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We studied the regional ecology of 33 Sphagnum taxa in 37 mires and 141 stands in the
Sudety Mountains, central Europe. Five ecological species groups were distinguished
based on the occurrence of particular species in plant communities and mire stands, and
their distribution patterns along water-chemistry gradients. The ordination analysis (CCA)
suggests that the most important factors affecting Sphagnum species distribution and abun-
dance in the Sudety mires were moss height above the water level, altitude as well as sur-
face-water pH and conductivity. In ombrotrophic bogs, moss height above the water level
was the primary controlling factor. Within minerotrophic mires the distribution of species
was mostly limited by pH, conductivity and Ca concentration in surface water. Sphagnum
lindbergii, S. jensenii, S. warnstorfii and S. compactum were mostly restricted to the higher
elevations from 1405-1430 m a.s.l., whereas S. rubellum, S. palustre and S. fimbriatum
were mainly located at 635-830 m a.s.l.

Introduction Regional ecological studies are needed

because the response of plants may vary within
Mosses of the genus Sphagnum occupy a wide their distribution area. Species may have dif-
variety of habitats, from peatlands, through ferent amplitudes in relation to environmental
margins of lakes, wet meadows, sedge mats, conditions in different parts of their geographic
heaths and forests, moist slopes and sands, distribution as they differently respond to eco-
alpine swards, roadside ditches, to rocks cov-  logical factors under varying climatic conditions
ered by acidic humus and water-dripping cliffs.  (Gignac et al. 1991, Bragazza 1997). These stud-
However, the most important habitats for most  ies were performed mainly in North America
Sphagnum species are bogs, poor fens and inter-  (Vitt and Slack 1975, 1984, Horton et al. 1979,
mediate fens, covering vast surfaces of land in ~ Andrus 1986, Gignac and Vitt 1990, Vitt et al.
boreal and subarctic zones of the northern hemi- 1990, Gignac et al. 1991). In Europe, several
sphere. In these habitats, peat mosses frequently  studies deal specifically with Sphagnum ecol-
dominate all other vegetation, both in respect of  ogy, however few analysed quantitatively effects
area covered and the amount of biomass formed  of water-chemistry gradient on species distribu-
(Vitt 2000, Rydin et al. 2006). tion. These studies are known for the southern
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and western Alps (Gerdol and Bragazza 1994,
Bragazza 1997, 1999, Brusa 2001, Miserere et
al. 2003). Only a few such studies from central
Europe have so far been published (Zechmeister
1995, Dierflen 1983, 2001, Héjek et al. 2002,
2006). Depth to the water table, peat and surface
water chemistry and light are largely responsible
for the local distribution of Sphagnum on mires
(Bragazza 1997, Gignac and Vitt 1990). Gerdol
and Bragazza (1994) have also demonstrated the
local distribution of Sphagnum species along an
elevational gradient. However, the habitat limita-
tions of individual species along local gradients
are generally overshadowed by a more important
factor, i.e. the climate (Gignac 1993).

As compared with other mountain ranges
in Poland, the Sudety Mts. are special in the
number and variety of mires that are dominated
by Sphagnum mosses.

The objective of this investigation was to
analyse the habitat ecology of Sphagnum spe-
cies in mountain mires of the Sudety region.
More specifically, we addressed the following
four questions: (i) What are the most important
ecological gradients affecting Sphagnum species
distribution? (ii) What is the distribution pattern
of Sphagnum species along the trophic mire gra-
dient? (iii) What are the ecological amplitudes
along the surface water-chemistry gradient for
Sphagnum species? (iv) What are the preferences
of Sphagnum taxa with regard to wetness, shade
and altitude?

Material and methods
Study area

The studies were carried out in 37 mires located
in the Polish part of the Sudety Mountains
and the Kotlina Jeleniogérska basin (50°12°—
50°53°N and 15°18°-16°51°E; elevations varies
from 395 to 1430 m a.s.1., Fig. 1). The bedrock
of the Sudety Mts. is mainly acidic, made up pri-
marily of granites, gneiss and crystalline schists
(Kondracki 2009). The average monthly temper-
ature varies between —6.9 and —4.8 °C in January
and from +9.0 to +14.8 °C in July; total annual
precipitation varies between 997 and 1512 mm
(Migata 2005). The considerable variety of cli-
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mate conditions along the altitudinal gradient
results in distinct vegetation belts in the Sudety
Mountains. The montane belts (500-1250 m
a.s.l.) are occupied by secondary spruce mono-
cultures (lower forest belt) and natural spruce
forest in the upper forest belt. The subalpine belt
(up to 1450 m) in the most part is a mosaic of
Sudetic dwarf pine shrubs, matt-grass meadows
and subalpine mires which cover mostly flat and
gently sloping summit plateaus. The alpine belt
extends to 1603 m a.s.1. (Raj 2001).

