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ABSTRACT

The characteristics of habitats, individuals and populations of four submerged macrophytes, Lobelia dortmanna L.,
Isoétes lacustris L., Sphagnum denticulatum Brid. and Fontinalis antipyretica Hedw., were studied in 12 soft
water oligohumic lakes which had no inflow of allochtonic DOM and the DOC concentration in the water was
<4.0 mg C dm™ and 13 humic lakes enriched with allochthonous dissolved organic matter (DOM) from drained peat
bogs and ranging in DOC water concentration from 4.1 to 44.0 mg C dm?. The analyses of population disintegra-
tion were conducted basing on characteristics of individuals (size, habitat, fertility) and populations (aggregation
density index, settlement index of the population area). The settlement index of the population area for Lobelia,
Fontinalis, Isoétes, Sphagnum decreased from 8.4 t0 6.2 g d.w. m?2, 4.6 to 0.01 g d.w. m2, 85.4 to <0.001 g d.w. m?
and 39.3 to 7.2 g d.w. m2, respectively. Similar trends were observed in aggregation density. The general pattern of
the disintegration of populations of these species was always similar. It was independent of the source macrophytes
drew resources from or their susceptibility to environmental changes. Individuals began to be eliminated from the
deep and central parts of the population area. The remainder of the populations, which persist in the shallowest,
best-illuminated part of the area, are themselves endangered by disturbances caused by wavy motion. The only po-
pulations of submerged macrophytes which can survive in polyhumic lakes under such conditions are those which
are resistant to disturbances common in the shallow littoral (Lobelia dortmanna, Fontinalis antipyretica).
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INTRODUCTION

Dissolved organic matter (DOM) is a natural factor
which significantly influence environmental conditions in
lakes throughout vast areas of the northern hemisphere
(Wetzel 1983; Curtis 1998). However, humication, i.e. en-
richment with allochthonous DOM, from drained swamps
and bogs has been a common and long-term form of anth-
ropogenic pressure on lakes (in NW Poland for almost 200
years; Szmeja 2000; Bociagg and Szmeja 2001). DOM-rich
waters are discharged into lakes through systems of draina-
ge ditches. Frequent and heavy inputs, especially in spring
and autumn, cause changes in lake water color that range
from yellow to dark brown.

The DOM, which originates from peat bogs, primarily
consists of humic substances (Thurman 1985). Humic sub-
stances (HS) absorb a portion of solar radiation (Frimmel
1994), including UV (Schindler et. al. 1996). They also
acidify the water (Gorham et. al. 1986; Kulberg et. al.
1993) and affect trophic conditions by complexing pho-
sphate ions (Stewart and Wetzel 1983; De Haan 1992),
which, after release, for example by UV radiation, can be
bonded by plants. HS have strong complexing properties,

and, in addition to phosphates, they also bond ammonium
ions and metal cations (Kinniburgh et al. 1996). This re-
sults in the creation of mineral-humic complexes that settle
and change the chemical composition of bottom sediments
and block microelements which are necessary for organi-
sms (Guildford et al. 1987).

In recent years there has been significant interest in stu-
dying the genesis and role of DOM, particularly HS, in la-
ke ecosystems as well as investigating chemical processes
which occur in water and sediments (Hessen and Tranvik
1998; McKnight and Aiken 1998; Keskitalo and Eloranta
1999). Progress in these fields facilitates undertaking detai-
led studies of plants in lakes that are enriched with DOM.
If the effects of lake humication are not identified, protec-
ting these valuable ecosystems will not be fully successful.

Underwater vegetation in lakes is not very resistant to
the pressure resulting from the majority of human activi-
ties, including humication (Szmeja 2000; Bociag and
Szmeja 2001). One reason for this is the structure of aqua-
tic vegetation communities. Underwater vegetation is com-
prised of a small number of species that usually tend to
form single-species aggregations. Therefore, the vegetation
has a synusial structure similar to that observed in other ty-
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pes of ecosystems (Falinski and Venanzoni 1991; Gillet
and Gallandt 1996). However, in no other ecosystem is the
vegetation structure as simple or has as few species as aqu-
atic ecosystems do. The main element of this structure are
dominant aggregations. They have their own rhythm of va-
riations in abundance and density (Szmeja 1994a, b). As
such, they are not only structural, but also functional vege-
tation units. Therefore, the aggregation density and the set-
tlement index of the population area are useful characteri-
stics in the study of the mechanisms of the disintegration of
underwater plants populations that are under anthropogenic
pressure.

