals of each of the following species:
Chara delicatula Ag. (=Ch. fragilis Desv. subsp. delicatula
A. Br.) and Juncus bulbosus L. as well as ramets of Nym-
phoides peltata (S.G. Gmel.) Kuntze, including 50 from
the littoral exposed to wave pressure and 50 without wave
action, were collected in the lakes at a depth of 0.50-0.75
m. In total, 1000 ramets of the afore-mentioned plant spe-
cies were examined. Each individual (or ramet of a clonal
plant), after its height or length had been measured, was di-
vided into above-ground and underground structures,
which were later dried to constant weight and weighed.

Characteristics of the aquatic environment in lakes and
rivers were described on the basis of water and substrate
properties (Table 1). In the water where ramets were col-
lected, current velocity in a river (m s'!), wave velocity in
a lake (m s'!), pH, concentrations of total phosphorus (mg
TP dm™) and Kjeldahl nitrogen (mg N,y dm™), conduc-

TABLE 1. Features of environments in which aquatic macrophytes occur.
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tivity (uS cm!) and total salt content (mg TDS dm!) were
determined. In the sediment, hydration (%) and organic
matter content (%) were measured. Current velocity in ri-
vers and wave velocity in lakes were determined on the ba-
sis of a mean value from three measurements performed on
a one-off basis using a Nautilus C 2000 Sensor current me-
ter. Conductivity and TDS were calculated by means of an
LF 95 analyser with a Tetra Con 96 electrode, and pH,
using a 320 SET 1 pH-meter. TP concentration was deter-
mined after mineralisation with nitric acid by the molybda-
te colorimetric method with ascorbic acid for A=690 nm.
Kjeldahl nitrogen was assayed converting organic nitrogen
to ammonium sulphate. The assays were conducted spec-
trophotometrically for A=510 nm (Hermanowicz et al.
1999; Eaton et al. 2005). The significance of differences
between arithmetic means of plant features were tested
using ANOVA, Kruskal-Wallis test (Lomnicki 1999) for
p<0.05.

RESULTS

Environmental conditions

Samples for the variability analysis of ramets of 10 spe-
cies of aquatic macrophytes came from 5 lowland rivers
and 5 lakes (2 oligotrophic, 2 mesotrophic and 1 eutro-
phic). In the rivers, ramets grew in the water with a current
velocity of 0.15-0.65 m s°!, while in ox bow lakes without
flow they occurred at a depth of 0.50-0.75 m. In the rivers
and ox bow lakes analysed together, ranges of water pro-
perties were as follows: pH 7.5-8.1, TP concentration 0.02-
1.0 mg dm?, N4 0-3.2 mg dm™. The total scope of con-
centrations of these resources in the water was narrow. In
the rivers, the substrate was sandy or sandy-gravel (0.3-
4.0% of organic matter), whereas in ox bow lakes it was
mineral or mineral-organic (0.8-50.3%; Table 1).

In the lakes, ramets grew in the shallow littoral with
a wave velocity of 0.04-0.15 m s!, and without the influen-
ce of this environmental factor, at a depth of 0.50-0.75 m.
Ranges of water properties in the lakes were as follows: pH
7.6-7.9, TP concentration 0.03-1.4 mg dm™, Ny, 1.0-3.3
mg dm3. Like in the rivers, the range of organic matter
content in the substrate was broad (Table 1). It should be
mentioned, though, that the given ranges of environmental
traits refer to 5 rivers, where 700 ramets of 7 species were
collected, as well as 5 lakes (300 ramets of three species).
This means that each species under study occurred in
a considerably narrower range of environmental conditions
than presented in Table 1.

