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ABSTRACT: The structure (aggregations”
distribution, density, age structure) of Luronium
natans L. (Raf.) populations has been studied in
21 lakes in the Pomeranian Lakeland (NW Po-
land), where the highest population density of
this species is found in slightly acid (pH 6-7)
waters, poor in DOC (<6.0 mg C dm™) and
phosphorus (<30.0 ug TP dm™). Luronium na-
tans reproduces mainly vegetatively and prefers
shallow (1-2 m), mineral-organic (5.1-10.0% C)
substrates. Seedlings represent about 10% of
a population. High levels of pH (pH>8.0), con-
centration of carbon (>6.0 mg C dm™) and
phosphorus (>30.0 ug TP dm™) impede the
population growth. Under such conditions po-
pulation density may be lower by as much as
80-90%, aggregation size smaller, and the pro-
portion of generative stems higher. Luronium na-
tans aggregation size depends on the depth: the
deeper the location — the larger and denser the
aggregation, the shallower the location — the lar-
ger the fraction of generative individuals (up to
98% of the population).
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1. INTRODUCTION

Luronium natans (L.) Raf. (Alismatace-
ae) 1s an evergreen clonal species with an
iterative growth type. In the submerged si-
tes this plant forms a rosette of narrow and
delicate leaves, and in summer, additional-
ly, floating leaves with long petioles (Ca-
sper and Krausch 1980, Rich and Jer-
my 1998). Luronium natans reproduces pri-
marily vegetatively by propagules, owing to
which it can colonize unoccupied spaces
(Harper 1977, Barrat-Segretain and
Amoros 1996, Barrat-Segretain et al.
1998, Falinska 2002). Some propagules,
suspended in the water bulk, may colonize
the new areas (Willby and Eaton 1993,
Greulich and Bornette 1999). Vegetati-
ve propagation, heavy seeds and evergren-
ness favour the formation of aggregations
(Van Groenendael and de Kroon
1990, Van Groenendael et al. 1996,
Greulich et al. 2000). Growing in an ag-
gregation offers a greater chance to survive
and dominate in the competition with
other species for the resources of the habi-
tat (Zarzycki 1965, Symonides 1979)
and makes the use of available resources
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more efficient. In clonal plants it is affec-
ted by a transfer of assimilates (Alpert
and Mooney 1986, Jonsdottir and Cal-
laghan 1990, Alpert 1991, Steufer et al.
1994, Jonsdottir and Watson 1997).
This character is particularly advantageous
in conditions unfavourable for plant
growth (Steufer et al. 1996, Price and
Marshal 1999). It has been demonstrated
that dense plant populations occupying
large areas are less threatened by extin-
ction than ones that are small and not very
numerous (Fischcer and Matthies
1998, Kéry et al. 2000). In the case of Lu-
ronium natans, it seems significant to assess
the environmental conditions on which the
aggregation size depends.

Aquatic environment heterogeneity 1s
one of the factors which diversifies the struc-
ture of a population and determines its fate
(Szmeja 1992). As a rule, populations
found in low-productive habitats are charac-
terized by a high density (Szmeja 1994,
Coops et al. 1996). Mature individuals are
then small, but numerous, due to which they
have a better chance to survive in a given si-
te. In turn, populations found in nutrient-
rich habitats are less numerous, conspecific
adult individuals are larger and more fecund,
and thereby the probability of their survival
1s greater (Szmeja 1987a, 1994).

Population structure depends among
other things on the genetic characters of
a species, biotic and intrapopulation inter-
actions and environmental conditions
(Falinska 2002). Age composition in
a population is a good material for foreca-
sting the fate of population (Andrzejew-
ski and Falihska 1986). An analysis of
age composition indicates that in progres-
stve populations the juwenile and repro-
ductive individuals are numerous, whereas
in regressive populations the senile and
postgenerative individuals prevail. It was
therefore decided to study the age structu-
re of vanishing Luronium natans popula-
tions. The environment determines this
structure in two ways: by eliminating indi-
viduals at a specified age, or by a tempora-
ry limitation of reproduction. Population
endurance is best sustained by the fraction,
numerous every year, of seedlings and ge-
nerative individuals (Szmeja 1992, Fa-
linska 2002). From the point of view of
Luronium natans protection, it is worthwhi-
le to assess also this population characteri-
stic. Therefore it i1s the aim of the study to

determine the kind and range of changes in
the structural features of Luronium natans
populations under the influence of such
environmental factors as: pH, phosphorus
and organic carbon concentrations in the
water and organic matter in the sediment,
as well as age structure of individuals.