It was presumed that since the dominant macrophytes in
soft water lakes have diverse plasticity reaction patterns
and life strategies, in the sense that Grime proposed
(1979), the extinction of species will vary in lakes supplied
with DOM. It is hypothesized that the intensity of popula-
tion collapse in lakes enriched with allochthonous acidic
DOM depends on the degree of habitat transformation, the
location in the littoral of the population area and life strate-
gy of the species. It was also the intention of this paper to
determine whether species with similar weight allocation,
react similarly to increases of acidic DOM in the lakes. Ac-
cording to Stearns (1992), the allocation of resources to the
organs (leaves, shoots and roots), the size of the individual
(weight) and the number of progeny (seeds, spores) are all
characteristics that are used to compare the life histories of
species.

METHODS

The features of individuals and the population structure
of underwater plants were studied in two categories of soft
water, oligotrophic lakes: (1) without a significant contri-
bution of allochthonous DOM; (2) with inputs of DOM
from the drainage of peat-bogs. The study focused on the
habitats, individual plasticity and population structure of
the following four dominants: Isoétes lacustris; Lobelia do-
rtmanna; Sphagnum denticulatum; Fontinalis antipyretica.
The first two species are isoetids, which draw nutritional
substances from the sediments and are characterized by
their own specific allocation of weight to their organs and
with a large percentage of their biomass underground
(Szmeja 1994a, b). The other two species are bryophytes
which draw their nourishment from the water and locate
most of their weight in assimilation surfaces.

Field work was conducted in 25 lakes in the Pomeranian
Region (NW Poland) in July from 1996 to 2002. Popula-
tions in two lake groups were selected for the study. The
first group included 12 oligohumic lakes which had neither
an inflow of allochtonic DOM nor a significant contribu-
tion from surrounding peat bogs and the DOC concentra-
tion in the water was <4.0 mg C dm-. The second group
included 13 humic lakes that received water from peat bogs
through drainage canals. This group was divided into three
categories according to the DOC concentration in the wa-
ter, as follows (Szmeja 2000): a-mesohumic lakes (water
DOC concentration 4.1-8.0 mg C dm™); B-mesohumic
(8.1-16.0 mg C dm3); polyhumic lakes (>16.0 mg C dm).

The habitat conditions, the features of individuals and
the population structure of the dominant species were stu-
died in each lake. The study included the following: size,
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fertility and the allocation of weight in the organs (leaves,
shoots, roots) of the dominant species (with the exception
of Sphagnum denticulatum); species frequency (%); settle-
ment index of the population area (g d.w. m2); aggregation
density index (g d.w. 0.1 m*2).

The size and fertility of generative individuals of Isoétes
and Lobelia and the size of mature individuals of Fontina-
lis were studied. A total of 324 individuals were collected
by randomly selecting 30 individuals from the center of the
population areas of these species. The following was stu-
died in Isoétes: number of leaves in the rosette, leaf length,
number of macro- and microsporangia, number of macro-
spores in the macrosporangia, dry weight of leaves, rhizo-
mes and rhizoids. The studied biometric features of Lobe-
lia included the number of leaves in the rosette, leaf length,
the number of flowers and fruit, the number of seeds in the
fruit, dry weight of leaves, rhizomes and roots. The follo-
wing was studied in Fontinalis: shoot length; weight; the
number of side shoots.

The structures of the populations were studied in a 50
m long area of each population. The width of the study
area depended on the maximum depth at which any domi-
nant occurred. Thus, complete deep range of the population
area (from the upper to the lower population area border)
was taken into consideration. Each study area was divided
into 1 m depth zones. In these zones plant samples were
collected (while diving) from 10 plots of 0.1 m? at 2.5
m intervals. A total of 1837 samples were collected. The
samples were sorted by species, dried at 95°C and then we-
ighed. The samples collected served to determined the fol-
lowing: dominant frequency (F [%]); the limits of its popu-
lation area [m]; settlement index (I [g d.w. m2]); the ag-
gregation density index (I [g d.w. 0.1 m]). Frequency
was calculated using the following formula: F =
(n,/Zn)x100%, where: n, — number of samples in which
the dominant species occurred; n; — total number of sam-
ples. The settlement index was calculated as follows:
Iy = Zm/n,, where: m — biomass of the dominant species in
the sample; n; — total number of samples. ,[Empty” sam-
ples were included in the calculations. The aggregation
density index of the dominant species is the arithmetic ave-
rage of its biomass in the samples it occurred in. This index
was calculated as follows: I = Zm/n, where: m — biomass
of the dominant species in a sample; n — number of sam-
ples with this species.

