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Abstract: The investigations presented here were carried out in years 2013-14, in a Molinietum caeruleae meadow with inter-
rupted plant cover caused by animal activity (patch I); abandoned Molinietum caeruleae meadows with untouched plant canopy,
dominated by species with considerable height of the above-ground parts (patches I1-VI); as well as the edge (patch VII) and the
interior (patch VIII) of a birch woodlot. The height of standing vegetation and soil moisture increased in subsequent patches,
whereas the light availability at ground level showed inverse tendency. The abundance of Trollius europaeus subpopulations
in all studied patches was rather low. In patch I, juvenile individuals dominated, while in other stands - flowering adults pre-
vailed. The lack of temporal variability in the number of basal leaves observed in patches III, IV, V, VI and VII might be due
to lack of available area necessary for clonal proliferation of ramets, while the increase of basal leaves number in other sites
might suggest unlimited iterative growth. The dimensions of basal leaves in consecutive years were constant in majority of
subpopulations, while they showed strong spatial variability increasing gradually from patch I to patch VII and, subsequently,
decreasing in patch VIII. The substantial dimensions of basal leaves may enable better light capture in sites with great level of
lateral shade, while smaller dimensions in patches located within a woodlot may be due to shade from above created by trees.
Lack of temporal variability and presence of substantial spatial variability in the number and height of generative stems, as
well as flower production might enhance chances for successful pollination in a competitive environment. Significant changes
of follicle number in time and space suggest successful process of pollination in all patches excluding patch VIII. The weak
condition of the ramet clusters in patch I is not compensated by considerable seedling recruitment, whereas the satisfactory
state of the ramet clusters in patches II-VIII may not suffice for the long-term maintenance of populations in colonized areas.
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1. Introduction individuals belong to the group of clonal plants (Ant-

kowiak 1999, 2002) and reproduce via multi-plication of

The European globeflower Trollius europaeus L. (Ra-
nunculaceae) is a perennial species that produces several
basal leaves with lamina consisting of five deeply-cut
lobes. The generative stems bear one or several flowers,
pollinated mainly by bumblebee queens or Chiastocheta
flies (Pellmyr 1992). Mature multiple follicles (con-
taining numerous follicles) open, releasing numerous
passively dispersed seeds that germinate during the fol-
lowing season (Doroszewska 1974; Jaeger & Després
1998; Pigkos-Mirkowa & Mirek 2003). 7. europaeus

the above-ground units and enlargement of below-ground
organs, followed by disintegration of most senile parts.

T. europaeus L. is distributed over central and
northern Europe (Hultén & Fries 1986). According to
Matuszkiewicz (2001), its populations establish across
a wide range of habitats: from shady areas of oak woods
(Potentillo albae-Quercetum) and tall herb communities
(Filipendulo-Geranietum) to moist meadows (Cirsio-
Polygonetum bistortae, Polygono bistortae-Trolietum
europaei, Molinietum caeruleae).
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At the same time, it should be added that, despite the
species large range and occurrence in various habitats,
individual populations are rather small in size. There-
fore, T europaeus presents one of the seven patterns
of rarity of taxa proposed by Rabinowitz (1981) and
Rabinowitz et al. (1986). It is considered one of the
most endangered species in all Europe and is included
in numerous national Red Data Books and on Red Lists
(Curtis & McGough 1988; Benkert & Klemm 1993;
Ingeldg et al. 1993; Moser et al. 2002; Cheffings &
Farrell 2005; Kiraly 2007; Petrova & Vladimirov 2009).
In Poland, T. europaeus is a strictly protected species
(Regulation 2014). Although not included on the Red
List of plants and fungi of Poland (Zarzycki & Szelag
2006), it does appear in numerous regional Red Books
and on Red Lists (Jakubowska-Gabara & Kucharski
1999; Bernacki et al. 2000; Nowak 2002; Glowacki
et al. 2003; Kacki et al. 2003, Jackowiak et al. 2007;
Kope¢ & Michalska-Hejduk 2012).