2. MATERIAL AND METHODS

The studies were carried out in the ve-
getation season July 2001 and 2002 in 21 la-
kes in the Pomeranian Lakeland (NW Po-
land; Fig. 1) Plant samples 0.1 m? in size
were collected from aggregations of typical
density in the middle of the population are-
as. The samples, 3 from each lake, were used
for counting the ramets and classifying
them according to developmental stages.
The unit used in the subsequent analyses of
numbers, density and age distribution was
the stem (ramet). Additionally, over
a 150 m shoreline stretch of each lake Luro-
nium natans aggregations were counted and
their length and breadth were measured. Ag-
gregation area was calculated by the formula
used for the computation of ellipse area.
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Fig. 1. Location of the lakes under study (1-21)
in Pomeranian Region (North-West Poland).

1. Bobiecinskie, 2. Orle, 3. Kamien, 4. Smotowe,
5. Dolskie, 6. Swigte, 7. Piasek, 8. Liny, 9. Krasne,
10. Linowskie, 11. Sporacz, 12. Okon, 13. Nowo-
parszczenickie, 14. Moczadlo, 15. Ostrowite,
16. Warlefiskie, 17. Baroczno, 18. Drzedno,
19. Swiniebudy, 20. Kaliska, 21. Dobrogoszcz.
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The following developmental stages of

Luronium natans stems have been distin-
guished:
(1) seedling — stem with cotyledons and
a small primary root, (2) juvenile — several
leaves, 1nitial outhne of root system, (3)
mature — fully-developed leaf rosette and
well-developed root system, (4) generative
— a flowering and fruiting stem.

To determine the environmental condi-
tions prevailing in Luronium natans popula-
tion areas, six sediment samples 0.25 dm?
from each lake were collected and just as ma-
ny near-sediment water samples (0.5 dm?).
Sediment samples, from the root system of
Luronium natans, were used for determining
the pH, TP and Ca concentration and orga-
nic matter content. In the near-sediment
water samples the following: DOC, colour,
TP were determined additionally according
to the methods suggested by Golterman
(1975), Hermanowicz et al. (1999). The
total phosphorus (TP) was determined by

the molybdate method using ascorbic acid
as a reductor (Greenberg et al. 1992),
whereas DOC by the spectrophotometric
method (Moore 1985, 1987, Collier
1987, Gérniak 1995). The concentration
of DOC was read out from the calibration
curve obtained as a DOC dependence on

absorbency (A;;).

3. RESULTS

3.1. Impact of environmental conditions
on Luronium natans population density

In the lake series under study, the hi-
ghest L. natans population density is found
in lightly acid to weakly alkaline water bo-
dies. In very acid lakes (pH <5.0) the densi-
ty reaches the level of 437.5+116.4 stems

, in lightly acid, neutral and weakly alka-
11ne 857.5+389.7 stems m™2, and in alkaline
190.0+233.1 stems m~> (P <0.05, Table 1).