Samples of surface water, the water directly above the
sediments and the sediments (0-10 cm layer) were collec-
ted in order to describe habitats. The water from directly
above the sediments and the sediment samples were collec-
ted by divers in the littoral at depth increments of 1 m. Sur-
face water samples were used to determine color and DOC.
The color of the water was determined by the comparative
method according to the platinum-cobalt scale. The DOC
concentration in filtered water was determined spectropho-
tometrically by measurements at A = 260 and 330 nm (Mo-
ore 1987). The concentration of DOC was accepted as the
DOM content of the water. Secchi disc visibility was also
determined. The pH, conductivity, calcium concentration
(by titration), total nitrogen and phosphorus content (spec-
trophotometrically according to Clesceri et al. (1989)) were
determined for the filtered samples of water from directly
above the sediments. The pH, redox potential, calcium
content, phosphorus and total nitrogen were determined for
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the sediment samples using the same methods as applied to
the water samples. Additionally, the hydration, organic
matter content and the humic acid concentrations (using
extraction and the determination of oxidable OC following
the modified method of Tiurin according to Gdérniak
(1996)) were also determined.

The hypotheses regarding the significance of the differen-
ces between these features were verified using the ANOVA
variance analysis method. In cases when the assumptions
were not confirmed, the nonparametric Kruskal-Wallis test
(for P<0.05; Kruskal and Wallis 1952) was applied. Corre-
lations between features were studied at P<0.01.

RESULTS

Habitat conditions

The fundamental characteristic of the underwater plants’
habitats in the oligohumic lakes is the low content of DOM
in the water (Table 1). This means that the water is almost
colorless, the littoral is well illuminated and the underwater
vegetation habitats reach depths of up to 12 m. They have
a wide pH range in the layer directly above the sediments
(pH 4.0-7.5; Me = 5.3), their conductivity is low and the
calcium content is very low (in water 1.3-11.6 mg dm,
Me = 3.5). In the shallow parts of the habitats (up to 3
m deep) the soil is mineral, badly hydrated and poor in HS,
what suggests a strong erosion by waves. At depths greater
than 3 m, the bottom is covered by accumulation sediment.
As a result, the sediment is more hydrated and richer in
organic substances, including humic substances.

The meso- and polyhumic lakes have distorted hydrolo-
gic systems in the drainage areas and they are altered by
the inflow of allochtonic DOM from various types of bogs.
The underwater plants’ habitats of meso- and polyhumic
lakes differ primarily from those in oligohumic lakes in
that there are higher concentrations of DOC in their waters
(P<0.05; Table 1). As a result, the water color is stronger
(P<0.001), visibility is worse (P<0.001) and the total nitro-
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gen content is higher (P<0.05). These characteristics are
statistically significantly correlated with the DOC content
in the water (r = 0.92, r = -0.51, r = 0.62; P<0.01, respecti-
vely). In comparison with oligohumic habitats, the conduc-
tivity of the water directly above the sediments is higher
(P<0.05), while the calcium content in the sediments is lo-
wer (P<0.05) and that of nitrogen is higher (P<0.05). The
stronger colored water means that the bottoms of lakes are
more poorly illuminated. This causes the lower habitat bor-
der to shift towards the shallower areas near the shores that
are more disturbed by waves. In mesohumic lakes, this
border is usually located at a depth of 3 m, while in oligo-
humic lakes it is at 9.5 m. The location of the border is
strongly correlated with the DOC content in water (r = -0.7,
P<0.01) and habitat features which are modified by DOM,
such as visibility, water color and nitrogen concentration.
Therefore, meso- and polyhumic habitats are much narro-
wer and are located in the shallow littoral where the soil is
less hydrated and contains less organic matter (P<0.05;
Table 1).

Allocation of weight, plasticity of individuals and popula-
tion structure

ISOETES LACUSTRIS

Isoétes lacustris is an perennial, evergreen plant that an-
chors to the bottom and grows at a vast range of depths in
soft water lakes. In oligohumic lakes, the sporogenous in-
dividual from the center of the population area (depth of 1-
-3 m) is large (0.39£0.1 g d.w.; Fig. 1). Its rosette consists
of many long leaves, and the proportion of the mass of
underground organs (bulbous stem and roots) to abovegro-
und (leaves) is 0.26£0.08. The leaves usually comprise
70% of the individual mass. Every third leaf in the rosette
creates sporangia, and there are almost as many macrospo-
rangia as microsporangia (4.4%1.8 vs 4.0+2.0). There are
71422 macrospores in the macrosporangium.

