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Abstract. The existence and functioning of spring ecosystems is determined by groundwater seepage or outflow. The water seeping
through the ground surface triggers off the headward and deep erosion processes, which results in the channelled shape of the lowland
rheocrenic springs. Spring areas significantly contribute to the floristic, phytocoenotic and landscape diversity. The literature on the
vegetation cover of lowland spring ecosystems is scarce. Most papers refer to the identification of their flora and plant communities,
less frequently — the relationships between habitat conditions and vegetation. The studies indicate that pH and moisture content are
the main factors determining the composition and species diversity of ecosystems supplied by groundwater.

My study presents a detailed geobotanical analysis performed on one forested spring area (together with an adjacent area) of 0.378
ha, which was divided into 945 study plots — squares with an area of 4 m?. Three zones were distinguished in the studied spring area:
the bottom with a specific mosaic pattern caused by the presence of streams, water seepage sites and mineral islands, the steep slope
and the surrounding area. A detailed map of habitats and the actual vegetation was prepared. A list of vascular plant species was com-
piled for each study plot, based on which maps with the distribution of mean Ellenberg’s indicator values were created. Statistically
significant differences in the variance of Ellenberg’s indicator values between the distinguished zones were demonstrated (ANOVA),
and the correlations between the ecological indicators within a given zone were calculated. CCA analysis of plant communities and
the distinguished zones revealed that the occurrence of e.g. Carici remotae-Fraxinetum and non-forest plant communities of wet and
moist habitats is associated with the bottom of the niche characterised by a high value of Ellenberg’s moisture indicator F. Whereas the
Acer platanoides-Tilia cordata community and the 7ilio-Carpinetum corydaletosum association develop on the slope with high values
of the temperature indicator T. Furthermore, the CCA analysis performed on the plant species and the distinguished zones confirmed
the above results. It has been shown that the species composition and the distribution of plant species and plant communities in the
study area are mainly determined by soil moisture content, but also by light and temperature.

Key words: spring area, species diversity, vegetation diversity, phytoindication analysis, Ellenberg’s indicators.

1. Introduction The presented study relates to a spring ecosystem of

the rheocrenic nature. In this type of springs, water flowing

The existence of spring ecosystems is determined by
groundwater seepage or outflow. They are distinguished
from other ecosystems by e.g. unique vegetation cover.
Most of the springs occur in areas with a dense surface
water network, including mostly mountains and upland ar-
eas, less often — lowlands (Lachacz, 1999; Wotejko, 2000;
Osadowski, 2010; Audorf et al., 2011; Chytry, 2012; Se-
kulova et al., 2012).

from the geological strata creates a watercourse running
off the slope with a relatively strong current. As a result of
water erosion, they often occur in the form of depressions
(niches) with steep slopes and relatively large altitude dif-
ferences over a small area. They are characterised by a mo-
saic structure of the bottom with water seepage sites and
many streams. Such springs occur alone or in groups (Al-
faro & Wallace, 1994; Springer & Stevens, 2009; Wotejko,
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2000). There are not many literature references on the veg-
etation cover of rheocrenic spring ecosystems. More stud-
ies relate to helocrenic sites (where groundwater infiltrates
through the soil layer and creates marshy lands overgrown
with vegetation) located in mountain areas, whereas low-
land ecosystems have been neglected.

Due to specific habitat conditions, spring ecosystems
are refugia of many rare, protected and threatened plant
species, and place where interesting plant communities
occur. They significantly contribute to the floristic, phyto-
coenotic and landscape diversity (Wotejko, 2002; Gawen-
da-Kempczynska, 2005; Hajek et al., 2005; Osadowski &
Zukowska, 2009).

The hitherto published papers on ecosystems are main-
ly related to the identification of their flora and vegeta-
tion (Mass, 1959; Hinterlang, 1992; Herbich, 1994; Zech-
maister & Mucina, 1994; Beierkuhnlein, 1999a, 1999b;
Beierkuhnlein & Schmidt, 1999; Kucharski & Filipiak,
1999; Peintinger & Beierkuhnlein, 1999; Zaluski &
Gawenda, 1999; Woleko, 2000; Kliment et al., 2008; Osa-
dowski, 2008; Sekulova et al., 2011). Physical and chem-
ical characteristics of water and soil are rarely included in
the analysis, and only few papers deal with relationships
between habitat conditions and vegetation cover. The pub-
lications indicate that in addition to the obvious effect of
moisture, pH is the main factor determining the species
composition and diversity of spring ecosystems (Woteko,
2000; Hajek et al., 2002; Hajkova & Hajek, 2003; Hajek
& Hekera, 2004; Strohbach et al., 2009; Zang et al., 2009;
Osadowski, 2010; Kleve et al., 2011; Sekulova et al., 2012)
which appear to be sustainable systems in terms of hydro-
chemical and hydrophysical factors (Hajkova et al., 2004;
Audorf et al., 2009, 2011; Kapfer et al., 2012). In more de-
tailed geobotanical studies of spring ecosystems, transects
of stratigraphic cross-sections or large-scale maps of actu-
al vegetation were presented (Mass, 1959; Wotejko, 1991,
2000; Wotejko et al., 1994; Bohn, 1996; Osadowski, 2000,
2010; Falinski, 2002; Grootjans et al., 2005). Most of the
studies present a comparison of different spring sites, and
only few of them focused on the detailed geobotanical
analysis taking into account the habitat and vegetation di-
versity of a single spring area (Wotejko et al., 1994; Groot-
jans et al., 1999). The spring areas represent ecosystems of
a high nature conservation value and hence require further
detailed studies.