Table 1. Characteristics of Luronium natans populations in lakes with different range of site para-

meters.
Density Generative stem Seedling Aggregation
Site parameter No. of [stems m~2] frequency [%] frequency [%] size [m?]
lakes X=£s.d. X=*s.d. X=*+s.d. Me
pH n=42 n=42 n=42
n=57
<5.0 2 437.5+116.4 5.3%4.0 9.6+8.8 65.40
5.0-6.0 2 857.5+389.7 15.1+16.8 10.1%5.3 2.80
6.1-7.0 4 858.7+324.9 18.2+22.8 10.1+4.6 3.72
7.1-8.0 3 758.3%£502.4 14.4%20.9 20.0+8.8 0.23
>8.0 3 190.0%£233.1 56.1+44.0 1.7x2.7 0.04
DOC [mg C dm™] n=51 n=51 n=51 n=0606
<3.5 3 706.6%:302.3 8.4+7.7 9.4+6.9 1.70
3.5-5.0 6 695.7+423.4 20.3%x17.8 14.7£8.9 9.71
5.1-6.0 3 1070.0%£377.1 4.0*x3.4 11.3+£4.3 3.13
>6.0 4 205.0 =199.3 44.1+43.4 29+34 0.51
TP [ug dm™] n=45 n=45 n=45 n=67
<10.0 1 395.0£111.8 17.0£18.9 12.9+8.5 0.94
10.0-15.0 4 815.2+277.7 11.8+13.2 11.8+7.7 22.90
15.1-20.0 4 770.0405.0 2.3+3.6 10.2+5.4 2.14
20.1-30.0 3 951.6%£405.6 26.2+24.1 14.7£10.4 0.06
>30.0 3 80.0£61.6 77.1+38.3 0 0.02
Corg_ in the sediment [% C] n=51 n=51 n=51 n=99
<5.0 5 281.0+223.5 50.7%£35.0 7.5%x7.9 0.24
5.1-10.0 5 941.0£446.8 9.9+10.4 15.8+10.5 0.34
10.1-30.0 4 526.2%£232.2 2.0x3.7 11.7£8.1 3.24
>30.0 3 560.0+314.8 14.8+20.33 10.1+7.4 19.90
Depth [m] n=>57 n=57 n=57 n=281
<0.2 5 87.0x44.5 98.0+9.0 0 0.43
0.2-1.0 5 271.0%=153.0 41.6%+36.4 8.5%+7.4 0.52
1.1-2.0 4 695.0+389.8 4.4+3.8 12.6+£8.4 1.77
>2.0 5 914.0%£329.1 10.5+12.0 10.0+5.0 11.21
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Under DOC conditions ranglng from
3.5mg C dm™ to 6.0 mg C dm™ the hi-
ghest population density is found in sites
where the content of DOC varies between
5.0 mg C dm™ and 6.0 mg C dm™ (Fig. 2,
Table 1). Concentrations above 6.0 mg
C dm™ are too high for this plant; it is ma-
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Fig. 2. Density of stems of Luronium natans in
sites varying in dissolved organic carbon
(DOC) concentration in the water (mean va-
lue, standard error; No. of lakes see Table 1).

nifested by a considerable thinning of its po-
pulations  (205.0=199.3 stems m7,
P <0.05). Along the phosphorus concentra-
tion gradient from <10.0 pg TP dm™
>30.0 ug TP dm™>, the highest populatlon
density (951. 6+405.6 stems m %) was re-
corded for the 20.0 ug TP dm=-30.0 ug TP
dm™ interval (Fig. 3, Table 1). At phospho—
rus concentrations above 30.0 ug TP dm™
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Fig. 3. Luronium natans population density in si-
tes differing in phosphorus concentration in
the water (mean value, standard error; No. of

lakes see Table 1).

a rapid decrease in population density oc-
curred, to as low as 80.0+61.6 stems m™>
(P <0.05). On inorganic substrates
(<5.0% C) Luronium natans population den-
sity is usually lower than on mineral-organic
substrates (Table 1). Tests for the content

of organic carbon in the substrates indicate
that the plant under study prefers inorganic
sediments mixed with small amounts of or-
ganic matter (5.0-10.0% C). An increase in
depth from 0.2 to >2.0 m 1s followed by
a population density increase (Fig. 4), which
most likely is the result of the increasingly
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Fig. 4. Luronium natans population density in
depth intervals (mean value, standard error;

No. of lakes see Table 1).

high organic matter content in the sedi-
ment. The low population density found in
shallow sites to the depth of 0.2 m is the re-
sult of a considerable wave-caused damage.