Study sites

The most distinctive feature of the Sudety
vegetation is the presence of mountain mires
(Wolejko et al. 2005, Wojtufi 2006). Their dis-
tribution is uneven: the majority is found in the
Western Sudety (Fig. 1). In the Eastern Sudety,
one mire occurs: an ombrotrophic bog in the
Snieznik Massif (mire 1). In the Central Sudety,
the best developed mires occur in the Bystrzy-
ckie Mts. and Stolowe Mts. In the former, it
covers about 230 ha (mire 2) and is a complex
of ombrotrophic part and transitional mire, sur-
rounded by peaty spruce forest of the lower
forest belt (750 m a.s.l.). The mire in the Stotowe
Mountains (mire 3) is situated at the elevation of
715 m a.s.]. and has a surface of ca. 75 ha. Over
most of the area conditions are nearly ombro-
trophic with small, intermediate fen areas at the
mire border. Small transitional mire (10 ha, 395
m a.s.l.), situated in the Kotlina Jeleniogdérska
basin (mire 4), covers waterlogged area in both
meadow and forest complexes. Great diversity
of morphological and hydrological mire types is
found in the Western Sudety. In the lower forest
belt of the Karkonosze mountains, there are sev-
eral small transitional mires (mires 5-7). In the
upper forest belts of the Karkonosze within the
mountain spruce forest there are considerable
areas occupied by transitional mires, which are
soligenous sloping mires (mires 12-14, 16-18,
21, 22 and 24). In the elevated summit plateau
area of the Karkonosze, large complexes of peat
bogs developed, classified as subarctic-subalpine
mires (mires 8—11, 15, 19, 20 and 23). These are
ombro-minerotrophic complexes, in the most
part wooded by mountain pine shrubs (Jenik and
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Fig. 1. Map of the Sudety Mountains showing the main mountain ranges and location of the mires studied (black
dots). The dashed line indicates southern border of the study area.

Soukupova 1992). The majority of mires in the
Izerskie Mts. occur within a mountain spruce
forest belt at the elevation range 800-850 m a.s.l.
They developed in the lower parts of slopes, on
the meadow terraces of the Izera River valley
where ombro-soligenous and soligenous slop-
ing mires prevail. In terms of the current veg-
etation, they are mostly ombrotrophic bogs par-
tially surrounded by transitional mires or fens
(mires 26-28, 30, 32 and 37). In the largest part,
the mire complexes of the Izera River valley
are wooded, either by spruce or by mountain
pine shrubs. Alongside the main Izera River, on
waterlogged and often periodically inundated
terraces, elongated valley fens developed (mires
25,29, 31, 33-36). The flat surface of these fens
is dominated by Sphagnum-sedge vegetation.
Mires and stands were chosen to represent
the widest spectrum of habitats possible and to
include all Sphagnum species present in the area.
Within each of the mires, we selected stands that

we considered as representative units of vegeta-
tion, ecologically uniform and dominated by at
least one Sphagnum species. The number of
stands depended on the complexity and number
of physiognomically distinct assemblages in the
mire and in most cases corresponded to a priori
community types. Thus the open, central part of
a raised bog, its marginal part, with a relatively
dense growth of the dwarf mountain pine, and
the adjacent bog spruce forest were taken as
separate stands. Moreover, in the open part of the
bog, hummocks, moderately wet lawns, hollows
and open waters were also treated separately.
The number of stands present on mire varied
from 1 to 18 (on average 4), with a total of 141
mire stands included in the study. The stands
were defined in the field after a general survey of
the mire. In each stand, the abundance of Sphag-
num species was quantitatively recorded and
nine environmental variables were measured.
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Vegetation sampling

The stands were sampled using a random sam-
pling technique (Slack er al. 1980, Vitt and
Slack 1984). In each stand, a base line was laid
out medially along the long axis of the stand in
a uniform terrain, and squares were placed at
random intervals along the baseline, on an undis-
turbed patch of vegetation. Additional squares
were used to include all Sphagnum species. In
most cases, 1 X 1 m squares were used but these
were modified in size as necessary for hummock
and hollow (25 X 25 cm), mountain pine rush
(2 X2 m) and spruce forest (5 X 5 m) stands.
Variation in plot size does influence ordination
patterns, including CCA and DCA (Otypkova
and Chytry 20006). In general, five squares were
sampled per stand; however, their number varied
from 3 to 16, depending on the extent of the
community. Sphagnum abundance was estimated
visually as percentage cover.