The objective of the present work is to demonstrate the
habitat and vegetation heterogeneity of one spring area and
to determine how the geomorphology and habitat condi-
tions influence the species composition and species distri-
bution in a small forested spring area.

2. Material and methods

The study area is located in NE Poland (Gorzno-Lidzbark

Landscape Park, Brodnica Forest District), in oak-horn-

beam forests with planted pine (Fig. 1). It covers the spring

area (bottom and slope of the niche) and its immediate sur-
roundings — referred to in this paper as zones. The study
area is permanently marked in the field, making it possi-
ble to carry out the monitoring studies (coordinates of the
center of the area: N 53°14°30.67”, E 19°39°48.02”). It has

a shape of a rectangle with dimensions: 70 m x 54 m (3780

m?). The area was divided into 945 squares with a 2 m side.

The squares are the basic study plots (Fig. 2). The size of

the basic study plots (4 m?) results from the prerequisite to

capture the mosaic structure.

Based on the defined network of study plots, detailed
geobotanical studies were carried out. The map of habitats
was compiled, which included:

— water seepage — marshy, strongly hydrated sites with
intensive water seepage and hydrogenic soil with a hu-
mus horizon of large thickness,

— weak water flow — sites with weak, only surface water
flow at a depth of a few millimetres, with a firm, sta-
ble substrate, and well-hydrated hydrogenic soil with
a humus horizon of a very small thickness,

— water flow — streams of flowing water, characterised by
a stable mineral substrate and no humus layer,

— tree islands — mineral elevations in the form of islands
and clumps (clusters) of trees,

— the slope with autogenic soil,

— the immediate surroundings of the spring ecosystem
extending from the edge of the slope, characterised by
the presence of autogenic soil.

The actual vegetation map was compiled based on ho-
mogeneous phytocoenoses (vegetation patches), and plant
communities were identified on the basis of species com-
position of a given phytocoenosis (Zatuski et al., 2004).
Plant communities from the classes A/netea glutinosae and
Querco-Fagetea were identified following W. Matuszkie-
wicz’s classification (2001). Plant communities from the
classes Lemnetea minoris, Phragmitetea australis and
Artemisietea vulgaris were identified based on the paper
by Brzeg and Wojterska (2001). The Cardamino-Alnetum
was identified according to Wotejko (2000), and the Acer
platanoides-Tilia cordata plant community — according to
Jutrzenka-Trzebiatowski (1995).

Detailed lists of vascular plant species in the study plots
of 4 m? were made in 2001. During the fieldwork, the cov-
er of each species was estimated in each plot according to
the three-point scale: 1 — <25%; 2 — 25-50%; 3 — >50%.
Crown projection for trees and shrubs was made on the
grid of squares. Prepared in this way cartogram was used
to determine the cover of tree and shrub species in each
square according to the above three-point cover scale. The
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Figure 1. Location of the object; 1 — forests, 2 — surface waters, 3 — towns and main roads, 4 — railways,
5 — boundary of Gérzno-Lidzbark Landscape Park, 6 — locality of spring area

nomenclature of species was accepted after Mirek et al.
(2002). The affinity with socio-ecological groups was de-
termined for each species (Zechmaister & Mucina, 1994;
Brzeg & Wojterska, 2001; Matuszkiewicz, 2001).

The percentage of each habitat and each plant commu-
nity was calculated (with an accuracy of 1% of the cov-
ered area) for each study plot, based on the prepared maps:
the map of habitats and the map of actual vegetation. For
this purpose, the LabVIEW software was used. The calcu-
lated percentage of habitats and vegetation was used in the
multivariate analysis.

The weighted average of Ellenberg’s indicator val-
ues was calculated for each study plot (Ellenberg et al.,
2001). Light (L), temperature (T), moisture (F), reaction
(R), nutrient availability (N) and continentality (K), where
cover of each species in a given study plot was used as
a weight (Diekmann, 2003). The obtained values were used
to draw maps with the distribution of averaged ecological
indicators. Values of indicators are presented on the maps
in grayscale. The lowest value of an indicator is marked
in white, the highest — in black. In order to demonstrate
the significance of differences between the identified zones
of the spring niche, the analysis of variance ANOVA was

conducted. Correlations of indicators and their statistical
significance inside the zones were calculated (the software
Statistica).