3.2. Proportion of generative stems in
Luronium natans populations

In habitats with pH levels varying be-
tween <5.0 and 8.0 the numerical propor-
tion of generative stems attains the range
of 5.3-56.1% (P <0.05), being the lowest
(5.3%) in very acid lakes, which may indi-
cate a decrease in generative reproductlon
(Fig. 5, Table 1). A low DOC concentra-
tion does not limit the size of the generati-
ve stem fraction in a population, but a high
one seems to favour its increase (Table 1).
However, it must be stressed that the cor-
relation between the number of flowering
and fruiting stems and DOC concentration
is rather weak. An increase in phosphorus
concentration does not significantly affect
the number of flowering and fruiting
stems. The proportion of generative stems
in a population slightly depends on pho-
sphorus concentration in the water, altho-
ugh at a higher concentration a larger num-
ber of stems flower and fruit was found
(Table 1). The largest proportion of L. na-
tans stems (50.7%£35.0%) flower and fruit
on inorganic substrates, poor in organic
carbon. On this kind of substrate most of
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the stems that become mature in a given
year produce flowers and fruits. It follows
from this that a substrate which is poor in
organic carbon provides optimum condi-
tions for the reproduction of this plant (Ta-
ble 1; Fig. 6). An increase in organic mat-
ter content impedes the generative repro-
duction. Depth affects also the size of the
generative stem fraction in a population.
Close to the shore (<0.2 m) nearly all
stems (98+0.9%) are generative, whereas
in substrate zones below 2 m their propor-
tion 1s as low as 10.5% (P <0.05).

o Seedling

110{ N =42 samples
» Generative stem

90

70

50

30 @
_.m.Em

-10

Frequency [%]

o

Fig. 5. Frequency (%) of L. natans generative
stems and seedlings in sites varying in pH
(mean value, standard error; No. of lakes see

Table 1).
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Fig. 6. Frequency (%) of L. natans generative
stems and seedlings under a variable organic
matter content in the sediment (mean value,
standard error; No. of lakes see Table 1).

3.3. Seedling proportion in a population

There are very few seedlings in L. natans
populations. In waters with pH between
5 and 7 the arithmetic mean of the propor-
tion of seedlings equals 10.1+4.6%, in neu-
tral and weekly alkaline 20£8.8%
(P <0.05), while in clearly alkaline waters

seedlings occur sporadically (Fig. 5). It fol-
lows from this that pH levels above 8.0 may
impede seed germination. Genets represent
small proportions in Luronium natans popu-
lations (Table 1). At DOC concentrations
ranging from <3.5 to 6.0 mg C dm™ the
frequency of seedlings in a population stays
at the level of about a dozen percent
(Table 1). In waters with a very low (<3.5
mg C dm™) and very high (>6.0 mg
C dm™) DOC content a lower seedling fre-
quency is found, not exceeding 10%. Pho-
sphorus concentration in the water probably
has no effect on the number of seedlings in
a population (Table 1). It may follow from
this that phosphorus does not impede seed
germination or affect seedlings survival, al-
thouggh at concentrations above 30.0 ug TP
dm™ no seedlings were found. On mineral
(inorganic) substrates (<5.0% C) few
7.5%+7.9% Luronium natans seedlings occur-
red, but their percentage was much higher
on mineral-organic (5.0-10.0% C) substra-
tes (Fig. 6). The higher seedling proportion
most probably resulted from a higher popu-
lation density in those sites. It is worthwhi-
le to note that the abundance of seedlings in
populations increases with Increasing
depth, being the highest at the depth range
of 1.1-2.0 m (Table 1).