In meso- and polyhumic lakes, the individuals are smal-
ler and lighter than those in oligohumic ones (Fig. 1): plant

TABLE 1. Features of habitats in oligo-, meso- and polyhumic lakes. n — number of samples, Me — median mean, min.-max — range

Habitats Oligohumic lakes Meso- and Polyhumic lakes
Feature n Mean £ S.D. Me min.-max n Mean + S.D. Me min.-max
Water
Secchi disc [m] 12 5.6£2.0 5 4-11 13 1.6£0.9 1.5 0.5-3.5
Color [mg Pt dm™] 12 5.0+4.8 4.5 0-17 13 125+161 60 13-600
DOC [mg C dm™] 12 2.9+1.25 2.5 1.8-3.9 13 13.5+12.5 8.5 4.7-44.0
pH 115 5.5£1.0 5.3 4-7.5 42 5.4#£1.1 4.5 4.2-7.6
% [pS em'] 115 48.4+15.5 46 26181 42 53.6£13.9 474 36-80
Ca [mg dm™] 115 4.0£2.9 3.5 1.3-11.6 42 4.2+2.6 3.0 1.2-11.5
P, [mg dm] 115 0.1140.04 0.10 0.06-0.23 42 0.13+£0.12 0.10 0.07-0.90
N, [mg dm-3] 115 1.2240.49 1.13 0.46-3.0 42 2.7+1.4 2.5 0.87-6.04
Sediment
pH 115 5.9+£0.5 5.9 4.4-6.9 42 5.840.5 5.8 4.5-6.9
Potential [mV] 115 -116x174 -175 -340-358 42 -159£163 -213 -337-354
Ca[mg gd.w. ] 115 4.3+2.6 3.6 1-16 42 3.2+1.9 2.75 0.4-10.4
P, [mggd.w."] 115 3.79+7.59 0.28 0.03-38.79 42 3.34+6.4 0.27 0.06-26.4
N, [mg g d.w. 1] 115 10.41£8.3 6.7 1.6-32.5 42 14.8+12.7 8.38 3.4-44.5
HS [mg g d.w.'!] 115 38.0+34.6 26.8 1.9-138.7 42 43.2446.2 28.1 1.8-155.8
Hydration [%] 115 52.8+27.6 48 14-95 42 48.1£29.9 335 15-94
Organic matter [%] 115 30.3+28.5 20.3 0.2-90.2 42 19.1£23.2 4.6 0.21-75.7
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weight for polyhumic lakes was 0.12+0.05 g d.w.
(P<0.001), which is related to a reduction in assimilation
area. In samples from oligo- to polyhumic lakes, the num-
ber of leaves in the rosette decreases from 29+7 to 13+4;
this is correlated with an increase of DOC concentration in
water (r = -0.44) and sediment features. However, leaf
length does not change significantly statistically. In indivi-
duals from meso- and polyhumic lakes the ratio of under-
ground to aboveground mass is greater (in oligohumic la-
kes 0.26, in B-mesohumic 0.45; P<0.05). This is correlated
with sediment hydration and the DOC content in water
(r = 0.4). These large differences are caused by a slightly
different allocation of resources. The percentage of the bul-
bous stem to the individual biomass becomes greater and
greater. This may result from the increasing number of
older individuals in the population as the recruitment of
younger ones is halted. In meso- and polyhumic lakes there
are fewer sporogenous individuals, but the share of sporo-

Lake group

Fig. 1. Features of Isoétes lacustris from oligo-
(1), a-meso- (2), B-meso- (3) and polyhumic
lakes (4). Bl — arithmetic mean, I —range.

phyll in the rosette of an average generative individual is
the highest in populations from o-mesohumic lakes
(0.42£0.15 vs 0.28£0.1 in oligohumic lakes, P<0.05). This
results from the greater number of macrosporangia in the
rosettes from individuals in a-mesohumic lakes (6.1£3.5 vs
4.4+1.8, P<0.05) and the probable slower growth rate of
young leaves. In polyhumic lakes (DOC>16 mg C dm™),
the fertility of individuals decreases significantly. Individu-
als which grow in polyhumic lakes, in comparison with
those from B-mesohumic lakes, produce far fewer micro-
sporangia (1.8+1.1 vs 4.9£3.5, P<0.001). Equally strong is
the reduction in the number of macrosporangia (1.2+0.45
vs 4.94£2.6, P<0.001) and in number of macrospores in the
macrosporangium (32.7+7.7 vs 71.4+£22.4; P<0.001).
Isoétes occurs in oligohumic lakes at a high frequency
(73.7£16.8%) and usually grows at depths of up to 5-6 m.
The settlement and aggregation density indexes are high, on
average (85.4+53.8 ¢ d.w. mZand 11.4£12.9 g d.w. 0.1 m?2,
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Fig. 2. Model of changes in Isoétes lacustris populations in lakes ranging
from oligo- (1) to polyhumic (4). Ig — settlement index of the population
area.