Heretofore, observations of selected features of
T. europaeus populations have been carried out by
numerous authors (Antkowiak 1999, 2002; Antkowiak
& Maciejewska 1999; Kochanowska & Gamrat 2007,
Jagodzinski et al. 2008; Juskiewicz-Swaczyna et al.
2008; Kostrakiewicz 2009; Muncaciu et al. 2010).
However, despite growing interest in this topic, the
present state of knowledge is still unsatisfactory and
further investigations are badly needed. In particular,
observations carried out on populations inhabiting
diverse habitat conditions may expand existing know-
ledge concerning the status of populations and provide
a basis for effective protection programmes. With this
in mind, investigations were conducted on selected
traits of 7. europaeus subpopulations occurring along
the successional gradient. The specific aim of these
investigations was to assess (1) microenvironmental
conditions in the studied patches; (2) temporal and
spatial variability of the abundance and structure of
subpopulations, the number and size of basal leaves,
and the level of generative reproduction.

2. Material and methods

2.1. The study area

The studies were carried out in Pychowice and
Kostrze districts, on the western border of Krakow,
south of the Vistula River (southern Poland). The re-
search area is located at ca. 210 m a.s.1, on a low flood
terrace of the Vistula, at heights of 3.0-6.0 m. The
water table is 0.2 m below the surface of the ground.
The peaty or clay- and silt-laden soils common in the
Vistula valley are covered by Molinietum caeruleae
patches (Dubiel 2005). The abandonment of traditional
land use over, at least, past dozen years favoured the
encroachment of Phragmites australis and Salix spp.,
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leading to fragmentation of meadows (Dubiel 1991,
1996).

2.2. Patch characteristics

Altogether, investigations were carried out in eight
patches (Fig. 1). Patch I was located in a Molinietum
caeruleae community dominated by small meadow taxa
with procumbent or erect stems not exceeding 30 cm.
Frequently, the above-ground parts of plants had been
damaged by farm animals. Patches I1-VI were situated
in abandoned Molinietum caeruleae meadows with
intact standing vegetation. They were characterised by
different dominants: patch II was dominated by small
meadow taxa; patch III (representing an early stage of
succession) — by shrub willows; patch IV (representing a
medium stage of succession) — by shrub and tree willows
as well as large tussock sedges and grasses; patch V
(representing a medium stage of succession) — by shrub
willows and deciduous trees; patch VI (representing
a late stage of succession) — by large tussock sedges
and grasses, common reeds and deciduous trees. Other
locations were established at the edge (patch VII) and
interior (patch VIII) of a woodlot dominated by birch.
The area of each patch was precisely mapped using
a Garmin GPSMAP 62s handheld navigator. Habitat
conditions were surveyed in all patches on the 21

May 2013, at the midpoint of the flowering of
T. europaeus which lasted that year from the first week
of May to the third week of June. The height of vascular
plants was evaluated on the basis of measurements of
20 randomly chosen stems of different species, per-
formed using a folding tape measure. Light intensity
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Fig. 1. The locality of studied Trolius europaeus populations
Explanations: I — patch of Molinietum caeruleae dominated by small meadow
species, frequently disturbed by trampling and burrowing, I1I-VI — aban-
doned Molinietum caeruleae meadows in different stages of overgrowing,
VII — patch situated at the edge of birch woodlot, VIII — patch situated in
the interior of birch woodlot
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Table 1. The characteristics of habitat conditions in the studied patches of Trollius europaeus L. occurring in: Molinietum caeruleae meadow
dominated by small meadow species, frequently disturbed by trampling and burrowing (patch I), overgrowing Molinietum caeruleae meadows
dominated by species with different height (patches I1-VI), edge (patch VII) and interior (patch VIII) of birch woodlot

Patches
I I 11 v v VI vl VIII

The site area 300 500 1000 1200 1000 1500 500 1200
(m?)
No. of 35 43 29 26 21 17 19 18
species in
patch
Dominant Lychnis Centaurea Salix Salix Salix Phragmites Betula Betula
species flos-cuculi,  jacea, repens ssp. repens Ssp. cinerea, australis, pendula, pendula,
(cover > Lotus Gladiolus rosmarinifolia  rosmarinifolia ~ Populus Molinia Populus Acer
20%) corniculatus  imbricatus, Filipendula tremula caerulea, tremula, platanoides,

Sanguisorba ulmaria Deschampsia  Salix Fraximus

officinalis caespitosa cinerea excelsior
Subdominant  Lathyrus Polygonum Iris sibirica, Salix cinerea,  Phragmites  Betula Molinia Sambucus
species pratensis, bistorta, Carex Molinia australis pendula caerulaea, nigra,
(cover Briza media  Iris sibirica  gracilis, caerulaea, Sambucus ~ Acer
5-20%) Betonica Deschampsia nigra, negundo

officinalis caespitosa

was estimated on the basis of 20 measurements taken
randomly at the soil level. Light intensity was examined
between the hours of 10.00 a.m. and 12.00 noon with a
Roline RO-1332 digital light meter (accuracy +/—5% +
10 digits; measuring range 0.01-200,000 1x). Humidity
at ground level was evaluated on the basis of 20 meas-
urements taken randomly using a hand-held BIOWIN
071505 soil moisture sensor (measuring range 1-10).
Site conditions in individual patches are summarised
in Table 1.