DCA analysis, the result of which was a unimodal dis-
tribution of plant species and plant communities along
gradients, allow to perform Canonical Correspondence
Analysis (Jongman et al., 1995). The CCA analysis (ter
Braak, 1986; ter Braak & Smilauer, 2002) was performed
on the plant species in relation to the type of habitat and
the percentage of plant communities in relation to the type
of habitat.

Only the maximum cover of tree and shrub species was
used in the numerical analysis, regardless of their occur-
rence in vegetation layers.

The median number of vascular species was calculated
for each zone (the surroundings, the slope and the bottom).
Only study plots with >90% cover of a given zone were
included in the calculations.
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Figure 2. Habitat conditions and geomorphology of the forested spring area; A — habitats heterogeneity: 1 — surroundings,

2 —slope, 3 — water seepage, 4 — weak water flow, 5 — water flow, 6 — tree islands, 7 — edge of the slope; B — pro-

files of altitude differences: I — profile along the seepage spring niche (line 19), II — profile across the seepage

spring niche (line K); C — zones of the study area
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3. Results ly distinguishable from the surroundings. Autogenic soils
occur on the slope and in the slightly inclined surroundings
3.1. Habitat conditions of the niche.

Elevation profiles made across and along the spring
Heterogeneity of habitat conditions in the study area is niche (Fig. 2B) indicate a channelled shape of the niche.
presented in Figure 2A. Three zones were distinguished Differences in the relative altitude between the bottom of
based on the geomorphology, the type of soil, substrate and  the niche and the highest point on the edge of the slope is
moisture content: the surroundings, the slope and the bot- more than 8 m.
tom (Fig. 2C). The bottom is characterised by a mosaic of
microhabitats. Habitats affected by groundwater dominate
in the study area, i.e. seeps, streams, places with a low in-
filtration rate and mineral elevations overgrown with clus-  Vegetation of the spring area is very heterogeneous (Fig. 3)
ters of trees. Hydrogenic soil with a relatively thick humus — 14 vegetation units with almost concentric distribution
horizon developed in places of seeps, while autogenic soil ~ were identified. Non-forest communities occur at the bot-
developed on elevations with clusters of trees. The bottom  tom of the niche: Lemnetum trisulcae, rush associations
of the niche is surrounded by a relatively steep slope, clear-  Glycerietum plicato-nemoralis and Cardamino-Beruletum

3.2. Phytosociological and species diversity
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Figure 3. Actual vegetation (Zatuski i in. 2004, changed); 1 — Lemnetum trisulcae, 2 — Glycerietum plicato-nemoralis, 3 — Cardami-

.y
a4

no-Beruletum erecti, 4 — Eupatorietum cannabini, 5 — Alliario-Chaerophylletum temuli, 6 — Rumicetum obtusifolii, 7 — Car-
damino-Alnetum developmental stages, 8 — Ribes nigrum community, 9 — Fraxino-Alnetum, 10 — Carici remotae-Fraxinetum
impoverished form, 11 — Ficario-Ulmetum minoris, 12 — Tilio-Carpinetum typicum form with Pinus sylvestris, 13 — Til-
io-Carpinetum corydaletosum, 14 — Acer platanoides-Tilia cordata community, 15 — stream, 16 — edge of the slope
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Table 1. The share of socio-ecological groups

Socio-ecological group Number of species

Forest species

1 | Querco-Fagetea 38
2 | Rhamno-Prunetea 7
3 | Alnetea glutinosae 4
4 | Vaccinio-Piceetea 3
5| Inne lesne 16

Non-forest species

6 | Artemisietea vulgaris 28
7 | Molinio-Arrhenatheretea 22
8 | Phragmitetea 8
9 | Trifolio-Geranietea 4
10 | Stellarietea mediae 4
11 | Epilobietea angustifolii 2
12 | Lemnetea 2
13 | Scheuchzerio-Caricetea nigrae 1
14 | Montio-Cardaminetea 3
15 | Bidentetea tripartiti 1

Total 143

erecti, the association of tall-herb vegetation Eupatorietum
cannabini and the Ribes nigrum community. They occur in
the complex with Carici remotae-Fraxinetum. Lemnetum
trisulcae occurs in places with a gentle water flow and
a thin humus layer. Glycerietum plicato-nemoralis, Eupa-
torietum cannabini and the Ribes nigrum community form
a mosaic pattern. They occur under the canopy of trees with
accumulated organic matter, near the streams, in marshy
places where groundwater seepage occurs. Developmental
stages of Carici remotae-Fraxinetum dominate in the cen-
tral part of the niche’s bottom. It is a lowland form of this
association characterised by a smaller contribution of mon-
tane species. Characteristic species are represented only by
Carex remota. The plant community covers habitats which
are mosaics of streams, water seepage sites with marshy
substrate and clusters of trees on mineral elevations.
Fraxino-Alnetum develops in the ecotone zone between
the bottom of the niche and the slope, and covers water-
logged places. The Acer platanoides-Tilia cordata commu-
nity and the association Tilio-Carpinetum corydaletosum
grow on the slope. Tilio-Carpinetum and Ficario-Ulmetum
minoris develop around the niche. Ficario-Ulmetum in

the southern part of the area, in the vicinity of seeps and
streams.

