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ABSTRACT

In populations of submerged macrophytes, individuals are selected in terms of resistance to the effect of hy-
drodynamic forces. The aim of this study was to check whether individuals growing in river water are more tensi-
le and bending resistant than plants occurring in places not exposed to flow stress. We determined the ultimate
tensile strength of stems in four macrophyte species, Potamogeton natans, P. pectinatus, Batrachium fluitans and
Chara fragilis, which occur in two environmental variants: in running (current velocity of 0.1-0.6 m/s!) and sta-
gnant water. In addition, flexure of P. natans stems from both environmental variants was examined. What is mo-
re, the type and arrangement of strengthening structures in stems of the plants under study were determined.

Potamogeton natans stems are the most resistant to stretching (15.6+4.7 N), while stems of P. pectinatus
(3.3£1.0 N) and Batrachium fluitans (2.6£0.8 N) are less resistant. Chara fragilis (0.6£0.3 N) has the least resi-
stant stems. Batrachium, Chara and P. pectinatus are more resistant to stretching if they occur in a river current,
whereas P. natans, in stagnant lake water. Ultimate bending moment of P. natans stems from lakes is also much
greater than of stems from a river (9.75-103 — 4.25-10-3 Nm as compared to 2.12-10- — 1.00-103 Nm).

The resistance of stems to breaking is directly proportional to the stem and thallus cross sectional areas. On the
one hand, in all the studied Cormophyta species, the more resistant stems (in P. natans from stagnant water, in the
others from running water) are thicker and characterised by a higher contribution of air spaces in the overall stem
cross-section. On the other hand, the stems retain their species specific structure and have a similar proportion of
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strengthening elements.
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INTRODUCTION

Aquatic plants, like terrestrial ones, allocate part of their
biomass to the formation of structures which anchor them
in the substrate, strengthen them, give them solid shape
and proper stiffness or elasticity.

On account of the fact that water is multiple times denser
and more viscous than air, hydrodynamic pressure forces
are about 800 times stronger than aerodynamic pressure.
Thus, the mechanical effect of water is much stronger than
that of air. It follows that adaptations to mechanical forces
connected with water flow are of especial importance (Ni-
klas 1992). In particular plants occurring in the littoral
zones of seas and oceans are highly exposed to such for-
ces, as they are under the effect of tides and strong wave
activity. The effect of hydrodynamic forces on macroalgae
dominant in this type of environment has been studied in
detail (Koehl 1986; Gerard 1987; Wheeler 1988; Hurd
2000). Thallus thickness (Molloy and Bolton 1996; Kawa-

mata 2001), thallus streamlining (Denny et al. 1985; Hol-
brook et al. 1991; Johnson and Koehl 1994; Utter and Den-
ny 1996) and changes in biomass allocation (Wheeler
1988) are recognised as exemplary adaptations to the for-
ces connected with water flow. Hydrodynamic forces af-
fecting plants in rivers and lakes are most often weaker.
Nevertheless, they sometimes serve as a factor limiting the
occurrence of aquatic vegetation also in these environ-
ments (Szmeja 1994, 2006). The number of studies on the
response of aquatic vegetation to water flow forces has in-
creased recently (e.g. Coops and Velde van der 1996;
Biehle et al. 1998; Shutten and Davy 2000).

Mechanical strength in vascular plants results not only
from morphological structure (habitus) but also from the
arrangement of tissues. Collenchyma and sclerenchyma are
the crucial elements of mechanical support in higher
plants. Collenchyma consists of living cells with cellulose
walls containing pectin and is pliable, that is can be bent.
Walls of these cells are unevenly thickened. According to
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Walker (1960) and Esau (1967), these cell wall thickenings
are bigger in individuals exposed to mechanical forces than
in those not exposed. This means that the discussed chan-
ges may be induced by environmental conditions. Thicker
cell walls and the compact structure of collenchyma lead to
increased stem strength. The second tissue type, scleren-
chyma, consists of dead cells, sclereids and fibres. Walls of
these cells are lignified and provide the plant with tensile
and bending strength, which is essential for plants ancho-
red in the substrate. The fibres are gathered in bundles of
which the structure, number and arrangement determine
the strength of stems (Moustafa et al. 1968; Zebrowski
1992).

It should be mentioned, though, that in a broader sense
cell walls of all cells, irrespective of their type or function,
are responsible for the plant’s resistance to the effect of
mechanical forces. The role of the so called initial stress
and the fact that the plant’s strength also depends on cell
turgor have been more and more frequently emphasised
(Hejnowicz 2002).