2.3. Population characteristics

The studies were conducted in 2013-14. The indi-
vidual and the ramet cluster were adopted as the basic
demographic units. An individual (genet) is a plant
emerging from a single zygote. The terms ‘individual’
and ‘genet’ are used in association with the juvenile
stage, since only at this stage can it be established with
certainty that it has developed from a zygote. The term
‘ramet cluster’, understood as an integral group of ba-
sal leaves or/and generative stems, is applied to plants
representing later developmental stages (vegetative
and generative). A ramet cluster may be either a genet
or a group of independent units emerging as a result of
genet fragmentation. The field studies were conducted
between 1 May and 15 October 2013 and 7 May and
25 October 2014. In each patch, all individuals and
ramet clusters were inventoried, marked with plastic
tags and assigned to one of the following developmental
stages according to Ziman (1983): juvenile (individual
with two basal leaves), vegetative (ramet cluster with
basal leaves only), generative (ramet cluster with at

least one generative stem). Subsequently, in each adult
ramet cluster, the following traits were counted/meas-
ured: (a) the number of basal leaves, (b) the height of
the petioles of all basal leaves (from ground level to the
beginning of the leaf lamina), (c) the maximal width
of the leaf lamina of all basal leaves, (d) the length of
the central leaf lobe of all basal leaves, (e) the number
of generative stems, (f) the height of all generative
stems (from ground level to the perianth segments of
the uppermost flower), (g) the number of flowers on
each generative stem. Then, the number of follicles was
determined in each of 20 randomly chosen multiple
follicles. The height of petioles was measured using
the folding tape measure, while the dimensions of leaf
lamina were measured using a Lux Tools Comfort
digital caliper (accuracy +/— 0.01; measuring range
0.1-150 mm).

2.4. Statistical analyses

The chi-square statistic was applied to test whether
significant differences existed among sites in terms of
the percentage of individuals/ramet clusters represent-
ing different developmental stages. Normal distribu-
tion of the untransformed data of each studied trait in
an individual sample (from particular patch and year)
was tested using the Kolmogorov-Smirnov test, while
variance homogeneity was tested using the Levene
test at the significance level of p<0.05. As the values
of individual characteristics in some groups were not
consistent with normal distribution and the variance was
not homogeneous, the non-parametric Kruskal-Wallis
test and post-hoc test were used to check the significance
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Table 2. The habitat conditions in the studied patches of Trollius europaeus L. occurring in: Molinietum caeruleae meadow dominated by
small meadow species, frequently disturbed by trampling and burrowing (patch I), overgrowing Molinietum caeruleae meadows dominated
by species with different height (patches II-VI), edge (patch VII) and interior (patch VIII) of birch woodlot

Patch the Kruskal-
Wallis H test
I i 1 v % VI VIl vir  (@f= 7, N=160),
p value
vascular plant 18.15 26.6 57.8 61.55 75.45 86.85 2207  300.15 125.65
height [em] (3.7) (7.2) (1350 (1500  (21.6)  (23.8)  (42.8)  (78.6) »=0.00001
£ —  soil humidity 52 5.45 575 5.8 6.65 6.6 7.55 6.5 48.09
g % (range 1-10) 2.8) (1.8) 2.5) (3.1) 2.7) (1.9) (3.0) 2.4) £=0.0005
£ £ lightintensity 101,100 95400 78,400 78,500 59,500 54,500 29,400 5,300 83.14
at soil level (45,780)  (32,970) (24,500) (18,650) (32,890) (25,230) (9,560) (2,120)  p=0.00003
[1x]

Explanations: the mean soil humidity, 1-3 (dry), 4-7 (moist), 8-10 (wet)

of differences between patches in microenvironmental
conditions (standing vegetation height, soil moisture
and light availability) and individual traits (number
of basal leaves and generative stems, the height of the
petioles of basal leaves, the width and length of the
central leaf lobe of basal leaves, the number of flowers
in each generative stem and the number of follicles in
multifollicles). All statistical analyses were performed
using STATISTICA 10 software.