Only species of vascular plants were included in this
paper. A total of 143 taxa from 14 phytosociological classes
(Table 1) were identified within the limits of the study area,
including 68 forest taxa. The class of Querco-Fagetea was
represented by the largest number of species (38 species).
Non-forest species were represented by 75 taxa, including
mostly species from the classes Artemisietea vulgaris —
28 species and Molinio-Arrhenatheretea — 22 species. The
class of spring habitat vegetation Montio-Cardaminetea
included only 3 species (Table 1).

The largest number of herbaceous species was found at
the study plots located on the slope — on average 15 taxa,
followed by 14 species identified within the study plots at
the bottom, and 13 species in the surroundings.

3.3. Phytoindication analysis

In the following description, the numbers in parentheses
indicate Ellenberg’s indicator values. Plant species occur-
ring in the study area represent a complete range of the
light indicator L — with single taxa growing in deep shade
(L1) and taxa of full-spectrum light (L9). The tempera-
ture indicator T comprises species from cold (T3) to hot
(T7) habitats, and species with a moderate indicator val-
ue — T5 and T6 — considerably dominate. Taking into ac-
count the soil moisture content F, both species of dry (F4)
and aquatic habitats (F11, F12) occur in the area, with the
dominance of species preferring moderately wet and wet
habitats (F5-F10). There is a high percentage of species
with undetermined preferences for reaction R, but most of
the species are calciphilous (indicator R6-R8). Only sev-
eral species are taxa of acid and moderately acid habitats
(R3-R5). Species preferring moderate and high content of
nitrogen (N4-N8) dominate. Most species are suboceanic
taxa, while continental species (K2-K8) have insignificant
contribution.

The distribution of average indicator values for the
study plots coincides with the outline of the niche bottom,
the slope and the surrounding area, derived from the map-
ping of habitats (Fig. 4). The highest mean value of the
light indicator L (Table 2) was determined at the bottom
of the niche (5.07) and the lowest — on the slope (4.70).
Also the moisture index (F) had the highest values at the
bottom of the niche, i.e. above 6 at most of the study plots.
The highest mean value of the temperature indicator T was
determined for plots located on the slope — 4.21, and the
lowest at the bottom — 3.17. There were small differences
in the reaction indicator R values within the limits of the
spring niche (slope and bottom). The mean value at all
study plots ranges from 4.05 for the slope to 4.21 for the
bottom. Much lower values were obtained for plots situat-
ed in the surroundings of the niche (3.32). The mean value
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Figure 4. Maps of habitat conditions assessed by the averaged ecological indicators; L — light, T — temperature, F — moisture, R — re-
action, N — nutrients, K — continentality
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Table 2. Statistics of Ellenberg’s indicators values in distinguished zones

Ellenberg’s indicators
Zone
L T F R N K
min 3.87 2.53 2.35 1.06 2.96 2.57
max 5.74 5.23 6.31 6.00 7.35 5.00
Surroundings
mean 4.95 3.85 4.13 3.32 5.78 3.62
SD 0.370 0.529 0.780 0.895 0.814 0.425
min 4.00 2.97 2.97 2.08 3.76 2.90
max 5.35 5.53 5.96 5.38 7.25 4.75
Slope
mean 4.70 4.21 4.53 4.05 5.72 3.59
SD 0.261 0.472 0.625 0.524 0.695 0.290
min 3.93 1.33 3.29 2.00 2.50 2.55
max 6.60 5.40 9.08 6.00 6.79 4.26
Bottom
mean 5.07 3.17 6.14 4.21 5.42 3.27
SD 0.523 0.633 0.934 0.626 0.566 0.273

Note. min — minimal value, max — maximal value, mean — mean value, SD — standard deviation, L — light, T — temperature, F — moisture, R — reaction,
N — nutrients, K — continentality

f

Bottom Slope Surroundings

L T F R N K

Figure 5. Mean values of Ellenberg indicators in zones; box — standard error, whisker — standard deviation, L — light,
T — temperature, F — moisture, R — reaction, N — nutrients, K — continentality
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Table 3. Correlations of Ellenberg indicators within zones of the

study area
l?lle{lberg’s L T F R N K
indicators
L 1.000
T | 0.099 | 1.000
E ] F |0.607 |-0.171| 1.000
E R |[-0.248| 0.111 | 0.261 | 1.000
N |[-0.273|-0.330 | -0.007 | 0.304 | 1.000
K [-0.033| 0.266 |-0.155| 0.099 | 0.191 | 1.000
L 1.000
T | 0.310 | 1.000
2 F [-0.252|-0.551 | 1.000
zZ R |[-0.285|-0.256 | 0.520 | 1.000
N |[-0.041(-0.264 | 0.417 | 0.306 | 1.000
K [-0.065| 0.306 |-0.322 | -0.161 | -0.479 | 1.000
L 1.000
éﬁ T |-0.059 | 1.000
S F [-0.612|-0.042 | 1.000
5
= R [-0.512 0.319 | 0.552 | 1.000
Z N |[-0.413] 0.127 | 0.627 | 0.582 | 1.000
K | 0.135 | 0.239 |-0.423 | -0.241 | -0.495 | 1.000