Mire stands were classified into three groups
based on vegetation and hydrology (source of
water supply). Stands of ombrotrophic vegetation
with individual areas dominated by Pinus mugo,
Picea excelsa, Eriophorum vaginatum, Baeo-
thryon caespitosum, Carex limosa and frequently
associated with Oxyccocus palustris, Andromeda
polifolia, Calluna vulgaris, Vaccinium myrtil-
lus, V. vitis-idaea, V. uliginosum, Drosera rotun-
difolia, Polytrichum strictum and Gymnocolea
inflata were designated as group 1. Stands with
vegetation dominated by minerotrophic species
such as Carex rostrata, C. nigra, Eriophorum
angustifolium, Juncus filiformis and Deschamp-
sia caespitosa and influenced by stagnating or
slowly moving groundwater beneath the surface
(in the field recognized by the absence of any
moving water on the surface) were classified
as group 2. All stands influenced by moving
ground water on the surface, either from springs
and others outflows or from streams and brooks,
were classified as separate group 3. The group
3 vegetation, although often dominated by the
above-mentioned minerotrophic species, is char-
acterized by the presence in moderate quantities
of additional species such as Equisetum sylvati-
cum, E. palustre, E. fluviatile, Agrostis canina,
Epilobium palustre, Galium palustre, Comarum
palustre, Montia fontana, Swertia perennis, Stel-
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laria uliginosa, Scirpus sylvaticus, Warnstorfia
sarmentosa and Scapania undulata. Recognition
of the five ecological groups of Sphagnum spe-
cies was based on the occurrence of species in
plant communities and mire stands.

The nomenclature of vascular plants follows
Mirek et al. (2002). Authority names and nomen-
clature of Sphagna in most cases follow Ochyra
et al. (2003). The concept of S. subtile is that of
Andrus (1979). The identity of critical species,
i.e. S. jensenii, was confirmed by K. J. Flatberg
and that of S. subtile by R. E. Andrus. The latter
species, as well as S. capillifolium var. tenerum
and S. cuspidatum var. serrulatum are rarely
present in the literature, especially from Europe.
Therefore, we provide a short description of how
these taxa are distinguished. Sphagnum subtile
combines characters of S. capillifolium and S.
rubellum. Macroscopically it resembles S. capil-
lifolium, however in stem leaf shape, it is similar
to S. rubellum. They differ in leaf border: S.
subtile has a very strong and apically well-devel-
oped border 40-60 ym broad, while in S. rubel-
lum it does not exceed 40 ym. The diagnostic
features S. capillifolium var. tenerum are found
in the stem leaves: they are narrow and elongate,
with the border distinctly denticulate at apex
and have mostly S-shaped hyaline cells in the
upper half of the leaf with elliptic commissural
pores on the outer surface (Andrus 1980, Wojtun
2006). Sphagnum cuspidatum var. serrulatum is
easily identified in the field by its floating habit
and habitat, which is always open water. The
distantly serrulate margin of the leaves of the
divergent branches and outer capitulum branches
serve as the diagnostic character for this taxon
(Crum 1984). This study is one of the first in
Europe that describe ecology of these rare taxa.

Environmental variables and analyses

Surface water samples were collected during the
growing season from natural depressions (pools,
hollows and holes). From among a total of 141
stands, water was obtained for 125 of them. The
water samples were collected into acid-washed
polyethylene bottles; in the field the bottles were
well rinsed with water to be sampled before the
sample was collected. After collection, the sam-



78

ples were refrigerated as soon as possible and
stored in a refrigerator at about 3 °C. Conduc-
tivity and pH were measured in the laboratory
within 1-3 days of sample collection; pH was
measured with an Orion 250A pH meter, and
electrical conductivity (EC) with an N5711 con-
ductivity bridge in non-filtered samples. Control
measurements show that these parameters did
not change significantly in the course of 3 days.
The EC values were corrected to 25 °C and for
H* abundance (Sjors 1950), and are given as cor-
rected conductivity.

After filtration through a 2.7 pym Millipore
filter, the samples were frozen and later ana-
lysed for Ca, Mg, K and Na concentrations with
an inductively coupled argon plasma spectro-
photometer (Varian). All analyses were done in
duplicate. Shade was estimated as the sum of
canopies of all trees and shrubs within a stand.
The height of moss plants above the water sur-
face was determined indirectly by assigning a
sample square to one of the following micro-
topographic categories: 1 = open water, 2 =
hollow, 3 = carpet, 4 = lawn and 5 = hummock
(Chee and Vitt 1989). Indicator species and the
distinguishing criteria of these microtopography
categories follow Malmer (1985). Moss distance
to the water level is affected by year-to-year and
seasonal variation between spring runoff and
summer drought conditions. Moreover, meas-
urements of the water level are also affected
by the rain events prior to sampling. Accurate
water-level measurements would require sam-
pling each study site several times over the year
to record seasonal variation. Because of the dis-
tances between localities and a relatively large
number of sites, only indirect measurements of
depth above the water level were applied as in
several regional studies (Nicholson et al. 1996,
Gignac et al. 1991, plus others cited by Rydin
and Jeglum 2006). The geographical co-ordi-
nates of mires and their altitudes above the sea
level were measured with a GPS Geoexplorer 11
receiver.

Data analysis

Differences in the mean values of chemical vari-
ables between mire-stand groups were evaluated
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by one-way ANOVA followed by a post-hoc
LSD test on log-transformed data to obtain a
normal distribution of features (Zar 1999). Nor-
mality of the analysed data was checked by
means of Shapiro-Wilk’s W test, and the homo-
geneity of variances was checked by means of
Levene’s test. All calculations were done with
Statistica ver. 9.0 (StatSoft Inc.).