3. Results

3.1. Habitat conditions in studied patches

The height of standing vegetation increased signifi-
cantly (H=125.65, p=0.00001) from patches I to VIIIL.
The soil moisture increased remarkably from patches
I to VII, while in patch VIII, the ground humidity di-
minished moderately (H=48.09, p=0.0005). The light
availability at ground level decreased substantially
(H=83.14, p=0.00003) across consecutive sites (Table
2).

3.2. Temporal and spatial variability of abundance
and developmental structure of subpopulations

The number of ramet clusters and individuals per
patch and per 1m? showed temporal variability only in
patch I. Throughout the study period, the greatest values
of abundance were presented by the subpopulation loca-
ted in patch I, while in other patches they were much
lower (Table 3). The structure of developmental stages
did not show temporal variability in all subpopulations
(Fig. 2). In two consecutive, years in patch I, juveniles
dominated, while in other stands — flowering adults
prevailed ()?,,,=508.8, df=12, p<0.001; >, ,=458.2,
df=14, p<0.001).

3.3. Temporal and spatial variability of number and
dimensions of basal leaves

The number of basal leaves did not show temporal
variability in patches III, IV, V, VI and VII (U=20.5-
120.0, p=0.08-0.5), but increased significantly in 2014
in patches I, I, and VIII (U=0.5-23.0, p=0.03-0.0001)
(Table 4). The height of petioles did not show temporal
variability in all patches (U=-1.22-2.27, p=0.06-0.78).

Table 3. The number of ramet clusters and individuals of Trollius europaeus in the patches occurring in: Molinietum caeruleae meadow
dominated by small meadow species, frequently disturbed by trampling and burrowing (patch I), abandoned Molinietum caeruleae meadows
in different stages of overgrowing (patches II-VI), and on the edge (patch VII) and in the interior (patch VIII) of birch woodlot

Patch
I II 111 v \% VI VII VIII
No. of ramet clusters 2013 23 6 9 12 18 20 11 17
and individuals per patch 2014 21 6 9 12 18 20 1 17

2013 0.08 0.01
2014 0.07 0.01

No. of ramet clusters
and individuals per 1 m?

0.009  0.01 0.02 0.01 0.02 0.01
0.009  0.01 0.02 0.01 0.02 0.01
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Fig. 2. The of developmental stages of studied populations of Trollius
europaeus L. occuring in: Molinietum caeruleae meadow dominated
by small meadow species, frequently disturbed by trampling and
burrowing (I), abandoned Molinietum caeruleae meadows in differ-
ent stages of overgrowing (II-VI), and at the edge (VII) and in the
interior (VIII) of birch woodlot in the years 2013-2014
Explanations: the Y axis depicts developmental stages: J — juvenile, V —
vegetative and G —generative; the X axis depicts the percentage of ramet
clusters in individual stages

The width of lamina of basal leaves in consecutive
seasons was similar in patches I, II, IV, V and VI
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(U=-1.89-1.69, p=0.06-0.23), whereas it decreased
remarkably in patches III, VII and VIII (U =4.11,
p=0.0004; U, =2.03, p=0.04, U, =-2.05, p=0.04).
The length of the central leaf lobe of basal leaves was
constant during the entire study period in patches II,
11, 1V, VI, VII and VIII (U=-2.09-1.43, p=0.06-0.96),
while it significantly decreased in 2014 in patches I and
V (U=4.0, p=0.0004; U, =4.84, p=0.00001).

During the two-year period, the number of basal
leaves was much greater in patches I, II, III and IV
than in patches V, VI, VII and VIII (H,,=66.01,
p=0.0005; H, =58.19, p=0.00006). Strong spatial
variability over the entire study period was shown by
the height of the petioles of basal leaves (H,, ,=498.63,
p=0.00;H,,,=740.61, p=0.00), the width of leaf lamina
(H,,,,=383.22, p=0.00; H,, ,=419.08, p=0.00), and
the length of the central lobe (H,,,=227.81, p=0.00,
H,,,,=297.46, p=0.00). These values increased gradu-
ally from patch I to patch VII and then decreased slightly
in patch VIII (Fig. 3).