Environmental option: Rivers Lakes
Feature (min.-max.) With flow Without flow With wave Without wave
Flow velocity [m s7'] 0.15-0.65 - -
Wave velocity [m s'!] - - 0.04-0.15 0
Water pH 7.5-7.8 7.7-8.1 7.8-7.9 7.6-7.9
TP in water [mg dm™] 0.02-0.4 0.2-1.0 0.03-1.4 0.3-14
N Kield" in water [mg dm] 1.3-2.5 1.0-3.2 1.0-3.3 1.0-3.3
Water conductivity [us cm-!] 153-557 120-699 97-442 55-442
Organic matter in sediment [%] 0.3-4.0 0.8-50.3 0.8-17.8 1.0-17.8
Sediment hydration [%] 9.6-23.9 13.2-59.6 17.9-75.9 23.3-75.9
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Fig. 1. Weight of Potamogeton pectinatus,
P. perfoliatus, P. natans, Chara fragilis*,
Spirodela polyrhiza®*, Hydrocharis morsus-

P. pectin.  P.perfol. P. natans Chara Spirodela

Species
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ranae and Salvinia natans individuals in sta-
gnant (white bar) and running water (lined
bar). Explanations: * data on the chart x10';
w103,
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Fig. 2. Biomass allocation to anchoring

P. pectin. P. perfol. P. natans

Species

Phenotypic responses to water flow

Potamogeton pectinatus: in stagnant water it grows to
36.2+15.6 cm; its above-ground shoot constitutes 88.9% of
the ramet’s mass; the rest (11.1%) is made up of anchoring
structures (thizome and roots). In running water the above-
ground shoot is several times longer (112.4+£45 cm), hea-
vier (Fig. 1) and contains 72.4% of the ramet’s mass. This
means that in running water, in comparison with the sta-
gnant one, the plant allocates more mass for anchoring in
the substrate (p<0.001; Fig. 2).

Potamogeton perfoliatus: in stagnant water it grows to
84.84£21.8 cm; the ramet weighs 1.031£0.46 g d.w.; the abo-
ve-ground shoot constitutes 90.1% of the ramet’s weight;
anchoring organs (underground shoot and roots) make up
only 9.1%. In running water the plant is as high (76.9£44.9
cm), but its weight is twice as heavy as in stagnant water
(2.6x1.1 g d.w.; Fig. 1). Above-ground organs constitute
32.3% of the ramet’s mass, whereas underground ones,
67.7%. This means that in running water an individual al-

structures in Potamogeton pectinatus, P.
perfoliatus, P. natans and Chara fragilis in
stagnant (white bar) and running water (li-
ned bar).

Chara

locates as much as seven times more its mass for anchoring
in the substrate than its counterpart growing in stagnant
water (Fig. 2). The input of biomass to generative repro-
duction, determined on the basis of the ratio between inflo-
rescence weight and ramet weight, is similar and amounts
to approximately 3% in both types of environments.

Potamogeton natans: in stagnant water it grows to
173.4£29.9 cm; the ramet weighs 1.6£0.7 g d.w.; ancho-
ring organs (stolons and roots) contain 13.7% of biomass.
In the river current the above-ground shoot is longer
(249.7£42.1 cm; p<0.05) and heavier than the previous one
(2.8£0.9; p<0.05; Fig. 1). Anchoring organs contain a simi-
lar amount of biomass (p>0.05; Fig. 2). This means that, on
the one hand, ramets from both compared environments
differ in terms of height; on the other hand, their other fea-
tures are similar (p>0.05).

Chara fragilis: in stagnant water it grows vertically
(orthotropously) reaching 54.7+10.4 cm; internodes are
6.6£0.9 cm long; an individual weighs 0.17+£0.07 g. Wei-
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Fig. 3. Participation of emergent (1) and
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1 submerged leaves (2), stolon (3) and inflore-
4 scence (4) in the mass of a Hydrocharis mor-
sus-ranae individual from stagnant (white
bar) and running water (lined bar).

Fig. 4. Participation of emergent (1) and
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ght of the above-ground part of the thallus is 0.14+0.05
g d.w. (92.4%), while of the underground part, 0.03+0.02
g d.w. (7.6%). In running water the plant grows horizontal-
ly (plagiotropously) and is 43.3+8.8 cm long, thus it is si-
milar to its counterpart in stagnant water (p<0.001). In run-
ning water the part of the thallus which anchors the plant to
the substrate contains almost a half of an individual’s mass
(0.034 g d.w., 47.6%; Fig. 2). A thallus without chloro-
phyll, which adheres to the substrate or is set in it, serves
for attachment.