respectively); however, they are highly variable at 0.08-
-421.4 g d.w. m?2 and 0.01-66 g d.w. 0.1 m2, respectively.
The following three depth zones can be seen in the popula-
tion area: shallow (0-1 m); central (1-3 m); deep (>5 m).
Frequency is high in the shallow zone (69%), but the indi-
viduals are scattered or they form small aggregations, and
thus Ig and I, have low values at 24.74#31.0 g d.w. m and
4.245.9 g d.w. 0.1 m?2, respectively. The plant is even mo-
re scattered in the deep area (at F of 12% and a Ig of
2.0+2.8 g d.w. m2), while in the central part it forms vast,
dense fields where F, I and I, are very high at 81.2+30.7%,
104.9+108.1 g d.w. m?2 and 14.3+12.7 g d.w. m™2, respecti-
vely (Fig. 2).

The structural population features are significantly trans-
formed in o-meso-, B-meso- and polyhumic lakes. The po-
pulation areas are increasingly narrower and reach depths of
4 m (a-mesohumic lakes), 3 m (-mesohumic) and 1 m (po-
lyhumic lakes). The depth to which Isoétes occurs is stron-
gly correlated with DOC content in the water (r = -0.86), as
well as with water color and visibility (r = -0.66 and -0.70).
As the DOM content increases in these lake types, the fre-
quency of species and settlement index decrease. In oligo-
humic lakes Ig is 85.4+53.8 g d.w. m2, while in polyhumic
lakes it is lower than 0.001 g d.w. m2 (P<0.05). I, also de-
creases; in oligohumic lakes it is 11.4+12.9 g d.w. 0.1 m™2,
while in polyhumic it is 0.46£0.31 g d.w. 0.1 m™
(P<0.001). These differences are especially apparent in the
central part of the population area in mesohumic lakes
where each of the indices has values several ten-fold lower
than in oligohumic lakes. The distribution of the studied
plant also changes. Isoétes occurs in small aggregations in
mesohumic lakes and even in the central part of the area it
does not form fields; it also covers an area several times
smaller that that in oligohumic lakes. Reductions in the
abundance and density of the population are so significant
in polyhumic lakes that it is impossible to distinguish the
shallow, central and deep parts of the area. Plants grow
close to the shore and they are widely scattered (frequency
<10%; Fig. 2).

LOBELIA DORTMANNA

In oligohumic lakes the average generative individual is
large, i.e. heavy (0.29+0.09 g d.w.) and has many leaves
(19.643.8) that are long (4.3t1.4 cm). The allocation of
mass to the underground organs is similar to that in the
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aboveground organs. The leaves constitute 47%, roots
33%, and rhizomes 20% of the individual mass. There are
4.9+1.1 flowers and fruit in the inflorescence. There are
between 117 and 469 seeds in the fruit (Fig. 3).

In a-mesohumic lakes the individuals are of a similar si-
ze to that in oligohumic lakes, and the differences in indi-
vidual mass, numbers of leaves and their length are statisti-
cally insignificant, which differs from the case of Isoétes
lacustris. The further increase of DOM content causes
small changes in the allocation of weight and fertility of in-
dividuals. In polyhumic lakes they are slightly lighter
(0.2240.08 g d. w.) and they have shorter leaves (3.3£1.0
cm). In polyhumic lakes, as compared with those from oli-
gohumic lakes, the ratio of the underground to abovegro-
und parts of individuals is 1.16+0.3 vs 1.23+0.53, the con-
tribution of rhizomes to the individual mass is 12+4% vs
20£8% (P<0.05) and the percentage of roots is greater at
4017% vs 33£6% (P<0.05). The individual fertility decrea-
ses slightly as the DOC concentration increases. In oligo-
humic lakes they produce an average of 4.9t1.1 flowers
and fruit, while in polyhumic lakes it is 3.8£1.6. Additio-
nally, there are fewer seeds in the fruit (194.6£54 vs
302.1+£75; P<0.001). Significant changes in the size and
fertility of individuals occur above 16 mg C dm™ (Fig. 3).

The population areas in oligohumic lakes are located at
depths of 0-2 (3) m and are well illuminated and agitated
by waves. The frequency and settlement index are relative-
ly high, 54.3+28.6% and 6.5£6.4 g d.w. m™2, respectively.
In the shallow part of the area (0-1 m) this plant forms
small aggregations (I = 2.242.0 g d.w. 0.1 m), but in de-
eper waters individuals are more widely scattered.