3.4. Temporal and spatial variability in the number
of generative stems, as well as flower and fruit
production

The number of generative stems in subsequent sea-
sons did not show temporal variability (U=10.5-163.0,
p=0.26-0.91) (Table 5). The similar height of generative
stems among consecutive years was found in patches I,
IV, Vand VII (U=-1.62 to 1.79, p=0.07-0.31). In 2014,
a significant decrease in the height of generative stems
was observed in patch VIII (U=3.78, p=0.0001), while
a remarkable increase was found in patches II, 111 and
VI (U=-5.38 to -3.11, p=0.0003-0.001). The number
of flowers per generative stem did not show temporal
variability (U=-1.69-0.38, p=0.09-0.95). No difference
in the number of follicles per multiple follicle among
consecutive seasons was observed in patches [V and V
(U,=1.37, p=0.16; U =-0.43, p=0.66). A significant
increase in the above-mentioned trait in 2014 was
found in patches I, II, II1, VI, and VII (U=-3.38 t0 -0.43,
p=0.0007-0.03), while a decrease was recorded in patch
VII (U=2.12, p=0.03).

Over the entire study period, the number of genera-
tive stems per ramet cluster showed moderate spatial
variability which was much greater in patch II than in
other patches (U, ,=29.40, p=0.0004; U, ,=24.40,
p=0.0004) (Fig. 4). The mean height of generative
stems increased remarkably from patch I to patch VIII
(U,,,,=195.16, p=0.00; U, ,=185.30, p=0.000). Also,
the number of flowers per generative stem increased
gradually over successive study sites (U,,,=54.49,
p=0.00; U, =26.95, p=0.0004). The number of fol-
licles in multiple follicles increased from patch I to VII,
while in patch VIII it declined moderately (U, .=59.44,
p=0.000;, U, =40.25, p=0.000).

2013
2014
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Table 4. The temporal variability of number and height, lamina width and length of central lamina lobe of basal leaves in populations of
Trollius europaeus L. occurring in: Molinietum caeruleae meadow dominated by small meadow species, frequently disturbed by trampling
and burrowing (patch I), abandoned Molinietum caeruleae meadows in different stages of overgrowing (patches II-VI), and on the edge
(patch VII) and in the interior (patch VIII) of birch woodlot in the years 2013-2014

Patch The mean U Mann- The mean U The mean width U Mann-  The mean length U Mann-
number (+/-SD) ~ Whitney  height (+/-SD) Mann- (+/-SD) of Whitney (+/-SD) of Whitney
of basal leaves test; p of basal leaves =~ Whitney  lamina of basal test; p central leaf lobe test; p
test; p leaves of basal leaves
2013 2014 2013 2014 2013 2014 2013 2014
I 13.0 22.5 6.0; 10.6 10.8 -0.73; 43 42 1.47; 6.2 5.7 4.0;
(3.6) (5.9) p=0.038 (3.6) 2.9  p=0.46 0.7) 0.5) p=0.14 (1.9) (2.3) p=0.0004
nm 122 21.2 0.5; 10.7 11.1 -1.22; 4.7 4.8 -1.89; 6.0 6.2 -2.00;
(2.8) (3.4) p=0.006 (2.8) (1.8)  p=0.22 (0.8) 0.4) p=0.06 (2.1) (1.7 p=0.06
nr 164 224 20.5; 13.3 12.9 1.55; 4.9 4.6 4.11; 6.9 7.0 -1.47;
(3.6) (5.2) p=0.08 3.7 4.6) p=0.11 (0.9) (24) p=0.0004 (2.3) (1.8) p=0.14
v 136 16.1 45.5; 22.7 22.6 0.26; 5.3 5.3 -0.61; 6.9 7.0 -0.04;
(2.6) (4.2) p=0.13 (6.9) (5.8) p=0.78 2.9) 1.7 p=0.23 (1.3) (2.5) p=0.96
\Y% 4.4 5.6 120.0; 17.9 16.1 2.27; 6.4 6.3 1.56; 7.7 7.3 4.84;
0.7) 1.7) p=0.18 (3.8) .1y  p=0.06 2.4) (2.8) p=0.11 (1.8) (2.7)  p=0.00001
VI 4.7 8.5 45.0; 20.2 21.1 -0.73; 6.2 6.1 1.59; 8.3 8.1 1.43;
(1.8) (2.8) p=0.16 (5.3) 6.5 p=045 (2.3) (2.8) p=0.10 (2.4) (2.6) p=0.15
VII 7.5 8.3 50.0; 36.0 352 0.54; 7.6 7.3 2.03; 8.6 8.9 -0.90
2.7 3.7) p=0.5 9.2) 6.3)  p=0.58 2.7 1.7 p=0.04 (2.8) (2.9) p=0.36
VIII 3.5 6.4 23.0; 19.7 19.6 -0.28; 6.9 7.1 -2.05; 7.9 8.2 -2.09;