A Canonical Correspondence Analysis (CCA)
was used to relate variation in Sphagnum spe-
cies abundances to the environmental variables
(ter Braak 1986, Palmer 1993). This method
of ordination was chosen after a preliminary
DCA analysis of species data which yielded the
long gradient axis (larger than 4 SD), i.e., 19.9
(Lep$ and Smilauer 2003). The CCA analysis
was performed based on a 34 x 141 species-by-
stands matrix. Nine environmental variables were
analysed: pH, EC, Ca, Mg, K and Na in surface
water as well as shade, altitude and height of
mosses above the water level. All Sphagnum
species were included in the computations and
ordination. CCA was used with the following
options: “no transformation of species data”,“no
species and sample-weights specified” and “no
downweighting of rare species”. Forward selec-
tion of explanatory variables was used in order
to find the minimal subset of the best exploratory
variables which account for the species data and
to rank the importance of environmental varia-
bles for determining this data (Leps and Smilauer
2003). The statistical significance of the relation-
ship between the species and the whole set of
environmental variables in a constrained ordina-
tion model was evaluated using the Monte Carlo
permutation test. This test was also used to judge
the statistical significance of each selected vari-
able in a regression model for forward selection.
CCA analysis was computed using the CANOCO
4.5 program (ter Braak and Smilauer 2002).

Results

Trophic groups of mire habitats

Based on the vegetation and hydrology, mire
stands in the Sudety Mts. were generally clas-

sified into three major groups (Table 1). Group
1 consisted of stands characterised by the domi-
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nance of plant communities of the class Oxy-
cocco-Sphagnetea and hollow association of
Caricetum limosae of the class Scheuchzerio-
Caricetea fuscae. These stands were classified
as ombrotrophic. In contrast, all stands charac-
terised by the presence of plant communities
from the class Scheuchzerio-Caricetea fuscae
were generally recognised as minerotrophic,
nourished by mineral soil groundwater. Plant
communities of the stands in group 2 were
dominated solely by Carex rostrata, C. nigra,
Eriophorum angustifolium, Juncus filiformis and
Deschampsia caespitosa. These stands repre-
sented poor-fen vegetation fed with stagnating or
slowly moving groundwater. Stands in group 3
were nourished by moving groundwater and they
were identifiable by the presence of species that
suggest greater minerotrophy as compared with
that in the stands of group 2.

These groups differ significantly with respect
to pH, EC values and cation concentrations, and
increase in Na concentrations is markedly visible
(Table 1). Stands in group 1 had low pH, EC,
Ca, Mg, K and Na values. Their pH and EC did
not exceed 4.2 and 20 uS, respectively. Stands in
group 2 were from poor fens and they had higher
mean values of all the chemical variables as com-
pared with those in group 1. Their pH was as low
as 3.7 and only occasionally slightly exceeded
5.0. Stands in group 3 were from intermediate
fens. Although stands in this group had the high-
est mean values of pH, EC, Ca, Mg, K and Na,
they also showed the largest variation in these
chemical variables of any of the groups in the
Sudety mires. The majority of stands in group
3 had pH values between 5.0 and 6.7; however,
some stands could have pH values as high as 7.1.
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Ecological groups of species

Sphagnum species were classified into five eco-
logical groups based on the occurrence of par-
ticular species in plant communities and mire
stands, and their distribution patterns along
water-chemistry gradients (Fig. 2 and Table 2).

Species of ombrotrophic habitats (group 1)

This group consists of eight taxa occurring nearly
exclusively in raised bogs with only single small
populations found in fens. They occur within a
narrower trophic range and are mostly confined
to water with very low pH (< 4.1) and conductiv-
ity (EC < 16 uS). Calcium concentration in their
sites is mostly below 1.0 mg I-'. With the excep-
tions of S. compactum and S. tenellum, which
prefer lawns, the remaining taxa are found often
(S. rubellum, S. capillifolium var. capillifolium,
S. magellanicum) or exclusively (S. capillifolium
var. tenerum, S. fuscum, S. subtile) on hummocks.

Species of ombrotrophic to poor fen habitats
(group 2)

As compared with Sphagna of group 1, taxa
in this group have a slightly wider range along
water-chemistry gradient. Species in this group
are mostly restricted to habitats with water
with pH not exceeding 4.5, EC values less than
20 uS, and Ca concentration below 1.5 mg 1.
The only exception is S. lindbergii which very
rarely occurs in intermediate fen habitats with
pH values 5.0-5.8. Although these taxa grow in

Table 1. pH, electrical conductivity (EC) and cation concentrations in surface waters collected from the mire stands
in the Sudety Mountains (given are means + SD, n = number of stands per group). Groups with different superscript
letters differ from each other at p < 0.05 (ANOVA and post-hoc LSD test).