Undoubtedly, tensile and bending resistance are one of
the important features of the plant life strategy in the aqua-
tic environment. Accordingly, we assume that in the popu-
lations of submerged macrophytes individuals are selected
in terms of resistance to the effect of hydrodynamic forces,
which cause stretching, squashing, bending, buckling and
twisting of their stems (or thalli). We intend to check whe-
ther plants growing in running water of a river have stems
with higher tensile and bending resistance than those
occurring in places not exposed to water flow. Moreover,
we examined whether they differ in the number and arran-
gement of strengthening structures in their stems.

MATERIAL AND METHODS

PLANT MATERIAL
AND ENVIRONMENTAL CONDITIONS

Four species of aquatic macrophytes, occurring in both
stagnant and running water, were selected for the study:
Potamogeton pectinatus L., P. natans L., Batrachium flui-
tans (Lam.) Wimm and Chara fragilis Desvaux. Lower
stem parts (lower 0,1 m of the stem) of mature, equally
aged individuals of Potamogeton and Batrachium, as well
as orthotropous Chara thalli (lower 0.1 m of the above-gro-
und part) were the subject of our study.

Individuals were collected from three rivers (Brda, Cho-
cina and Zbrzyca) and three lakes (Ostrowite, Nawionek
and Radolino) in NW Poland in July 2006 (each species
from two sites, 50 individuals from each). A given species
was represented by ca. 100 freshly collected stems or thal-
li, each 0.1 m in length. After harvest, the plants were kept
in water at 10°C for maximum 12 h. They were taken out
of the water directly before measurements.

Two variants of aquatic environment were chosen for the
experiments: (1) stagnant water without flow or wave acti-
vity (lakes or ox-bow lakes), and (2) running water (ri-
vers). In each of these environmental variants, three water
and three substrate samples were collected from the sites
where the studied plants occurred (simultaneously with
plant collection). The pH, concentrations of total phospho-
rus (mg TP dm ) and Kjeldahl nitrogen (mg Ny;yy dm?),
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and conductivity (uS cm'!) were measured in the water,
whereas hydration (%) and organic matter content (%) in
the substrate. River current velocity [m s-!] was determined
on the basis of the arithmetic mean from three measure-
ments conducted on a one-off basis using the Nautilus
C 2000 Sensor. Conductivity was measured by means of an
LF 95 meter equipped with a Tetra Con 96 cell, pH was
determined using a 320 SET 1 pH-meter, and TP concen-
tration by the molybdate colorimetric method with ascorbic
acid, for A = 690 nm. Kjeldahl nitrogen was determined by
converting organic nitrogen to ammonium sulphate, for A =
690 nm (Hermanowicz et al. 1999; Eaton et al. 2005).

ASSESSMENT OF MECHANICAL PROPERTIES

The study of mechanical properties of Potamogeton pec-
tinatus, P. natans, Batrachium fluitans and Chara fragilis,
which involved stretching stems or thalli, was performed
on a testing machine Z020 manufactured by Zwick/Roell,
a popular apparatus for tensile tests of materials. The plant
samples were strained at a constant speed of 1.67*103 m s°!
(100 mm/min) at an ambient temperature. The force F' was
measured versus tensile strain (relative elongation) &

-1,

E=

’

lo

where:

[ — the length of the stretched sample

[, — the initial length

Each sample was placed in gripping jaws set /, = 0.05 m
apart.

These measurements resulted in force-strain diagrams.
The maximum values of forces (R,,) acting on the samples
(ultimate tensile forces), the exceeding of which caused the
samples to break, were read from the plots. After averaging
and assessment by statistical methods, the measurement re-
sults became the criterion for evaluation of the tensile
strength. Only the maximum forces exerted on stems or
thalli (samples) were analysed. However, their stresses
were not considered, as they are regarded as anisotropic
materials in the mechanical sense.