03)  (1.6) p=0.0001 (3.5) (49) p=077 (29) (1.8) p=0.04  (28) (29)  p=0.06

Explanation: the statistically significant values are underlined
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Fig. 3. The spatial variability of number and height, lamina width and length of a central lamina lobe of basal leaves in populations of 7rol-
lius europaeus L. occurring in: Molinietum caeruleae meadow dominated by small meadow species, frequently disturbed by trampling and
burrowing (patch I), abandoned Molinietum caeruleae meadows in different stages of overgrowing (patches II-VI), and on the edge (patch
VII) and in the interior (patch VIII) of birch woodlot in the years 2013-2014
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Table 5. The temporal variability of number and height of generative stems, number of flowers per generative stem and number of follicles
per multifollicle in populations of Trollius europaeus L. occurring in: Molinietum caeruleae meadow dominated by small meadow species,
frequently disturbed by trampling and burrowing (patch I), abandoned Molinietum caeruleae meadows in different stages of overgrowing
(patches II-VI), and on the edge (patch VII) and in the interior (patch VIII) of birch woodlot in the years 2013-2014

Patch The mean U Mann- The mean U Mann- The mean U Mann- The mean U Mann-
number (+/-SD) ~ Whitney  height (+/-SD) ~ Whitney number (+/-SD) ~ Whitney  number (+/-SD) ~ Whitney
of generative test; p of generative test; p of flowers per test; p of follicles per test; p
stems stems generative stem multifollicle
2013 2014 2013 2014 2013 2014 2013 2014
I 43 5.2 15.0; 10.4 11.3 -1.62; 1.1 1.1 -0.10; 10.6 14.8 -3.38:;
(1.2) 2.1 p=0.68 29 3.9 p=0.10 (0.6) (0.4) p=0.91 2.7 4.7 p=0.0007
I 95 11.3 10.5; 13.4 16.6 -4.13; 1.2 1.2 -0.39; 12.5 14.4 -3.22;
(2.9) (5.2) p=026 (42) (5.1) p=0.0003 (0.6) (0.7) p=0.69  (3.2) (5.9) p=0.001
n 5.8 6.5 21.5; 17.2 22.0 =311 1.2 1.5 -0.95; 6.9 11.2 -2.84;
(1.9) (2.6) p=0.74 (3.5 (6.9 p=0.001 (0.9) (1.1) p=034  (1.3) (3.8) p=0.001
v 27 32 56.5; 229 26.0 -1.00; 1.2 1.3 0.05; 12.5 13.9 -1.37;
(0.8) 0.7) p=087  (5.9) (7.4) p=0.31 (0.4) (0.6) p=0.95 3.7 4.1) p=0.16
vV 18 2.1 130.0; 27.8 30.2 -1.23; 1.2 1.5 -0.77; 14.1 14.5 -0.43;
(0.5) (0.7) p=0.62  (59) (7.9 p=0.21 (0.6) (0.6) p=0.43 (3.8) (4.6) p=0.66
VI 1.5 1.8 163.0; 244 333 -5.38; 1.6 1.5 0.35; 15.1 18.8 -3.35;
(0.8) (0.5) p=0.61 59 (72 p=0.0002  (0.5) (0.6) p=0.72  (5.7) 6.1) p=0.0007
VII 4.6 53 54.0; 47.6 438 1.79; 1.6 1.9 -1.69; 22.4 23.6 -2.10;
(1.2) (1.3) p=0.69 (84 (9.3) p=0.07 0.5) (1.3) p=0.09  (8.3) 8.1) p=0.03
VIII 1.5 1.4 144.5; 45.9 36.5 3.78. 1.9 1.8 0.38; 222 20.3 2.12;