Stand group pH EC (uS) Ca (mg ") Mg (mg I") K (mg ) Na (mg I) n

1 4.04 +0.10° 126+3.2® 0.75+0.30*° 0.18+0.072 0.25+0.12® 0.65+0.32® 38

2 435+0.32> 242+7.8° 1.50+0.58° 0.33+0.18" 0.33+0.22° 1.54+0.58° 63

3 575+0.78° 422+219° 3.10+258° 055+0.33° 044+029° 1.97+0.84° 24
ANOVA F2,122 = 139’ F2,122 = 52‘ F2,122 = 28‘ F2,122 = 27’ F2,122 = 6’ F2,122 = 45’
p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001 p<0.002 p < 0.0001
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Sphagnum taxa along the
ombrotrophic—poor-fen—
intermediate-fen gradient
in mires of the Sudety
Mountains. Species are
arranged into ecologi-

0

Frequency

both raised bogs and poor fens, they are most
prominent under ombrotrophic conditions. The
taxa of this group prefer very wet habitats, such
as carpets, hollows and open water.

Species of poor to intermediate fen habitats
(group 3)

This largest group consists of eight species. The
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species of this group are found in quite broad
water-chemistry conditions. Although they occur
mostly within a broad range of pH values (4.1-
5.9) and EC (13-43 uS), they are not found in
ombrotrophic conditions. The only exception is
S. riparium which was very rarely found in such
habitats. These Sphagna occupy moist micro-
habitats, usually within wet carpets. With the
exception of S. fimbriatum and S. subnitens, spe-
cies of this group are very often found in spring
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fens and other groundwater outflows, as well as
along streams and brooks.

Species of intermediate fen habitats (group 4)

These species occupy habitats of the highest
trophy almost exclusively within transitional
mires. As with the species of the previous group,
they often grow along streams and brooks as well
as in spring outflows under a strong influence
of flowing, mineral groundwater. These species
occur over rather a broad pH range (3.8-7.1), but
they are most prominent at a range of 4.8-6.6. At
low pH (less than 4.6) these Sphagna are found
very rarely. However, they are found at a very
broad range of electrical conductivity, from as low
as 19 to about 100 xS, with a wide range of Ca
concentrations, being as low as 0.95 mg 1! and
reaching nearly 10 mg I"'. With the exception of
S. teres, which is widespread and frequent, the
remaining Sphagna are among the rare and very
rare species in the mires studied. The species of
this group prefer wet habitats, such as carpets.

Species of broad ecological amplitude
(group 5)

This group comprises five species. These spe-
cies show a considerable ecological amplitude
in respect to water chemistry conditions. They
are tolerant to acidic, ombrotrophic and poor fen
to less acidic, intermediate fen conditions. The
species of this group occur over a very broad
pH range of 3.7-7.1, EC range of 6.0-98 S and
0.30-9.4 mg 1! of Ca. However, they are most
prominent under low pH (< 5.2) and low cation
concentrations (EC < 40 uS and Ca concentra-
tions < 3.0 mg I"). Two species of this group,
Sphagnum fallax and S. russowii, are the most
abundant and widespread in the Sudety mires.
The species of this group mostly prefer carpets
and lawns, with the exception of S. angustifolium
and S. russowii which also grow on hummocks.

Gradient analysis and species distribution

The CCA was used to determine the main envi-
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ronmental gradients and their effects on the
distribution of the individual Sphagnum species.
The highest eigenvalues were obtained for the
first three CCA axes: 0.60,0.53 and 0.38, respec-
tively. These axes together accounted for 67%
of the variation in the species—environment rela-
tionship. The results of Monte Carlo permuta-
tion tests were highly significant (p = 0.002) for
both the test on the first axis and the test on all
the axes. The species—environment correlations
were also higher for the first three axes (0.87,
0.82 and 0.76). This means that these three axes
are very well correlated with the environmental
data and these variables explain a relatively high
proportion of the species data along each axis.

Based on the intraset correlations, the first
axis is defined by chemical variables of surface
water, particularly by pH, EC and Ca; the second
by the height of moss plants above the water
level; and the third axis by altitude. Shade, Mg,
K and Na are not highly correlated with either
the first or second and third axes. Forward selec-
tion showed that among nine environmental var-
iables, the height above the water level and pH,
followed by altitude and conductivity (having
the highest lA values, i.e. 0.52, 0.51, 0.36 and
0.24, respectively), appear to be the most impor-
tant factors which explain the pattern of species
composition. The effect of Ca, Mg, K and Na
decreases because they are closely correlated
(» <0.001) with EC, as expected.