Note. Bold numbers — statistically significat (p<0.05), gray — high values
of correlation coefficients

of the nutrient availability indicator (N) for the surround-
ings of the niche, the slope and the bottom were: 5.78,
5.72, 5.42, respectively. The smallest differences between
the distinguished zones were obtained for the indicator of
continentality. Figure 5 presents averaged Ellenberg’s in-
dicator values for each zone. The bottom is characterised
by the highest values of moisture F, light L and nutrient
availability N. The highest values on the slope were re-
corded for temperature T.

Mean Ellenberg’s indicator values for the study plots
follow the normal distribution (Shapiro-Wilk test). One-
way analysis of variance ANOVA indicates that there are
statistically significant differences in the indicators be-
tween the zones. Based on the post-hoc test (Scheffe test),
it has been proved that Ellenberg’s indicators are statisti-
cally significantly different for each zone, except for con-
tinentality (K) and nutrient availability (N) between the
slope and the surroundings, and the light (L) between the
surroundings and the bottom.

The calculated correlations of averaged within the
zones Ellenberg’s indicators are presented in Table 3. At

the bottom of the niche, the light indicator L is strongly
correlated with the moisture indicator F (0.607). On the
slope, the moisture indicator F is correlated with temper-
ature T (0.551) and reaction R (0.520). In the surrounding
area, the indicator of moisture F is correlated with L, N
and R (correlation: 0.612, 0.627 and 0.552, respectively),
and the indicator R is correlated with L (0.512) and R with
N (0.582).

3.4. Comparative analysis of the vegetation cover
and habitat types

Canonical Correspondence Analysis (CCA) performed for
vascular species and types of habitats is presented in Figure
6. Species of mostly drier habitats (from the classes Arte-
misietea vulgaris and Stelarietea mediae), and grassland
species (from the class Molinio-Arrhenatheretea, including
mostly mesic grasslands from the order Arrhenatheretalia)
are correlated with the surroundings of the niche (Fig 6).
Species from the classes: Querco-Fagetea and Artemisie-
tea vulgaris and other forest species are correlated with the
slope, including mainly: Maianthemum bifolium, Cystop-
teris fragilis, Campanula persicifolia, Listera ovata, Lath-
raea squamaria. Species of wet habitats from the class
Phragmitetea (Scutellaria galericulata, Epilobium roseum,
Carex paniculata, Veronica beccabunga, Scrophullaria
umbrosa, Glyceria nemoralis, Galium palustre and Berula
erecta), the class Alnetea glutinosae (Alnus glutinosa, The-
lypteris palustris, Solanum dulcamar and Ribes nigrum),
the class Lemnetea (Lemna minor and L. trisulca), the class
Montio-Cardaminetea (Cardamine amara, Carex remota,
Chrysosplenium alternifolium) and Scheuchzerio-Carice-
tea nigrae (Epilobium palustre) are placed on the right
side of the diagram. Also species of wet meadows from
the class Molinio-Arrhenatheretea, mainly from the order
Molinietalia were clustered in this part of the diagram, e.g.
Cirsium oleraceum, Scirpus sylvaticus, Myosotis palustris.
The slope and the surroundings are the factors account-
ing for the distribution of species in the ordination space
(correlation with the second axis is -0.88 and 0.82, respec-
tively). Water seepage and water flow have the strongest
correlation with the first axis (correlation 0.77 and 0.64,
respectively). The surrounding is also negatively corre-
lated with the first axis (correlation -0.56). The water flow
is strongly correlated with the third axis (0.85), and the
clusters of trees with the fourth axis (0.9). The ordination
of species clearly indicates that the first axis represents
the increasing moisture gradient. Factors determining the
distribution of species along the second axis are most prob-
ably light and temperature (Table 4). The first CCA axes
account for 85.1% of the variance of species-environment
relations (Table 5).