Tensile strength evaluation was supplemented by three
point flexural tests of Potamogeton natans stems. The
stems were placed on supports (Fig. 1). Distance between
the supports / was 0.05 m. The stems were bent with a kni-
fe //2 distant from each support, which moved with a con-
stant speed of 0.167%103 m s! (10 mm/min), and force
F transverse to the axis of the stem and acting on the knife
was recorded. Next the maximum forces transmitted during
bending were determined. The ultimate bending moment

M ¢ max [Nm] was calculated from the relation
Fl
g max = T ’

where F — force exerted on a sample [N]. Mean values of
bending moments are the criterion for the evaluation of
bending strength of stems. Tensile and three point bending
tests were performed on Zwick/Roell Z020 testing machine
at ambient temperature.
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Fig. 1. Schematic side view of three point bending test geometry.
Explanations: F — force; 1 — length; s — stem

Anatomical analysis

In order to investigate the possible differences in stem
anatomy of the studied species from both selected environ-
ments, two cross sections of the lower part of the internode
(10 cm above ground) were made in each case. Prepara-
tions were made by the paraffin method (staining with eo-
sine, safranine and fast green) and the hand-section method
(staining with safranine) according to Gerlach (1972) and
Braune et al. (1975). The microtome sections were 10
pm thick and hand sections 20-30 um. Photographic docu-
mentation of pictures obtained from a NIKON Eclipse
E800 light microscope was collected and later analysed by
means of the computer program Corel 9.0. We studied the
distribution pattern and contribution of strengthening struc-
tures in the cross sectional area, especially that of fibres
and sclerenchyma cells, as well as endodermis cells, vascu-
lar bundles and systems of aerenchymatic air spaces. The
area of stem cross sections was also determined.

The significance of differences between arithmetic me-
ans of stem mechanical properties was tested using the
Kruskal-Wallis test for p<0.001 and the U Mann-Whitney
test for p<0.05.

RESULTS

Environmental conditions

The plants grew in stagnant water without flow (2 lakes
and 1 ox-bow lake) and in three lowland well-preserved ri-
vers with a current velocity of 0.2-0.4 m s°! (all-year-round
flow, variable velocity dependent on water level in the ri-
ver). In both environmental variants the plants occurred at
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a depth of around 1.0 m, were dominant in the vegetation
structure and occupied a similar type of substrate. Hence
we could assume in advance that depth, substrate and illu-
mination were not crucial factors differentiating both envi-
ronmental options. What is more, the occurrence of plants
in single-species aggregations, where they were dominant,
excludes the effect of interspecific competition on the me-
chanical strength of stems.

In stagnant water the variation range of water features is
similar to the range observed in river currents (Table 1). In
both environmental variants the substrate is mineral (in the
lakes sandy, in the rivers sandy and gravel) and contains
a small (several per cent) fraction of organic matter (Table 1).
The variation ranges of water (except for NKjeld') and sub-
strate features are fairly narrow and coincide to a large
extent in both environments. We assume, thus, that chemi-
cal water and substrate properties are not an important
cause of differences in mechanical strength of aquatic ma-
crophyte stems.

Mechanical strength

The plants differ in terms of resistance to hydrodynamic
forces (Fig. 2). The highest ultimate tensile forces of stret-
ched samples were observed for Potamogeton natans
(15.614.7 N; data for n = 55 shoots), while for P. pectina-
tus (3.3£1.0 N; n = 52) and Batrachium fluitans (2.6£0.8
N; n = 55) lower values were observed. The lowest values
of ultimate tensile strength were measured for Chara fragi-
lis (0.6£0.3 N; n = 56). It should be mentioned that, contra-
ry to P. natans, which is the strongest in stagnant lake
water, Batrachium, Chara and P. pectinatus are stronger
when they occur in a river current. The P. natans stem gro-
wing in a lake breaks under the conditions of a force of
15.6£4.7 N, while in the case of a river this happens when
the exerted force is twice as low (9.31£2.2 N; n = 53).

The examples of force-strain plots for investigated spe-
cies from stagnant (A) and running water (B) were collec-
ted in Figure 3.

P. natans stems from stagnant water were more resistant
to bending, too. Ultimate bending moments of these stems
are much greater than those of the samples taken from a river
(9.75-103 — 4.25-103 Nm as compared to 2.12-1073 —
1,00-103 Nm; Fig. 4). It is worth mentioning that differen-
ces in stem strength of all the studied plant species calcula-
ted for both environments are statistically significant
(p<0.05).

Anatomical structure

Potamogeton natans stems from lakes are the most tensi-
le-resistant (Fig. 4) and have the biggest cross sectional

TABLE 1. Comparison of the aquatic environment features without and with flow.
The table presents the feature range (minimum-maximum) and arithmetic mean + standard deviation (in brackets) for pH — median.