The distribution of Sphagnum species posi-
tioned around the origo seems not to be limited
by water chemistry parameters. Species, such
as S. fallax, S. girgensohnii, S. angustifolium, S.
russowii and S. papillosum, are found through-
out the water-chemistry gradient (Fig. 3a). These
Sphagna were classified into group 5 as the spe-
cies of a broad trophic amplitude (Fig. 2 and
Table 2). Although S. subnitens and S. riparium
are also ordered amongst these widespread spe-
cies, they have true optima there and are not dis-
tinguished from the species of group 5 (ter Braak
1986). The same may hold for S. lindbergii
which is situated in close proximity to S. fallax
in the CCA ordination diagram. The Sphag-
num species of groups 1 and 2 are arranged
on the negative side of the first axis. These
species are confined to low pH and conductiv-
ity as well as cation values that are associated
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Fig. 3. CCA biplot ordination of Sphagnum species and variables for of the Sudety Mountains. The environmental
variables are denoted by arrows and their abbreviations are: WL = index of the height of moss plants above the
water surface, EC = electrical conductivity, Alt = altitude. Species abbreviations are: ang = angustifolium, bal = bal-
ticum, cap = capillifolium var. capillifolium, cen = centrale, com = compactum, cus = cuspidatum var. cuspidatum,
den = denticulatum, fal = fallax, fim = fimbriatum, fle = flexuosum, fus = fuscum, gir = girgensohnii, inu = inundatum,
jen = jensenii, lin = lindbergii, mag = magellanicum, maj = majus, obt = obtusum, pal = palustre, pap = papillosum,
pla = platyphyllum, rip = riparium, rub = rubellum, rus = russowii, sbn = subnites, sbt = subtile, ser = cuspidatum var.
serrulatum, squ = squarrosum, sub = subsecudum, ten = tenellum, ter = teres, tum = capillifolium var. tenerum, war

= warnstorfii. For ecological groups of species in a see Fig. 2.

with ombrotrophic bog and poor fen habitats
(Table 2). Sphagna having the highest negative
values on the first axis, such as e.g. S. tenellum,
S. rubellum and S. fuscum, were exclusively
found in ombrotrophic habitats. Species having
a somewhat broader trophic amplitude (e.g. S.
balticum, S. cuspidatum and S. majus) which
apart from ombrotrophic bogs were also found
in poor fen habitats, are located closer to the 0
point of axis 1. There is some overlap between
the species of groups 1 and 2. However, Sphagna
of these two groups are dispersed along axis 2,
indicating that they show distinct species pattern
with respect to moisture gradient along this axis.
Species, such as S. capillifolium var. tenerum,
S. fuscum and S. subtile, found exclusively in
the driest habitats, are positioned close to the
negative end of that axis. Sphagnum cuspidatum
var. serrulatum, occurring in the wettest habitats

(floating in water) is located at the opposite end
of axis 2. Intermediate positions on the second
axis are occupied by the species mostly found in
lawns and dry carpets, e.g. S. tenellum, S. papil-
losum and S. angustifolium (Table 2).

The distribution of the Sphagnum species
positioned on the positive side of the first axis
is mostly limited by pH, EC and cation concen-
trations in surface waters. These species cover
a wide portion of the water-chemistry gradient
and are tightly grouped along axis 1. However,
they occur in a relatively narrow range of the
moisture gradient around O on axis 2. This indi-
cates that moisture gradient is not an important
factor limiting the distribution of these species,
as they are mostly found in wet carpets. Spe-
cies of group 4 are located at the right-hand-side
end of axis 1. These Sphagna occured almost
exclusively in intermediate fen habitats (Fig. 2
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and Table 2) having distinctly higher surface
water pH, EC and cation concentrations than
the remaining species in the mires studied. The
exceptions are S. squarrosum and S. teres which
are very rarely found in poor fens, although
within this type of mire they prefer microhabitats
with higher pH. Sphagna of group 3 have inter-
mediate positions in the CCA biplot, between
the species of group 5 and those of group 4. This
indicates that these species, as compared with
those of group 4, are generally found in habitats
having lower pH and EC values. There is some
overlap between groups 4 and 3. Species of the
latter group covered a relatively wide portion of
the minerotrophic part along the water-chemistry
gradient. They are characterised by a quite broad
tolerance of trophic conditions and are found not
only in poor fen, but also extend into intermedi-
ate fen habitats. However, species of this group
differ markedly in their ecological optima of the
water-chemistry gradient. The position of each
species relative to the O point on the first axis can
be used to indicate this difference. Sphagnum
riparium, which was most abundant in poor fen
conditions, is positioned close to the 0 point.
In contrast, S. flexuosum, which was decidedly
more abundant in intermediate fen conditions, is
located far to the right from the O point and close
to the species of group 4.