The Canonical Correspondence Analysis (CCA) carried
out on plant communities and types of habitats (Fig. 7) re-
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Figure 6. CCA ordination diagram of flora and habitat types; 1 — Lemnetea minoris, 2 — Phragmitetea australis, 3 — Mon-
tio-Cardaminetea, 4 — Scheuchzerio-Caricetea nigrae, 5 — Bidentetea tripartiti, 6 — Molinio-Arrhenetheretea, 7 — Ar-
temisietea vulgaris, 8 — Trifolio-Geranietea sanguinei, 9 — Epilobietea angustilolii, 10 — Stellarietea mediae, 11 — Al-
netea glutinosae, 12 — Querco-Fagetea, 13 — Vaccinio-Piceetea, 14 — Rhamno-Prunetea, 15 — other non-forest
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Table 4. Correlation coefficients of share of individual habitat
types with CCA axes for vascular plant species

. Envi. Envi. Envi. Envi.
Habitat types Axl Ax2 Ax3 Ax4
Water flow 0.6350 | 0.1842 | 0.1772 | -0.0453
Weak water 03202 | 0.2200 | 0.8508 | 0.0887

flow

Water seepage 0.7667 | -0.0192 | -0.4214 | -0.3466
Tree islands 0.3544 | -0.0918 | -0.1717 | 0.9040
Slope 203409 | -0.8778 | 0.2708 | -0.1710
Surroundings 0.5546 | 0.8207 | -0.1307 | 0.0207

Table 5. Cumulative percentage variance of species-environ-
ment relations in CCA for vascular plant species

Cumulative | Axjs 1 Axis2 | Axis3 | Axis 4
percentage
variance 70.7 85.1 94.6 98.2

Table 6. Correlation coefficients of share of individual habitat
types with CCA axes for plant communities

Water flow 0.5929 | -0.2037 | 0.1286 | -0.5604
Weak water flow | 0.2837 | -0.1518 | 0.8896 | 0.2965
Water seepage 0.6945 | -0.0908 | -0.4865 | 0.4994
Tree islands 0.4486 | -0.0989 | 0.0233 | -0.2869
Slope -0.2485 | 0.9599 | 0.1123 | -0.0365
Surroundings -0.6978 | -0.7153 | -0.0348 | 0.0012

Table 7. Cumulative percentage variance of species-environ-
ment relations in CCA for plant communities

Cumulative |  Axis 1 Axis 2 Axis 3 Axis 4
percentage
variance 424 70.5 87.5 95.2

vealed three groups of plant communities correlated with
a specific type of habitat. Non-forest communities are cor-
related with habitats characterised by the highest moisture
content (water seepage and water flow): Lemnetum trisul-
cae, Glycerietum plicato-nemoralis, Cardamino-Beruletum
erecti and Eupatorietum cannabini as well as forest and
thicket communities: developmental stages of Cardami-
no-Alnetum, the Ribes nigrum community, Fraxino-Al-
netum and Carici remotae-Fraxinetum. Tilio-Carpinetum
corydaletosum and the Acer platanoides-Tilia cordata
community develop on the slope. Zilio-Carpinetum occur
around the niche. Factors accounting for the distribution of
communities in the diagram are habitat conditions prevail-
ing in the surroundings and on the slope. The correlation
of the vector representing the surrounding area with the
first axis is -0.69 (Table 6) and the correlation between the
vector representing the slope and the second axis is 0.95.
Furthermore, the first axis is correlated with water seepage
(correlation 0.69) and the water flow (correlation 0.59).
The second axis is correlated with the surrounding area
(0.71). The third axis is correlated with reduced water flow
(0.86). Like in the case of species, the distribution of plant
communities in the ordination space is correlated with the
substrate moisture content, which increases from the left
to the right side of the diagram, and with the temperature
and light, which increase towards the lower part of the dia-
gram In the CCA analysis of plant communities and habitat
types, the first axes account for 70,5% of the variance of
species-environment relations (Table 7).

The Monte Carlo permutation test showed that the
habitat heterogeneity significantly affects both the distri-
bution of species and the distribution of plant communities
in the spring area (p < 0.05).

4. Discussion

The diversity and the distribution of species and plant
communities within the limits of the spring ecosystem are
significantly affected by the erosion processes induced by
groundwater seeps, which consequently determines the
geomorphology of the area and contributes to the habitat
heterogeneity. Some plant communities develop in places
of extensive water seepage and accumulation of organic
matter, others in places with the reduced water flow and
sand-gravel substrate (Osadowski, 2010). Specific habitat
conditions develop also on the slope through the erosion
processes.

The averaged values of ecological indicators (L, T, F,
R, N and K) obtained for all plots considerably vary and
follow a zonal arrangement. The zones distinguished as
a result of phytoindication analysis overlap with the outline
of the slope edge and the bottom of the niche as obtained
by field mapping (Figs 2 and 4). Higher values of the light
indicator L in the plots at the bottom of the niche result
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Figure 7. CCA ordination diagram of plant communities and habitat types; Lem.tri. — Lemnetum trisulcae, Gly.pli-nem. — Glyce-
rietum plicato-nemoralis, C-B ere. — Cardamino-Beruletum erecti, Eup.can. — Eupatorietum cannabini, A-Ch tem. —