3.4. Aggregation size

The size of Luronium natans aggrega-
tions depends on the lake water pH. In very
acid (pH<5.0) lakes they attain the largest
area (Me = 65.4 m?), in Weakly acid to neu-
tral waters they are small (3.7 m?), and in al—
kaline (pH>8.0) — very small (0.04 m?).
This indicates that aggregation size, though
highly variable, 1s negatively correlated with
the water pH. A similar relationship is fo-
und in regard for DOC concentrations in
the water. The threshold concentration level
is 6.0 mg C dm™ at which L. natans aggrega-
tions attain the smallest area, about 0.5 m?
(Table 1). In regard for the concentration of
phosphorus, aggregations of the largest area
can be found in lakes with a low concentra-
tion of this element (10.0-15.0 ug TP
dm™ ) It means that in lakes which are very
poor in nutrients and in nutrient-rich ones
(>30.0 ug TP dm™) this plant, as a rule, fa-
ils to form large aggregatlons (Table 1). The
smallest (0.24 m®) aggregations are found
on inorganlc (<5.0% C), and the largest
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(19.9 m?) on organic sediments. It should
be mentioned here that the aggregation area
strongly depends on the depth at which the
aggregations occur, and there exists a direct
relationship: the greater the depth, the lar-
ger the L. natans aggregations. Aggregations
of the largest size occur close to the lower
depth range of the population area.

4. DISCUSSION

Communities of submerged plants are
most often characterized by the dominan-
ce of one or several species. According to
Szmeja and Bociag (in press), the su-
sceptibility of the dominant species to ha-
bitat conditions is fundamental of impor-
tance for the dynamics of aquatic vegeta-
tion. Luronium natans is not a dominant
species, and does not form its own commu-
nities either (Matuszkiewicz 2001). For
this reason, it can be classified as a rather
weak competitor (Greulich 1999).

L. natans occupies habitats 0.1 to
3.0 m deep, mainly in slightly acid, nu-
trient-poor and clear waters. Under such
conditions it forms the best-formed and
most fecund stems (Bazydlo and Szme-
ja 2004). This plant reproduces mainly ve-
getatively, and its seedlings represent a low
proportion as, 9.5%, of the population.
Average populatlon density amounts to
591.0 stems m~. The percentage of genets
is similar to that in other aquatic plant po-
pulations (Szmeja 1987c¢).

The greater the depth, the larger and
denser the Luronium natans aggregations
(Table 1). However, the proportion of se-
edlings in the aggregations is small. This si-
tuation confirms Fomnicki's view
(1980) that at high population densities the
plants increase their chance to survive by in-
vesting primarily in the maintenance of the-
ir current social status in a population, and
limiting expenditure on reproduction. A si-
milar relationship was observed also in Lobe-
lia dortmanna populations (Szmeja 1987a),
where mainly vegets occurred in the popu-
lations on greater depth. The cause of the
low proportion of genets probably is rela-
ted to the variation of the characteristics of
the aquatic environment. With increasing
depth the temperature drops, due to which
plant growth is retarded, the possibility to
attain the reproductive phase in a given
year becomes less probable, and at the sa-

me time seed germination is impeded.
A deterioration of light conditions may
cause similar changes (Szmeja 1987b, c).

Optimum conditions for L. natans
growth exist in slightly acid lakes (Table 1,
Fig. 5) where this plant forms fairly large
and very dense aggregations. According to
Bazydlo and Szmeja (2004), in such la-
kes the best-formed and most fecund Luro-
nium natans individuals are found. Very acid
(pH<35) or very alkaline (pH>8.0) waters
are unsuitable for this plant. Low pH levels
of lakes result from their acidification or
enrichment with humic substances (HS)
which considerably reduce macrophyte po-
pulations (Szmeja and Bocigg in press).
In humic lakes, HS bring about far-re-
aching changes in light conditions, mainly
due to the presence of a large amount of
colloidal suspensions in the water (Gjes-
sing 1976, Gérniak 1996, Wilkinson et
al. 1997), which increase the absorption of
light over the 200-365 nm range (Frim-
mel 1994). As indicated by the present
studies, Luronium natans tolerates HS con-
centrations up to the level of 6 mg C dm™
Below this level its aggregations are larger
and denser, and its individuals are better-
formed and produce more offspring (Ba-
zydto and Szmeja 2004). Low HS con-
centrations appear to be suitable for L. na-
tans, while high ones (>10 mg C dm™)
cause extinction of this species, as well as
of other cormophytes, and of bryophytes
and some charophytes (Szmeja 2000,
Szmeja et al. 2001).