The range of the population area in mesohumic lakes is
similar to that in oligohumic lakes. In the shallow littoral
(0-1 m) of meso- and polyhumic lakes F, I and I, are simi-
lar to those in the analogous zone of oligohumic lakes. Ho-
wever, F (27.7£17.0% vs 54.3+28.6%; P<0.05) and I
(2.54£2.0 g d.w. m?vs 6.5+6.4 g d.w. m2) are lower throu-
ghout the area; this is caused by the reduction of aggrega-
tions in the deep part of the area. It is not until the DOC
concentration increases above 16 mg C dm in polyhumic
lakes that the population area narrows as its lower border
shifts towards the shore, and in these lakes it reaches dep-
ths of up to 1 m (Fig. 4).

FONTINALIS ANTIPYRETICA

This moss has plagiotropic shoots which do not anchor
in the sediments. In the central part of the population area
in oligohumic lakes shoots are long (21.8£5.5 cm), heavy
(0.08£0.04 g d.w.) and have numerous side shoots
(12.244.9). The shoots of individuals in mesohumic lakes
are shorter (17.614.3 cm), lighter (0.04£0.03 g d.w.;
P<0.05) and less ramate. Individuals from polyhumic lakes
are the longest and heaviest (27.9+£7.05 cm, 0.23+0.17
g d.w.; P<0.05), as well as the most ramate (20.7114.8).
This response was confirmed only for Fontinalis.

The population areas in oligohumic lakes are very broad
and are located at a depth range from O to 12 m. The avera-
ge frequency in the population area is 45.6£16.7%, Iy and
I, are not high (4.6+9.5 g d.w. m? and 0.8+1.5 g d.w.
0.1 m2). In the shallow part of the area (0-3 m) the frequ-
ency and settlement index are low (15.7+£9.3% and
0.16+0.16 g d.w. m2, respectively). Individuals do not
form aggregations and are scattered among the shoots of
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vascular plants, or they are attached to submerged stones
and tree roots. The central part of the population area is
vast (depths 3-8 m) and is inhabited by numerous aggrega-
tions which cover small areas. The aggregation density in-
dex is 1.0£1.6 g d.w. 0.1 m2. The frequency and settle-
ment index are higher in this zone in comparison with the
shallow area (68.8+31.5% and 5.4+6.6 g d.w. m’2), while
in the deepest zone (8-12 m) individuals grow in the grea-
test dispersion (F, I;, and I have the lowest values; Fig. 5).

The population areas in mesohumic lakes are located at
depths from 0 to 6 m. The frequency is lower than in oligo-
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Fig. 4. Model of changes in Lobelia dortmanna populations in lakes ran-
ging from oligo- (1) to polyhumic (4). I — settlement index of the popula-
tion area.

Lake group

(2), B-meso- (3) and polyhumic lakes (4).
M - arithmetic mean, | - range.

humic lakes (26.8+13.3% vs 45.6+16.7%), although I and
I, are higher (8.5£18.3 g d.w. m? and 2.3+6.2 g d.w.
0.1 m2). Due to the narrower area located closer to the
shores, the differences between central and shallow parts of
the population are not very clear. Below the lower popula-
tion area limit dead shoots occur, which are the remains of
old aggregations. The optimum development conditions for
Fontinalis in mesohumic lakes, indicated by the highest
aggregations densities (2.616.5 g d.w. 0.1 m2), were con-
firmed at depths 0-3 m, which were shallower than those in
oligohumic lakes (3-10 m; Fig. 5).

The population areas in polyhumic lakes are located at
depths of 0-0.5 m, i.e. much shallower than in the other la-
kes. The moss plants are scattered (F = 3.3+5.8%) They are
usually attached to submerged tree roots and have no con-
tact with sediments. There are many dead or dying shoots.

SPHAGNUM DENTICULATUM

Sphagnum denticulatum is a perennial plant without ro-
ots which maintains contact with the sediments with the lo-
wer parts of its shoots. The population areas in oligohumic
lakes are located at depths of 0-9 m. They are vast and di-
vided into three zones — shallow, central and deep. In the
shallow area (0-4 m) Sphagnum is scattered (F = 50%) and
grows among shoots of emerged plants. Due to constant di-
sturbances caused by wavy motion and water level varia-
tions in the lake, the settlement index is low (3.8%+8.8
g d.w. m’2). The optimum conditions for population deve-
lopment occur in the central part of the area which is loca-
ted below the thermocline and wave agitation (4-8 m).
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Fig. 5. Model of changes in Fontinalis antipyretica populations in lakes
ranging from oligo- (1) to polyhumic (4). I — settlement index of the po-
pulation area.