Alliario-Chaerophylletum temuli, Rum.obt. — Rumicetum obtusifolii, C-A dev.stag. — Cardamino-Alnetum developmental

stages, Ass.Rib.nig. — Ribes nigrum community, F-A — Fraxino-Alnetum, C rem.-F. impov.form. — Carici remotae-Fraxi-

netum impoverished form, F-U min. — Ficario-Ulmetum minoris, T-C typ. with Pin.syl. — Tilio-Carpinetum typicum form

with Pinus sylvestris, T-C cor. — Tilio-Carpinetum corydaletosum, Ass. Ace.pla.-Til.cor. — Acer platanoides-Tilia cordata

community

from the increased amount of sunlight reaching the bottom.
This is connected with the structure of the tree layer and
the undergrowth, which is determined by the existing plac-
es of water seepage and water flow. The layer of trees is
built of single alder trees forming islands. The shrub layer
is characterised by small density. High heterogeneity of

habitats associated with the presence of water seepage is
reflected in a wide range of moisture indicator F values at
the bottom of the niche (from 3.29 to 9.08). Higher values
of this indicator were recorded at the plots dominated by
seeps and streams. Single plots with lower values of the
indicators L and F overlap with the islands of trees. Those
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are places where authogenic soil develops; they are more
shaded by deciduous species and provide habitat for terres-
trial taxa. Non-forest communities develop at the bottom of
the niche at exposed sites. The temperature indicator T had
higher values at plots situated on the slope, which facili-
tates the encroachment of heliophilous and thermophilous
species. This is reflected in high values of the standard
deviation obtained for ecological indicators at the study
plots located at the bottom, which results from highly mo-
saic habitats and the occurrence of species with different
preferences. The slope has the smallest standard deviation
range due to homogeneous habitat conditions.

A total of 143 vascular species were identified in the
study area. Floristic richness of this area results mostly
from habitat heterogeneity. The soil moisture content is the
main factor accounting for the distribution of species. The
highest species richness was observed in the study plots
located on the slope (median — 15 species), the lowest at
the bottom of the niche (median — 13 species). Heliophil-
ous species and species preferring fertile and moderately
wet habitats occur on the slope. This is confirmed by the
research on species richness and species composition along
the moisture gradient (Hettenbergerova et al. 2013) which
shows that the highest species richness occurs on habitats
with average soil moisture content (37-60%). Similarly as
in the spring areas in the Czech Republic, Crepis paludo-
sa, Scirpus sylvaticus and Eupatorium cannabinum occur
in places with the highest moisture content, whereas e.g.
Arrhenatherum elatius, Glechoma hederacea and Veronica
chamaedrys occur at the surrounding sites with much low-
er moisture content (Hettenbergerova et al., 2013).

Characteristic species of the class Montio-Cardamine-
tea occur at the bottom of the niche. Carex remota and
Chrysosplenium alternifolium are associated with places of
water seepage, whereas Cardamine amara shows affinity
with both the seeps and the streams. It follows also from
the study by Osadowski (2010) that the Carex remota and
Chrysosplenium alternifolium occur with higher constan-
cy in communities developing on boggy ground, and Car-
damine amara in communities growing on hard substrate
and in outflows from spring areas.

When comparing the number of species, a total of 447
species of vascular plants were identified in 50 spring are-
as of northern Poland (Osadowski, 2008). The occurrence
of 177 species of vascular plants was determined in the
Swiss Alps at 27 study plots of 16m?, 163 species in the
Carpathians (31 plots), 137 taxa in Bulgaria (20 plots) (Se-
kulova et al., 2012). One of the aspects in the exploration
of mountain spring ecosystems is their species richness in
relation to chemical properties of water and soil. Hajkova
and Hajek (2003) analysed species richness in the West-
ern Carpathians on the plots of varying size ranging from
0.00196 m? to 16 m?. The results of these studies indicate
an increase in the number of species with an increase in

the size of plots, and a high correlation of species richness
with an increase in pH, conductivity, concentration of cal-
cium and magnesium in spring waters. A similar relation-
ship between species richness and mineral resources was
evidenced by Sekulova et al. (2011).

As many as 14 vegetation units were identified in the
study area of ca. 0.4 ha. Ten plant communities from five
phytosociological classes were identified only within the
range of the bottom and the slope.

The distribution of phytocoenoses within the limits of
the study area shows a nearly concentric pattern, which
is related to geomorphology of the spring niche. On the
slopes mostly develops the Acer platanoides-Tilia corda-
ta community, while the bottom is covered with riparian
forest vegetation. Places with a mosaic of streams, seeps
with accumulated organic matter and clumps of trees are
occupied by Carici remotae-Fraxinetum. Fraxino-Alne-
tum grows in wet, sometimes boggy places in the vicinity
of streams. Whereas Cardamino-Alnetum covers habitats
with the accumulated organic matter, often in uplifted plac-
es (Herbich, 1994; Wotejko et al., 1994; Wotejko, 2000;
Gawenda-Kempczynska, 2008).