Environmental option
Feature

Without flow With flow

Flow speed [m s7!]
pH,,
TP, [mg dm3]

N jeiq.w (Mg dm-3]

Water conductivity [ps cm!]
Organic matter in sediment [%]

Sediment hydration [%]

0
7.4-8.3 (3.08)
0.1-0.4 (0.240.1)
0.9-1.9 (1.2+0.3)
48.5-311 (172.5+84.7)
0.2-3.4 (1.5£0.9)
16.3-70.9 (30.4%13.6)

0.2-0.4 (0.3£0.1)
7.4-7.9 (7.61)
0.02-0.8 (0.35+0.29)
1.2-2.4 (1.840.4)
128.5-300 (216.2+49.5)
0.2-15.5 (2.744.5)
7.8-56 (20.8+14.8)
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Ultimate tensile force Ry, [N]

Force [N]

Ultimate bending moment M ¢ ., [Nm]
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Fig. 2. Values of the ultimate tensile force
breaking samples of Batrachium fluitans,
Chara fragilis, Potamogeton pectinatus and
P. natans from lake (A) and river (B).

Fig. 3. The dependence of tensile force on
strain for Batrachium fluitans, Chara fragilis,
Potamogeton pectinatus and P. natans from
lake (A) and river (B).

Fig. 4. Values of the ultimate bending mo-
ment M ¢ max [Nm] of stems form stagnant

(A) and running (B) water.
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area (Fig. 5). The stems of this species from rivers have
a much smaller cross sectional area. In comparison with
this species, the cross sectional areas of P. pectinatus, Ba-
trachium fluitans and Chara fragilis stems are several times
smaller (Fig. 5). The stem resistance to tensile force is di-
rectly proportional to the cross sectional area of a stem or
thallus (Fig. 6).

In the cross section of the studied Cormophyta stems the
proportion of strengthening tissues does not exceed 4%.

18
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Ultimate tensile force R, [N]

-1 0 1 2 3 4 5 6 7
Area of stem cross-section [mm?]

Fig. 6. Relation between ultimate tensile force and cross sectional area of
an aquatic plant stem.
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Fig. 5. Schematic representation of cross sec-
tions of Batrachium fluitans, Potamogeton
natans and P. pectinatus stems and Chara
fragilis thallus in stagnant (A) and running

(B) water.

Explanations: 1 — epidermis; 2 — parenchy-
1 mm ma; 3 — air spaces; 4 — cortical cells; 5 — cen-

tral cell.

Sclerenchyma fibres in the primary cortex and pith, and in
Potamogeton also the ring of endodermis cells, constitute
the strengthening elements. Air spaces represent a conside-
rable part of the stem cross section (32-49.5% of the cross
sectional area in Potamogeton and 13.3-17.6% in Batra-
chium). Apart from their cross sectional area, Potamogeton
and Batrachium stems differ in structure, tissue arrange-
ment and their relative proportion in the overall stem cross
section (Fig. 5). Potamogeton stems have a concentric ar-
rangement of strengthening elements, which resembles
a double-layer cylinder. The continuous ring of well-deve-
loped tertiary U-endodermis is the inner layer, whereas the
sclerenchyma fibres in the peripheral part of the primary
cortex constitute the discontinuous outer layer. Between
these two rings there are air spaces whose “walls” are
strengthened with thin sclerenchyma fibres. The diagram
of a Batrachium fluitans stem resembles a thick-walled pi-
pe with a triangular cross section with few strengthening
elements (Fig. 5). There is no aerenchyma or endodermis
in it, and the central part is taken up by an air space. A few
sclerenchyma cells occur only in stems from running water.
It should be considered on the basis of mechanics to what
extent the differences in the stem strength of the studied
Cormophyta, apart from being connected with the cross sec-
tional area, result from a slightly different structure.

The main thallus axis of Chara fragilis is composed of an
elongated central cell and surrounding cortical cells (Fig. 5).
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Cell walls and calcium carbonate encrustation strengthen
the thallus. Its tensile strength probably depends on the
thickness of its main axis, cell arrangement, their size and
turgor.

The more resistant stems in Cormophyta (from stagnant
water in P. natans, from running water in the others) are
thicker and characterised by a greater contribution of air
spaces in the overall stem cross-section. Irrespective of the
environmental option, however, stems have an immutable
species-specific structure and a similar proportion of
strengthening elements (Fig. 5).

DISCUSSION

Having compared the values of the analysed forces, we
concluded that the tensile and bending resistance of stems
depends not only on species features, but also properties
acquired by individuals in the aquatic environment. Biehle
et al. (1998), who studied various Fontinalis antipyretica
populations, and Boeger and Poulson (2003), who exami-
ned Veronica anagallis-aquatica, came to similar conclu-
sions. One cannot tell if the observed differences are adap-
tations or plastic responses to environmental conditions
which have not been genetically preserved. It seems, howe-
ver, that tensile and bending resistance of stems is an ele-
ment of life strategy, as an adaptation to water flow, and
depends, for example, on the anatomical and morphologi-
cal plasticity of individuals in populations. Wernberg et al.
(2003) and Wernberg and Thomsen (2005) expressed a si-
milar opinion on macroalgae.