Sphagnum species of the Sudety mires are
clearly ordered from the bottom to the top of
the ordination diagram along the third axis.
This axis forms an altitudinal gradient (Fig.
3b and Table 2). Species, such as S. lindbergii,
S. warnstorfii, S. jensenii and S. compactum,
positioned at the upper end of the third axis,
were mostly restricted in their occurrence to
mires of the highest zone in the subalpine belt
(1405-1430 m). Three species, namely S. rubel-
lum, S. fimbriatum and S. palustre, are located at
the opposite end of the third axis. This indicates
that they occured mostly at lower elevations, in
the lower forest belt and foothills (635-830 m).
Variation between most of the remaining species
along the third axis exhibits clear tendencies
based on their abundance along the altitudinal
gradient. Thus, S. cuspidatum, S. fallax, S. flexu-
osum, S. papillosum, S. tenellum, S. balticum, S.
magellanicum, S. angustifolium, S. girgensoh-
nii, S. squarrosum and S. riparium are mostly
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grouped on the negative side of the third axis.
These species were most abundant below the
upper forest limit and they became sporadic and
sparse in the highest parts of the subalpine belt.
Sphagnum majus and S. russowii, positioned on
the positive side of axis 3, show the reverse pat-
tern: they were more abundant in mires of the
subalpine belt; however, they became less abun-
dant below the upper forest limit. Less frequent
species, e.g. S. subtile, S. subnitens, S. centrale,
S. obtusum and S. platyphyllum, are difficult to
assess for their altitudinal distribution pattern
due to their rarity.

Discussion
Mire habitats

Sjors (1950) recognised six major vegetation
types correlated with the cation content and
pH of surface waters in the mires of northern
Sweden. These groups and corresponding pH
ranges are as follows: bog or moss (3.7-4.2),
extreme poor fen (3.8-5.0), transitional poor fen
(4.8-5.7), intermediate fen (5.2—6.4), transitional
rich fen (5.8—-over 7.0) and extreme-rich fen
(7.0-8.4). The pH ranges of Sphagnum stand
groups in the Sudety Mts. (Table 1) are well
comparable to Sjors’s mire types. The conform-
ity is particularly apparent for groups 1 and 2
from the Sudety Mts., with bog and extreme
poor fens, respectively. Although Sudety group
3 partly overlaps with transitional poor fen and
intermediate fen, the majority of pH values (as
indicated by lower and upper SD limits) are
within the range of intermediate fens. Similar
variation in chemistry along the bog—fen gradi-
ent with comparable ranges of pH and Ca were
also reported from North America (Rydin and
Jeglum 2006) and other parts of Europe (Tahva-
nainen et al. 2002, Tahvanainen 2004, Héjek et
al. 2006).

Gradient analysis of Sphagnum species
The Sphagnum species in the mires studied dem-

onstrate a variety of distributional patterns, with
ecological amplitudes ranging from narrow to
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broad, showing differences between species in
the utilisation of habitat resources. Species of
group 1 show the narrowest ecological amplitude
of water chemistry variables, particularly pH, EC
and Ca, being restricted mostly to ombrotrophic
stands. Species of group 2 occupy broader ranges
of water-chemistry gradients. This indicates that
these species have slightly wider amplitudes
of trophic conditions. In contrast, species of
groups 3, 4 and 5, all reveal broad ecologi-
cal amplitude along the water-chemistry gradi-
ent. However, they prefer different mire habitats
(Fig. 2). Whereas Sphagna of group 4 are largely
restricted to intermediate fen conditions, species
of group 3 are also found in poor fen habitats.
Sphagna of group 5 are the widest ranging and
they are found throughout the ombrotrophic to
intermediate fen conditions.

It is apparent that the distribution of Sphag-
num species in the Sudety mires is mostly
limited by three environmental factors: habi-
tat moisture, altitude and surface-water chem-
istry (especially pH, electrical conductivity and
calcium concentration). In ombrotrophic bogs,
where Sphagna occur in narrow ranges of water
chemistry parameters, moisture is the primary
factor which controls the occurrence and distri-
bution of species. In minerotrophic mires, where
Sphagna usually occur in a relatively narrow
range of habitat moisture, the distribution of
species is mostly restricted by pH, conductiv-
ity and calcium concentration in water. These
results are similar to those reported from other
mires in Europe and North America. Accord-
ing to Vitt and Slack (1975), Vitt and Bayley
(1984), Malmer (1986), Gignac (1992), Nichol-
son et al. (1996), Bragazza (1999), Tahvanainen
(2004) and Andersen et al. (2011) four principal
environmental gradients control the local dis-
tribution of mire bryophytes: ombrotrophic to
minerotrophic, wet to dry, intensity of shade and
local climate. Pakarinen and Ruuhijérvi (1978),
Malmer (1985, 1986) and @kland (1990) also
stressed a regional gradient in mire vegetation.
However, several studies have shown that among
these gradients, the ombrotrophic to minero-
trophic and wet to dry are the most important
factors affecting the distribution and abundance
of Sphagnum species in mires (Vitt and Slack
1975, 1984, Vitt et al. 1975, Horton et al. 1979,
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Clymo and Hayward 1982, Andrus 1986, Vitt et
al. 1990, Gignac et al. 1991, Belland and Vitt
1995). The fact that the distribution of bryo-
phytes in bogs is largely affected by factors other
than water and peat chemistry has been reported
by several authors. For example, Bragazza and
Gerdol (1996) and Bragazza (1997, 1999), stud-
ying mires in the southern Alps, found that
in oligotrophic conditions the moisture gradi-
ent is more important than the water-chemistry
gradient in controlling the local distribution of
individual Sphagnum species. Belland and Vitt
(1995) showed that bryophyte vegetation pat-
terns in continental bogs in western Canada are
mainly determined by dryness, shade and, to a
lesser extent, pH. Similarly, Karlin and Bliss
(1984) noted that in mires of central Alberta the
distribution of plant species (including Sphag-
num mosses) in weakly minerotrophic peatlands
results mainly from the peat moisture and biotic
interactions.The data presented by Andrus et
al. (1983), the comprehensive review by Rydin
(1993) and Rydin and Jeglum (2006) also well
illustrate the fact that in ombrotrophic mires
with well-developed microtopography composed
of hummocks (strings, peat mounds), lawns,
hollows (depressions, pools), water table depth
often plays much more important role in the
Sphagnum species distributional pattern, than in
fens, where such microtopography is generally
lacking.