Sphagnum denticulatum forms compact and vast fields he-
re. I and I, are very high (156.3£129.4; max. 297.8 g d.w.
m~ and 10.2+12.4, max. 51.4 g d.w. 0.1 m™2, respectively).
In the deep part of the area where the population occurs (8-
-9 m), the aggregations are much smaller and the I index
is low (3.84£2.0 g d.w. m2), although the species frequency
is still very high (Fig. 6).

In a-meso-, B-meso- and polyhumic lakes the population
areas are increasingly narrower and reach depths of 6, 4
and 1 m, respectively. The depth of Sphagnum occurrence
is strongly correlated with the DOC content in the water
(r = -0.84), water color and visibility (r = -0.81 and -0.93).
In mesohumic lakes, the shallow population area (0-1 m) is
inhabited by scattered individuals or very small surface ag-
gregations, which are similar to those in oligohumic lakes.
Significant differences appear in the center of the area
which is in shallower water in the wave disturbance zone.
Instead of vast fields, they form small aggregations compo-
sed of several individuals. Thus, their I and I, are low
(7.248.9 g d.w. m? and 0.9+0.7 g d.w. 0.1 m2). The indi-
viduals that grow in the deepest part of the population area
in a-meso- (3-6 m) and B-mesohumic (2-4 m) lakes have
a decreased vitality and resemble etiolated forms. They
only form small aggregations and are simply the remains
of previously vast fields. Dead shoots are observed below
the lower border of the population area; this is the result of
the lower area border shifting closer to the lake shores. In
polyhumic lakes, the population areas are in very shallow
zones (0-0.5 m). They are narrow and occur only in places
protected from wind. The Ig and I, indexes have low valu-
es (Fig. 6).

DISCUSSION

Organic matter, including humic substances (HS), occur
in the water and sediments of all soft water lakes. Therefo-
re, it is obvious that plants from soft waters, especially do-
minants, have adapted through evolution to moderate con-
centrations of DOM and the environmental conditions cre-
ated by these substances in the water. However, when
DOM are introduced via ditches from drained swamps and
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Fig. 6. Model of changes in Sphagnum denticulatum populations in lakes
ranging from oligo- (1) to polyhumic (4). I — settlement index of the po-
pulation area.

peat-bogs, their concentration in the water is many times
higher than natural levels (often reaching levels that are 30-
50xhigher than normal). This leads to the appearance of
plasticity reaction in the plants and changes in the popula-
tion structure.

The inflow of large amounts of DOM from drained bogs
into lakes causes an increase in water color (Table 1). This
results in increased light absorption. Colloidal complexes
formed by HS scatter light (Wilkinson et al. 1997) and li-
mit the illumination of plant habitats. HS react with water
and sediment components thus reducing their availability
to plants (Jones 1992; Sunda 1994). The sedimentation of
organic matter modifies the sediments and limits the illu-
mination of the habitats. This causes the deepwater popula-
tions of Isoétes lacustris, Sphagnum denticulatum and Fon-
tinalis antipyretica to be “pushed” into shallower habitats
where the substratum is often eroded by waves which ren-
ders it mineral and not very hydrated (Table 1). The resul-
ting changes in the populations are not only due to the high
DOM concentration in the water, insufficient illumination
and changes in the amounts of available resources, but also
to the disturbances which shallowly located population are-
as are effected by. Under such conditions, the features of
habitats, individuals and populations depend on the intensi-
ty and frequency of wavy motion. This causes bottom ero-
sion and the transfer and accumulation of sand (Keddy
1985; Shipley et al. 1989) and leads to habitats becoming
barren. It also usually increases the mortality rate in the po-
pulation, causes generations to rotate faster and influences
a shift in reproduction from generative to vegetative (Szme-
ja 1994a-c).

The dominant species in soft water lakes have various
plasticity reaction patterns and different life strategies
(Murphy et al. 1990). Among these are species with strate-
gy S (Isoétes lacustris), R (Lobelia dortmanna; Szmeja
1994c¢), C (Sphagnum denticulatum) and R-S (Fontinalis
antipyretica). As the DOM concentration and changes in
habitat increase, the size, fertility and allocation of mass in
the organs of individuals begin to change (Figs 1, 3); disin-
tegration of the populations of each species also occurs
(Figs 2, 4-6). The intensity and the effects of this process
vary for different species and depend greatly on life strate-
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gy. The highest number of negative reactions, manifested
by a significant decrease of in size and fertility, was obse-
rved in populations of species with strategy S (Isoétes, Fig.
1), while the fewest were noted for R (Lobelia, Fig. 3) and
R-S (Fontinalis).