Spirodela polyrhiza: in stagnant water it is heavier (an in-
dividual’s biomass is 0.0008+0.0003 g d.w.) than in run-
ning water (0.0006+£0.0002 g d.w.; p=0.012; Fig. 1). Diffe-
rences among the remaining plant features (number of ele-
ments and roots, and their weight) are statistically insigni-
ficant in both types of environment (p>0.05).

Hydrocharis morsus-ranae: in stagnant water the ra-
met’s biomass amounts to 0.61£0.29 g d.w.; emergent lea-

| submerged leaves (2), and sporangia (3) in
the mass of a Salvinia natans individual
from stagnant (white bar) and running water
(lined bar).

ves constitute 55.7%, submerged leaves make up 32.8%,
stolons 6.6%, and inflorescence 4.9%. Stolons are 9.5+2.2
cm long. In running water the ramet’s weight is 0.20£0.08
g d.w. Emergent leaves, submerged leaves, stolons and in-
florence make up 59.8%, 20.1%, 5% and 15.1% of this
amount, respectively. Stolons are 5.1+1.3 cm long. Thus in
running water the ramet is three times as light (p<0.001;
Fig. 1) and small as previously; its emergent leaves are as
heavy (p>0.05), submerged leaves are reduced (p=0.01),
and stolons shorter (p=0.003). The input of biomass to ge-
nerative reproduction, determined by the ratio between in-
florescence weight and ramet weight, is three times as high
as in stagnant water (p<0.0001; Fig. 3).

Salvinia natans: in stagnant water an individual consists
of 4.8+1.7 ramets with a total length of 26.2+10.1 cm. The
biomass of an individual amounts to 0.61+0.35 g d.w.
Emergent and submerged ‘leaves’, and sporangia constitu-
te 0.25+0.11 g d.w. (41%), 0.13+0.07 g d.w. (21.3%) and
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Fig. 5. Biomass allocation to anchoring

Chara Nymphoides

Species

0.23+0.13 (37.7%) of this mass, respectively. An individu-
al forms 405.5£212.6 sporangia. In running water an indi-
vidual consists of 2.6+1.3 ramets with a total length of
12.5£6.6 cm. An individual weighs 0.14£0.06 g d.w.
Emergent and submerged leaves, and sporangia make up
0.08+0.03 g d.w. (56.3%), 0.012+0.07 g d.w. (8.5%) and
0.05+0.03 g d.w. (35.2%) of this weight, respectively. An
individual forms 117.9£90.6 sporangia. In running water
the plant consists of a smaller number of ramets (p<0.05),
and is lighter (p<0.001; Fig. 1). Less biomass is accumula-
ted in emergent leaves (p<0.001), and four times fewer
sporangia are formed, but their share in an individu-
al’s mass is similar in both types of environment (Fig. 4).
This means that the input of biomass to reproduction is si-
milar in them.

The effect of wave exposure on the plasticity of plants

Chara delicatula: in the littoral of a lake without wave
action (a sheltered bay) it grows to a height of 39.1£10.7
cm; internodes are 2.9+0.8 cm long; an individual’s bio-
mass amounts to 0.05£0.03 g d.w. The above-ground part
of the thallus weighs 0.04+0.02 g d.w., and the undergro-
und part, 0.01£0.006 g d.w. This means that the plant allo-
cates 22.7% of its mass for the anchoring in the substrate.
The remaining mass (77.3%) does not fulfil this function.
Where wave action is frequent, the plant is 4.7 times shor-
ter and grows to a height of 6.4£1.5 cm. However, thalli
are thicker and therefore their weight is similar to the one
observed in the previous type of environments. When it is
in danger of being uprooted from the substrate, virtually
the whole mass (88.8%) plays the role of an anchor (Fig.
5). A thallus without chlorophyll, which adheres to the
substrate or is set in it, serves for attachment.