Sphagnum species of the Sudety mires are
clearly ordered along an altitudinal gradient
(Fig. 3b). Sphagnum lindbergii, S. warnstorfii, S.
Jjensenii and S. compactum are mostly restricted
in their occurrence to mires of the subalpine belt.
Gerdol and Bragazza (1994) reported in mires
of the southern Alps that S. compactum and S.
warnstorfii are the only species whose preva-
lence increases with increasing elevation. Simi-
larly, in the Swiss Alps, Feldmayer-Christe et al.
(2001) stated that these two species mainly occur
in the subalpine zone. However, S. compactum
cannot be regarded as a mountain species, being
common and widespread in lowland Europe
(Daniels and Eddy 1985). In contrast, S. warn-
storfii is more abundant in lowland and moun-
tains of northern parts of Europe (subarctis and
northern boreal zones), but further south, in cen-
tral Europe it is mostly restricted to mountains
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(Daniels and Eddy 1985, Hill et al. 1992). Three
species of the Sudety mires, namely S. rubellum,
S. fimbriatum and S. palustre, are located at the
opposite end of the altitudinal gradient. This
indicates that they occur mostly at lower eleva-
tions, in the lower forest belt and foothills. These
species are also reported to occur mostly in
the mountain belts below the upper forest limit
in other European mountains (Gerdol and Bra-
gazza 1994, DierBen 2001, Feldmayer-Christe
et al. 2001). Variation between most of the
remaining species along the third axis exhibits
clear tendencies based on their abundance along
the altitudinal gradient. Thus, S. cuspidatum, S.
fallax, S. flexuosum, S. papillosum, S. tenellum,
S. magellanicum, S. balticum, S. angustifolium,
S. girgensohnii, S. squarrosum and S. riparium
are mostly grouped on the negative side of the
third axis. These species are most abundant
below the upper forest limit and they become
sporadic and sparse in the highest parts of the
subalpine belt. Sphagnum majus and S. russowii,
positioned on the positive side of axis 3, show
the reverse pattern: they are more abundant in
mires of the subalpine belt, and they become
less abundant below the upper forest limit. In
mires of the Swiss Alps, Feldmayer-Christe et
al. (2001) found that S. cuspidatum, S. fallax, S.
flexuosum, S. papillosum and S. magellanicum
show a somewhat limited altitudinal amplitude
with half of the observations restricted to a range
of about 400 m a.s.1.

However, as noted above, Sphagnum species
composition in bogs differs regionally and most
important are the differences between continen-
tal and oceanic areas (Pakarinen and Ruuhijérvi
1978, Malmer 1985, 1986, Rydin 1993). This
is most apparent in the species sequence along
a moisture gradient. In Canada, Horton et al.
(1979) showed that the oceanic hollow-to-hum-
mock sequence is S. cuspidatum to S. rubellum
to S. papillosum, whereas in more continental
areas of the Caribou Mountains, this Sphagna
sequence is replaced by the following: S. jensenii
to S. angustifolium to S. magellanicum. Similarly,
Malmer (1986) reported that in northwestern
Europe the coastal oceanic hollow—lawn—hum-
mock sequence, S. cuspidatum to S. magellani-
cum and S. papillosum to S. rubellum, is replaced
in continental northeastern and boreal areas by
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the sequence S. lindbergii and S. majus to S. bal-
ticum to S. fuscum. In ombrotrophic bogs of the
Sudety Mts., hollows are dominated by S. cus-
pidatum, S. lindbergii and S. majus; for lawns S.
fallax, S. tenellum, S. compactum, and sometimes
S. papillosum and S. angustifolium are charac-
teristic species, whereas S. rubellum, S. magel-
lanicum, S. angustifolium, S. russowii and S.
fuscum are most often found on hummocks. From
a regional point of view the sequence of Sphagna
in the hollow to hummock series in Sudety bogs
seems to be intermediate between continental and
oceanic areas in Europe.
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