Isoétes and Lobelia both belong to the isoetid group of
plant life forms; however, their reaction to disturbances in
shallow habitats differs. Isoétes does not tolerate such con-
ditions, so it becomes smaller, lighter and produces fewer
spores (Fig. 1). These changes are accompanied by a slo-
wer growth rate and individuals development (Szmeja
1994a), which may be a stress reaction to the deficiency of
nutrients (Boston and Adams 1987; Nielsen and Sand-Jen-
sen 1991; Paffen and Roelofs 1991). On the other hand,
Lobelia is well adapted to habitats at high risk of destruc-
tion. Although it is noted that it is smaller and its fertility is
lower (Fig. 3), these changes have a low impact on popula-
tion reproduction since mainly vegetative offspring are cre-
ated under these conditions (Szmeja 1994a, c).

Fontinalis antipyretica reacts differently than the isoe-
tids. It has the longest, narrowest and most ramified shoots
in lakes with high DOM concentrations. According to Bar-
ko and Smart (1986) and Boston et al. (1989), this type of
shoot modification increases the ability of utilizing additio-
nal light portions. It is important to note that Fontinalis in
polyhumic lakes inhabits the submerged roots of shore tre-
es so it has no contact with the sediments. Fontinalis
shows greater range of tolerance to environmental condi-
tions. According to Karttunen and Toivonen (1995), this
moss inhabits waters from oligo- to mesotrophic, from
transparent to turbid, from soft to hard and from acidic to
alkaline (pH 5.7-8.1), and since it creates rhizoids, it also
inhabits streams (Welch 1960; Biehle et. al. 1998) and di-
sturbed habitats in lake littorals. Fontinalis has type of R-
S strategy, and it tolerates light deficiency and strong agita-
tion caused by wavy motion. It is often the only underwa-
ter plant in the polyhumic lakes.

Isoétes lacustris and Lobelia dortmanna draw resources
mainly from the sediments. The allocation of mass in the
underground and aboveground organs in both species is si-
milar in lakes without a supply of acidic DOM (Szmeja
1994a). However, when habitats have been transformed by
inputs of DOM, changes in this characteristic are more evi-
dent in Isoétes than in Lobelia. As the DOM concentrations
rise, the proportion of underground to aboveground mass
increases in Isoétes individuals (P<0.05), while there is no
statistically significant change in Lobelia. Although they
derive resources from the same source, the reactions of
Isoétes and Lobelia are different. Sphagnum denticulatum
and Fontinalis antipyretica draw mineral substances main-
ly from the water (Jaynes and Carpenter 1986) and their
entire biomass is concentrated in the assimilation surface.
Again, although the allocation of mass is similar in these
two types of macrophyte, they react differently to inputs of
DOM. Therefore, it can be surmised that the macrophyte
reaction to increased DOM concentrations and the associa-
ted habitat changes are more dependant on life strategy ra-
ther than the source from which the species draw resources
(sediments or water) and the allocation of mass.

As DOM concentrations rise, the populations of each of
the studied species deteriorate (Figs 2, 4-6). This process
differs slightly in the various species depending on life stra-
tegies. Individuals from Isoétes and Sphagnum populations
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are eliminated throughout the area. This process is the most
intense in the deep and central parts. This lead to narrower
population areas and significant decreases in the frequency
and settlement index throughout the area (Figs 2, 6).

When DOM concentrations are similar, the disintegra-
tion of populations of Fontinalis and Lobelia is smaller
than that of Isoétes and Sphagnum. This is manifested by
a smaller decrease in the settlement and aggregation densi-
ty indexes (Figs 4, 5). In populations of Lobelia only the
area decreases significantly (Fig. 4). Fontinalis can also su-
rvive in the shallow littoral, and in mesohumic lakes the
settlement index is even higher than that in oligohumic la-
kes (Fig. 5). This species can occur in basins with high
DOM concentrations, but it must have a solid substrate
which it can attach to.

The disintegration of the vegetation structure in the eco-
systems of soft water lake results from the strong reduction
in the density of the dominant population. This leads to
a decrease in the number and density of its aggregations.
The increased voids between the aggregations and the gre-
ater contribution of dead plant patches are additional symp-
toms of such processes. The extinction of the dominant can
occur throughout the population area or only at its depth
border, as is the case with Lobelia. The general pattern of
population disintegration is similar for dominants in soft
water lakes and is based on the elimination of individuals
mainly from the deep and central parts of the population
area. The remainder of the populations in the most shallow
and best illuminated part of the area are more exposed to
disturbances. Only plants that are resistant to such distur-
bance (Lobelia, Fontinalis) can survive in such habitats.
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