(04)  (08)  p=091 (94) (53) p=0.0001 (0.7)  (0.6)  p=0.79  (5.0) (7.3) p=0.03

Explanation: the statistically significant values are underlined

Year 2013 Year 2014
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Fig. 4. The spatial variability of number and height of generative stems, number of flowers per generative stem and number of follicles
per multifollicle in populations of Trollius europaeus L. occurring in Molinietum caeruleae meadow dominated by small meadow species,
frequently disturbed by trampling and burrowing (patch I), abandoned Molinietum caeruleae meadows in different stages of overgrowing
(patches II-VI), and at the edge (patch VII) and in the interior (patch VIII) of birch woodlot in the years 2013-2014
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4. Discussion

4.1. Habitat conditions in studied patches

The different habitat conditions observed in succes-
sive patches were the consequence of varying species
composition across the successional gradient. The rise
in the mean height of standing vegetation in abandoned
Molinia meadows, a consequence of the successive
encroachment of tall-growing grasses, shrubs and
trees, was observed repeatedly in the course of mea-
dow overgrowth (Michalska-Hejduk & Kope¢ 2012;
Sienkiewicz-Paderewska et al. 2012; Warda et al. 2013).
The height and architecture of dominant species in the
plant canopy influenced light availability at ground
level. The predominance of low-growing rosette taxa
and small-tussock grasses and sedges enabled substan-
tial penetration of light and its considerable availability
at soil level. Light availability diminished gradually in
patches dominated by large-tussock graminoids, shrubs
and trees, and achieved the lowest values in woodlots.
A similar phenomenon was observed in abandoned fens
by Jensen & Schrautzer (1999) and Opdekamp et al.
(2012). The gradual rise in soil moisture in successive
patches observed in the present study may be the result
of the dominance of multi-shoot tall-growing plants
producing substantial amounts of litter, thus becoming
a natural barrier against water evaporation. Such a
scenario was observed previously in Molinia meadows
(Kacki & Michalska-Hejduk 2010; Kulik 2014).

4.2. Abundance and developmental structure
of subpopulations

The substantial frequency of juvenile individuals
in the subpopulation of 7. europaeus established in
patch I in contrast to the other sites may be linked with
recruitment of seedlings in gaps in the plant cover
and litter appearing following trampling and grazing
by animals. The abundant colonisation of openings in
swards by seedlings of 7 europaeus was observed previ-
ously by several authors (Hitchmough 2003; Vandvik
2004; Kochanowska & Gamrat 2007; Kostrakiewicz-
Gieralt 2012). At the same time, it should be pointed
out that the role of disturbances as safe sites for the
recruitment of clonal plant seedlings in meadows was
demonstrated repeatedly (Eriksson 1997; Borkowska
2004; Kostrakiewicz-Gieralt 2014a). On the other hand,
animal activities such as wallowing, trampling and
browsing may lead to uprooting genets of 7. europaeus
or damage to their above-ground parts. This scenario
was observed over a wide range of habitats from mead-
ows and grasslands (Hulme 1994; Edwards & Crawley
1999) through shrublands (Bestelmeyer ef al. 2007) to
forests (Gillman & Ogden 2003; Simonetti ef al. 2007;
Goodale et al. 2014). At the same time, it should be
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added that, due to their poisonous nature (Wink 2009),
seedlings of 7" europaeus may be less prone to becoming
victims of grazing. The non-palatability of other species
of the Ranunculaceae family was shown repeatedly
(Lamoureaux & Bourdot 2007; Lusk ef al. 2009).

Despite the lack of juveniles and low abundance, the
constant number of 7. europaeus ramet clusters observed
in the other patches (II-VIII) throughout the study period
may suggest the ability to persist in successional con-
secutive communities. This phenomenon, possibly due
to multi-shoot architecture, longevity of underground
organs and dual reproductive mode (Falinska 1989a)
was also recorded in populations of other species in-
habiting humid meadows such as Dianthus superbus
(Kostrakiewicz-Gieralt 20014b), Filipendula ulmaria
(Falinska 1989a, 1989b, 1991, 2010), Iris pseudacorus
(Falinska 1991), Lysimachia vulgaris, and Lythrum
salicaria (Falinska 1989a, 1989b).