Chara fragilis (Fig. 3), which generally occurs in sta-
gnant waters with very low wave activity, is not a stret-
ching-resistant macrophyte. Its thallus is encrusted with
calcium carbonate and consequently not very flexible, and
its main axis is much thinner than the stems of the studied
Cormopthyta. Individuals from a river may be a little more
stretching-resistant than those from a lake, but compared
with Cormophyta, they are much more delicate.

One should bear in mind that the actual resistance of
plants to water flow results not only from the susceptibility
of stems. It should be considered in the context of morpho-
logical structure and anatomy of the whole plant, as well as
shape and structure of its aggregations and the spatial po-
pulation distribution. It is well known that hydrodynamic
forces acting on individuals from dense aggregations are
several times weaker due to the flow reduction inside the
aggregations (Sand-Jensen and Mebus 1996; Sand-Jensen
and Pedersen 1999). On the other hand, forces exerted on
individuals from the aggregation margin to a large extent
depend on its shape, rather than only on the features of in-
dividuals (Velasco et al. 2003). Accordingly, Chara fragilis
can probably occur in waters with a considerable flow, pro-
vided that it grows in very dense aggregations streamlined
in shape.

Cormophyta are characterised by a higher stretching resi-
stance than Ch. fragilis. They have thicker stems of which
the strength depends on their anatomy, especially the pre-
sence of strengthening tissues and air spaces. It is worth
noting that forces breaking Cormophyta stems are stronger
than those observed in a moss species Fontinalis antipyre-
tica, of which the anatomy is much more simple (see Bieh-
le et al. 1998).
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The Cormophyta under study have various stem structu-
res, but they do not change with the environmental variant.
It should be emphasized that the proportion of the streng-
thening tissue in stem cross sections is small (<5%), which,
according to Brewer and Parker (1990), may indicate that
they assume the “flexible and stretchy” strategy, rather
than, “stiff and strong” one. Nevertheless, the relative pro-
portion of air spaces in the overall stem cross section, espe-
cially in Potamogeton stems, is considerable. Such a stem
structure is considered to be optimal, as it minimizes the
biomass input and has a beneficial influence on strength
(Niklas 1992; Hejnowicz 2002).

There is a big difference in tensile strength between Po-
tamogeton natans and P. pectinatus or Batrachium fluitans.
Even though P. pectinatus and Batrachium fluitans more
often occur in rivers with a fairly fast flow, the tensile
strength of Potamogeton natans stems is much higher. This
could probably be due to the presence of floating leaves,
which, offering resistance to the water current, may contri-
bute to the plant’s mechanical strength. P. pectinatus and
B. circinatum have no floating leaves. When P. pectinatus
and B. circinatum occur in running water, they adopt an
elongated habitus, especially P. pectinatus, and form dense
aggregations inside which hydrodynamic forces are dam-
pened. Thanks to the changed habitus and dense aggrega-
tions, stems of these plants are less susceptible to breaking
than individuals of P. natans.

We confirmed the hypothesis that stems of river plants
are of higher tensile strength than plants from stagnant wa-
ter. Potamogeton natans, whose individuals from a lake are
more resistant to stretching and bending than the ones from
a river, is the exception to this rule. The plant usually
occurs in stagnant or slowly running waters, and only rare-
ly in smaller numbers in fast flowing rivers. The smaller
stem diameter in river individuals may be a consequence of
water flow stress. A similar response was observed in am-
phibious Veronica anagallis-aquatica, in a river, by Boeger
and Poulson (2003). The fact that macrophytes respond to
water flow by forming floating leaves makes them similar
to amphibious, rather than underwater plants.

In the light of the trade-off conception, the habit and ana-
tomy of plants in running water environment are an expres-
sion of a peculiar compromise. The life strategies of such
plants are worth considering in a wider context suggested
by Madsen and Sindergaard (1983), Jenkins and Proctor
(1985), Jackelman and Bolton (1990), Blanchette (1997),
Riis and Biggs (2001) and Blanchette et al. (2002) for
example, taking account of their gas exchange, capacity for
photosynthesis, productivity and growth rate.
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