Nymphoides peltata: in the littoral without wave action
the ramet weighs 2.27£0.9 g d.w.; emergent leaves, inflo-
rescence, stolons and roots contain 1.2+0.9 g d.w. (52.9%),
0.4£0.1 g d.w. (17.6%), 0.6£0.2 g d.w. (26.4%) and
0.07+0.02 g d.w. (3.1%), respectively. Where wave action
is frequent, the ramet’s biomass is 2.2+0.9 g d.w., and in
the case of emergent leaves and inflorescence it amounts to
0.9£0.4 g d.w. (40.9%) and 0.3£0.1 g dw. (13.6%), respec-
tively. Statistically significant differences were observed
only in the smaller weight of stolons (0.8+0.3g d.w.;
36.4%; p<0.05) and roots (0.2£0.1 g d.w.; 9.1%; p<0,05).

Juncus

structures in Chara delicatula, Nymphoides
peltata and Juncus bulbosus in water witho-
ut (white bar) and with wave action (lined
bar).

Proportionally to its structure, faced with frequent wave
action, the ramet accumulates 16% more biomass in the an-
choring system than in the littoral without wave action
(Fig. 5).

Juncus bulbosus: in the place without wave action an in-
dividual weighs 0.32£0.23 g d.w.; the above-ground shoot
contains 0.232£0.19 g d.w. (71.9%), roots, 0.04£0.03 g d.w.
(12.5%) and the tuberous shoot, 0.05+£0.03 g d.w. (15.6%).
Under the conditions of strong wave action, an individu-
al’s biomass is 0.144+0.10 g d.w, the above-ground shoot
weighs 0.09+0.07 g d.w. (64.3%), roots, 0.02+0.01 g d.w.
(14.3%), and the tuberous shoot, 0.03+£0.03 g d.w. (21.4%).
This means that, faced with wave action, an individual is
smaller, almost twice as light (p<0,001), but, in compari-
son with the previous one, it allocates almost the same
amount of biomass for attachment (p>0.05; Fig. 5).

DISCUSSION

Clonal plants increase the number of above-ground
structures, extend the underground ones or shed them bit
by bit and add new ones. In this situation it is not a simple
task to determine in field observations what is a complete
individual, i.e. a structural and functional unity (an orga-
nism). In the studies on the within-population variability of
clonal plants, entire clones (individuals) are generally not
taken into consideration contrary to structural units, i.e.
shoots and ramets (modules), sensu Harper (1977, 1986).
In our opinion it is advantageous to study the phenotypic
and ecological variability of clonal plants considering the
ramet, i.e. the above-ground shoot with its root system and
a part of rhizome or stolon, to be a comparative unit.

The majority of aquatic macrophytes have a clonal struc-
ture and reproduce mainly by vegetative means (Sculthorpe
1967; Grace 1993; Szmeja 2006). On the one hand, this le-
ads to low genetic diversity of a population (Hutchinson
1975; Hofsta et al. 1995; Santamaria 2002). On the other
hand, this also results in the fast occupation of space
(Szmeja 1994a, b) and considerable phenotypic plasticity
which is especially visible in the comparisons of local po-
pulations. The qualitative differences in the structure of ra-
mets of the same age above all result from the effect of
environmental conditions. Competition, especially within
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a population, is of rather limited importance here, as reso-
urces are rarely used up in the aquatic environment (water
is a good solvent and carrier of biogenic substances). What
is more, communities of aquatic macrophytes have a sim-
ple structure, and in a river or in the littoral of a lake there
is generally enough free space for occupation (Szmeja
1994a).

Metabolic responses, which result from such phenomena
as spatial and temporal diversification of concentrations of
the available carbon forms (Sand-Jensen and Gordon 1986;
Bowes and Salvucci 1989; Madsen and Sand-Jensen 1991)
and other biogenic substances (Spencer et al. 1994, Bazy-
dto and Szmeja 2004; Szmeja and Bazydio 2005), are one
of the causes of high phenotypic and ecological variability
of macrophytes (Maberly and Spence 1983; Sand-Jensen
1987; Bowes and Salvucci 1989). In a river or lake, stress,
sensu Grime (1979), which for example results from exten-
sive and recurrent damage to plants caused by water flow
or too intensive or frequent wave action, also plays an im-
portant part. Plant populations can react to stressful condi-
tions in many different ways including reduction of their
density or biomass. In the case of river plants such respon-
ses appear when the flow velocity is above 1.0 m s!
(Chambers et al. 1991). We conducted our studies at a flow
velocity of 0.15-0.65 m s’! (modal 0.5 m s'!; Table 1),
which means that no such reactions probably occurred in
populations.