Another important factor determining
the population structure of Luronium is the
concentration of phosphorus in the lake wa-
ter. Concentrations of this element ranging
from 10.0 to 30.0 ug TP dm™ are favourable
for th1s plant. Above the level 30.0 ug TP
dm™ phosphorus causes the retreat of L. na-
tans from lakes. This process is manifested
by a reduction in aggregation size already at
concentrations above 20.0 ug TP dm™,
which indicates the beginning of aggregation
disintegration and elimination of Luronium
natans. Harmful to macrophytes are above all
the effects of lake eutrophication. The most
important of them is the increase in abun-
dance and biomass of the periphyton which
reduces light and affects the amount and
availability of resources, including carbon for
photosynthesis (Carpenter et al. 1998).

Sediment, depending on its composi-
tion, regulates the size of populations. On
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inorganic substrates L. natans forms small
aggregations of which nearly all individuals
(98%) flower and fruit in summer. Data from
studies of Lobelia dortmanna indicate quite
a different situation: in inorganic, nutrient-
poor habitats population density was higher
than in organic, comparatively rich, habitats
(Szmeja 1987a). In the case of Luronium
natans, an increase in the content of organic
carbon in the substrate (5.0-10.0% C) 1s fol-
lowed by an increase in population size and
density, and decrease of the proportion of ge-
nerative individuals.

Excessive concentrations of carbon
and phosphorus, and alkaline water pH im-
pede the population growth. Aggregations
are small and few in number, but the pro-
portion of generative individuals in them is
high (up to 98%). The rule "something for
something” becomes evident: vegetative
propagation is to a large extent replaced by
generative reproduction (Huston and
Smith 1987). Inhibition of vegetative pro-
pagation may, particularly in clonal plants,
limit the production of new individuals
(Harper 1977, Cook 1985).

It has been reported that large aggre-
gations favour the survival of individuals,
but excessively large and dense aggrega-
tions may deplete the nutrient resources in
habitats and take up all free space (An-
drzejewski and Falihska 1986).

Aggregation size depends on the
depth at which the plants grow. Other envi-
ronmental factors such as the water pH
and content of nutrients to a minor extent
affect the aggregation size, but these cha-
racteristics vary considerably in the lake lit-
toral. It should be mentioned also that the
competitive power of Luronium natans is
low (Greulich and Bornette 1999),
from which 1t may follow that the signifi-
cant factor limiting the expansion of this
plant is probably the availability of unoccu-
pied spaces. Paradoxically, Luronium finds
optimum conditions for aggregation for-
mation at the depth range of 1-2 m, but it
1s where the majority of aquatic plants
grow, e.g. Lobelia dortmanna, Littorella uni-
flora, Isoétes lacustris and Myriophyllum
(Rich and Jermy 1998, Szmeja 2001).

5. SUMMARY

The structure of Luronium natans (L.) Raf.
populations (distribution of aggregation, densi-
ty and age-structure of population) were studied

in 21 lakes in the Pomeranian Lakeland (NW
Poland, Fig. 1), where the highest population
densny is found in slightly acid pH (6—7)
waters, poor in DOC (<6.0 mg C dm™) and
phosphorus (<30.0 ug TP dm 3 Table 1,
Figs. 2, 3). Luronium natans propagates mainly
vegetatively and prefers shallow (1-2 m), miner-
al-organic substrates (5.1-10.0% C; Table 1,
Fig. 6). Seedlings represent about 10% of a pop-
ulation. High pH levels (pH>8 0), concentra-
tion of carbon (>6.0 m% C dm™) and phospho-
rus (>30.0 ug TP dm™) in the water impede
the population growth. Under such conditions
population density is smaller even by 80-90%,
aggregations are smaller, but the proportion of
generative stems 1s higher Aggregation area
depends on the depth: the deeper the location —
the larger and denser the aggregations, the shal-
lower the location — the higher the percentage of
generative individuals (up to 98% of the popula-
tion composition).
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