The comparison of the distribution of temperature indi-
cator values with the map of actual vegetation shows that
the Acer platanoides-Tilia cordata community develops
in the north-western part of the slope with high T values.
This is connected with the south-eastern slope exposure
and is reflected in the presence of thermophilic species. As-
sociations Ficario-Ulmetum minoris and Tilio-Carpinetum
corydaletosum occur at the study plots with the nutrient
availability indicator N above 5. Carici remotae-Fraxine-
tum occurs in the mosaic with clumps of trees and streams,
and thus at places with high values of light L and moisture
F indicators. According to the study by Douda (2008) on
the classification of forest vegetation from moist habitats in
the Czech Republic, there is a correlation between riparian
forests Ficario-Ulmetum campestris and e.g. the indicators
of nutrient availability N, temperature T and reaction R.
Whereas the occurrence of the Carici remotae-Fraxinetum
association in spring ecosystems is correlated with the light
L and moisture F indicators.

Plant communities from the class Montio-Cardamine-
tea were not found in the study area. This is due to the
fact that only vascular plants were included in the analysis,
while bryophytes, although being a significant component
of the associations from this class, were excluded. Further-
more, the literature on the vegetation of lowland spring
ecosystems provides evidence that northern Poland is lo-
cated outside the range of typical spring habitat vegetation
(Wotejko, 2000; Osadowski, 2010), described from moun-
tain regions (Korna§ & Medwecka-Kornas, 1967; Héjek
et al., 2005; Kliment et al., 2008; Sekulova et al., 2011;
Chytry, 2012). Non-forest phytocoenoses, characteristic
of spring ecosystems develop at the bottom of the niche,
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e.g. Glycerietum plicato-nemoralis, Cardamino-Beruletum
erecti and Lemnetum trisulcae. The first one develops in
marshy places with extensive water seepage, the second
one — in streams (Osadowski, 2010).

In the lowland part of Poland, the association Cari-
ci remotae-Fraxinetum is associated with spring ecosys-
tems (Herbich, 1994; Cyzman, 1995; Kepczynski & Cyz-
man, 1995; Jutrzenka-Trzebiatowski & Dziedzic, 1994;
Kucharski & Filipiak, 1999). In the study area, the asso-
ciation occurs in the lowland form, which differs from the
typical form in a smaller contribution of montane species.
No characteristic species, such as Equisetum telmateia and
Rumex sanguineus were found in the study area, while Cir-
caea intermedia occurs with small abundance (Matuszkie-
wicz, 2001).

High richness of plant communities over a relatively
small area has been also reported by other authors. The
presence of 29 syntaxa from 6 vegetation classes was con-
firmed in two spring areas in western Poland (the drainage
basin of the Parsg¢ta River) (Osadowski et al., 2009). In
the report on 122 spring areas in north-western Poland,
Osadowski (2010) describes 13 plant communities from 3
vegetation classes found only in places with groundwater
outflow and seepage. Wotlejko (2000) identified 85 syn-
taxonomic units from 7 classes in 25 lowland spring eco-
systems.

The great importance of natural spring ecosystems is
evidenced by the presence of plant communities recog-
nized as Natura 2000 sites, e.g. Carici remotae-Fraxine-
tum, Ficario-Ulmetum and Tilio-Carpinetum in the study
area (Herbich, 2004; Gawenda-Kempczynska, 2008; Ob-
wieszczenie Ministra Srodowiska, 2014).

The existing literature compares the sites supplied by
groundwater but does not explain the ecological conditions
affecting the distribution of plant communities and plant
species within a spring niche (Beierkuhnlein & Grésle,
1998; Wheeler & Proctor, 2000; Hajek et al., 2002; Hajk-
ova et al., 2004; Audorf et al., 2009; Strohbach et al., 2009;
Audorf et al., 2011). The research on the impact of hydro-
chemical factors on the vegetation cover of spring areas in
Central Europe revealed that the plant species composition
and the plant species diversity are determined in these eco-
systems, besides a moisture, by pH of water (seasonally
stable), which consequently affects the availability of nutri-
ents (Hajek & Hekera, 2004). The research of Osadowski
(2010) on the lowland spring areas confirms that apart
from hydrochemical parameters of the water (the content
of bicarbonates and calcium), also geological structure,
hydrological conditions and land relief affect the hetero-
geneity of the vegetation. In addition to pH, also light is
indicated in the available literature as a factor affecting the
species composition of plant communities in spring areas.
The light is of particular importance in areas located in

forests (Hinterlang, 1992; Beierkuhnlein & Grisle, 1998;
Peintinger & Beierkuhnlein, 1999).

The results presented in this paper indicate that spring
areas are characterised by relatively high heterogeneity of
the habitat, which primarily results from the presence of
groundwater outflows. The seeping water induces erosion
processes and contributes to habitat heterogeneity (e.g. the
slope of the niche, islands of trees, streams). Through their
impact on the moisture, light and temperature, the hydro-
logical and geomorphological conditions affect the specific
flora and vegetation of spring ecosystems.
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