In rivers, we observed a negative relationship between
current velocity and such sediment features as TP, NKjeld
and organic matter concentrations, and hydration. Similar
relationships occurred in the conditions of wave action in
the shallow littoral of lakes (Table 1). Current velocity in
rivers and wave action in lakes are important factors which
regulate the biomass of aquatic macrophytes. According to
Westlake (1967), Madsen and Sondergaard (1983), the rate
of photosynthesis in aquatic plants is positively correlated
only with slow flow (up to 0.02 m s1), but its further incre-
ase can have a negative effect. As Chambers et al. (1991)
write, the relationships between flow and macrophytes may
be more complex, e.g. in the populations of species of the
genus Ranunculus, flow can favour both expansion and re-
cession of the population. Moreover, in the case of one
species (Berula erecta), the size of the ramet may be redu-
ced in its flow gradient. However, in a different species
(Mentha aquatica) the value of this feature increased (Pui-
jalon et al. 2005). In addition, biomass allocation to ancho-
ring structures in M. aquatica was smaller in the flow gra-
dient, whereas in B. erecta the opposite occurred. Results
of our research confirm the complexity of the relationship
‘flow or wave action — responses of aquatic plants’.

Qualitative differences in the structure of ramets in spe-
cies collected from rivers appeared at a flow velocity of
0.15 m s. An increase of flow velocity to 0.65 m s does
not lead to the emergence of additional qualitative changes
in the plant structure. This means that, in the flow or wave
action gradient, sediment geochemistry and granulation are
rather of secondary importance in the emergence of qualita-
tive changes in the structure of ramets of the same age in
the macrophytes under study. Under pressure from wave ac-
tion or water flow ramets showed qualitatively similar pla-
stic responses, visible for example in the allocation of grea-
ter biomass to anchoring organs. Among different plastic
responses (see Figs 1-5), we consider this one to be signifi-
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cant. We will interpret it in the light of the evolutionary tra-
de-off rule. Larger resource allocation to underground an-
choring structures enables better attachment of the plant to
the substrate, improves the chance of survival and mainte-
nance of the occupied area. We observed this direction of
mass allocation in submerged rhizophytes growing on diffe-
rent substrates. We assume then that additional investments
in the anchoring structures are a response to mechanical di-
sturbances able to remove the plant from the occupied area.

When Fritz et al. (2004) studied Justicia americana, a ri-
parian emergent plant, they did not observe allocation of
more biomass to underground structures along the flow
gradient. Puijalon et al. (2005) described a similar type of
response in Mentha aquatica. Among the species we stu-
died only in the case of Potamogetom natans (see Fig. 2)
and Juncus bulbosus (Fig. 5) there was no increase of allo-
cation to anchoring organs. The emergence of such a pat-
tern of biomass allocation may be compensated for by
a stronger shoot structure thanks to which they are more re-
silient to hydraulic forces.

An increase of ramet weight in rhizophytes (Potamoge-
ton) and a decrease of this value in plants without ancho-
ring structures (see Fig. 1), such as Chara fragilis and three
pleustophytes: Spirodela polyrhiza, Hydrocharis morsus-ra-
nae and Salvinia natans, are other responses to water flow.
In rhizophytes, the increase of ramet weight results from
high investments in anchoring structures. In the river cur-
rent the above-ground shoots are longer (P. pectinatus, P.
natans) or as long (P. perfoliatus, Ch. fragilis) as beyond
the current, i.e. in places with very slow water flow. The
elongation of above-ground structures is connected with
the effect of greater drag forces (Puijalon et al. 2005), as
well as probably with the fixation of a greater amount of
resources. However, in rivers the above-ground plant sho-
ots were rarely damaged, probably due to their higher resi-
lience to mechanical influences of hydrodynamic forces.
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