4.3. Number and dimensions of basal leaves

The lack of temporal variability in the number of
T. europaeus basal leaves observed in patches domi-
nated by strong competitors such as shrub willows,
tall-growing tussock and rhizomatous grasses or trees
may be linked with a lack of available space necessary
for the clonal proliferation of ramets. The increase in
the number of basal leaves at other sites may be due
to the unlimited iterative growth of ramet clusters
growing in the vicinity of small meadow species or situ-
ated at considerable distances from adjacent plants in
woodlot undergrowth. The observed spatial variability
manifested in the lesser production of basal leaves in
overgrown meadows and woodlots is not consistent
with the study of Juskiewicz-Swaczyna et al. (2008),
who recorded an inverse tendency.

The lack of temporal variability and the substantial
spatial variability of the heights of leaf petioles and
dimensions of leaf blades found in several subpopula-
tions of 7. eurapaeus is in accord with observations
carried out in populations of Gladiolus imbricatus
(Kostrakiewicz-Gieralt 2014b). The increasing dimen-
sions of leaf blades of 7. europaeus from patch I to
VII, which may be linked with augmentation of lateral
shade, supports previous studies carried out in natural
(Kostrakiewicz 2009) and laboratory conditions (Klank
et al. 2012). Contrastingly, Kochanowska & Gamrat
(2007) found that petioles achieved greater heights
in mowed patches than in abandoned meadows. The
slight decrease in the dimensions of basal leaves of
T. europaeus noted in patch VIII may be due to full
shade from above created by surrounding trees and
shrubs. The results correspond to those of an experi-
ment conducted by Semchenko et al. (2012) who found
that strong shade hampers growth and development of
several taxa inhabiting temperate grasslands.



4.4. Number and height of generative stems and
flower and fruit production

The lack of temporal variability and the presence of
substantial spatial variability in the number and height
of generative stems as well as the number of flowers
found in many subpopulations of 7. europaeus is in
keeping with observations carried out in populations
of other meadow taxa such as Gladiolus imbricatus
(Kostrakiewicz-Gieratt 2014b) and Dianthus superbus
(Kostrakiewicz-Gieratt 2014c). The large generative
stems and considerable flower production noted in
T. europaeus occurring in overgrown meadows and
woodlots may result in an increase in the visibility of
inflorescences and their attractiveness to pollinators,
while greater fruit production may enhance chances
for the successful dispersal of light seeds. The obtained
results are in opposition to the findings of Kochanowska
& Gamrat (2007). Moreover, a greenhouse experiment
(Scanga 2011) and field observations (Jones & Klemetti
2012; Scanga & Leopold 2012) showed that the per-
formance of the closely-related species Trollius laxus
increased with increasing light levels and decreasing
soil moisture.

The performed observations, showing strong tem-
poral and spatial variability of follicle number, suggest
a successful process of pollination in patches I-VII and
insufficient pollinator visits to patch VIII. Heretofore,
scanty fruit production as a consequence of a lack of
pollinator visits has been observed over a wide spec-
trum of habitats (Klein et al. 2007; Agren et al. 2008;
Thomson 2010). At the same time, it should be pointed
out that even considerable fruit production by ramet
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clusters of 7. europaeus might not assure the increase
of'abundance of subpopulations due to the short period
of seed viability (Milberg 1994).

4.5. Implications for population management

The low level of subpopulation abundance, small
number and dimensions of ramets, and moderate pro-
duction of flowers and infructescences all indicate the
weak condition of the subpopulation occurring in patch
I. Even considerable seedling recruitment does not
guarantee the long-term persistence of a subpopula-
tion in a colonised area. The state of the subpopulation
might be improved by limitation of animal activities
following a period of seedling recruitment. Surround-
ing of the above-mentioned patch from late spring till
autumn using demountable fence seems to be necessary
for maintenance of subpopulation 7. eurapaeus in the
colonized site. The considerable number and height
of basal leaves and generative stems might suggest a
satisfactory condition of the ramet clusters growing in
patches II-VIII; on the other hand, substantial flower
and fruit production might be insufficient to sustain
subpopulations in the occupied sites. Improvement in
the condition of these subpopulations might be achieved
by intermediated, controlled management. The best
solution seems to be artificial, moderate removal of the
plant canopy and litter layer resulting in the appearance
of small gaps which would serve as safe sites for seed-
ling recruitment. The establishment of recruits might
contribute to prolonged maintenance of subpopulations
in the occupied sites.
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