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INTRODUCTION

The role of bryophytes in different ecosystems has often been overlooked. Their
small body size does not always mean inferiority in plant interactions. The
boreal bog is one conspicuous example where dwarfs may become giants. But,
even without their striking biomass accumulation, the influence of bryophytes
in several ecosystems can be remarkable. Well-known is the ability of bryo-
phytes and lichens to inhabit inorganic surfaces as pioneers and promote soil
formation, or cover soils almost immediately after fires, and, by stabilising soil
temperature and moisture regime, make it inhabitable for vascular plants
(Longton 1992). They play an important role in nutrients and water retention in
tundra, forest, and mire ecosystems (Sveinbjérnsson and Oechel 1992, Vitt and
Kuhry 1992, O’Neill 2000), but also in grasslands in winter (van Tooren et al.
1987, 1988). The seed germination and jjuvenile growth of vascular plants can
be enhanced or suppressed by bryophytes (Hein 1966, Keizer et al. 1985,
Zamfir 2000).

Bryophytes form the only habitat for many insects (Gerson 1982). They
provide food for several invertebrates (Longton 1992) and nest material for
many birds (Breil and Moyle 1979). Besides being eaten or out-competed,
bryophytes can be promoted by other organisms. They can be distributed by
animals (Marino 1997, Heinken er al. 2001, Ignatov and Ignatova 2001), and
can be supported with nutrients or shade, and protected through the suppression
of other competitors, by vascular plants (During and Verschuren 1988, Weibull
2001, Levine 1999). The balance of suppression and facilitation between
different groups of organisms depends on numerous environmental factors and
species-specific interactions. Even the terms “suppression” and “facilitation”
have a relative meaning for a species. It is often useful for the existence of a
species if its growth is somehow limited — the development of parasites,
diseases, soil exhaustion etc. is limited then as well.

The maintenance of organism diversity is of ultimate importance for the
maintenance of separate species, as well as for the wellbeing of humans. In the
world of environmental pollution, and destruction and damaging of communi-
ties and species on vast areas, the networks of natural interactions between the
organisms in ecosystems are often broken or distorted, which can enable, for
example, the invasion of alien organisms (Lyons and Schwartz 2001) and can
further damage the ecosystems. Homo sapiens itself can be treated as an alien
organism, which can invade almost every ecosystem. Using the tool that has
enabled humans to suppress all other organisms — the intellect, which is guided
by an inner sympathy, may allow us to stabilise the damaged ecosystems and
may bring us to a world where the coexistence of humans with numerous other
organisms will be enabled for a longer time. For this, an understanding of the
needs and interactions of different organism groups in their natural habitats is



essential. High species diversity that has been maintained by traditional
moderate human activity in seminatural communities, such as grasslands, can
be destroyed by more intensive management if the functioning rules of these
habitats are ignored.

In Estonia, there are still many natural and seminatural communities that are
inhabited by quite a rich flora and fauna in spite of the fact that the area of
primeval forests, mires, and seminatural grasslands has diminished drastically
during last century. This gives a good opportunity to study the structure and
functioning, also the protection and restoration, of the communities still present
here.

I hope that our studies promote just a little the understanding about the
coexistence of different plant groups and have a small impact on the survival of
the diversity of communities and species.

The present work concentrates on the relations of bryophytes and vascular
plants in different communities and in different conditions.

The aims of the work were:

1. To test if correlation between vascular plant and bryophyte species
richness is same in different scales and in different communities.

2. To find out if environmental factors influence the diversity of these plant
groups similarly.

3. To study the influence of vascular plants on the growth of bryophytes.

4. To compare the distribution into different forms of rarity for bryophytes
and vascular plants.

5. To give some argumented guidance for community conservation.



MATERIAL AND METHODS

Study areas and field data

The data for the five papers was collected from different parts of Estonia.

Estonia covers an area of 47 450 km” and belongs to the boreo-nemoral
vegetation zone (Sjors 1965). The mean temperature in January is between
—2°C and -7°C and in July between +16°C and +17.5°C, the mean annual
precipitation is between 650 and 750 mm, the mean snow cover duration
between 80 and 130 days (Jaagus 1999). Due to the proximity to the sea the
western part of Estonia has higher temperatures in winter and lower tempera-
tures in summer and also shorter snow cover duration. The bedrock consists of
Ordovician and Silurian limestones in the northern and western part of Estonia
and of Devonian sandstones in the southern part of Estonia. There are more than
1000 islands and islets near the coast of the mainland. Estonia has two major
geobotanical divisions — the western part belongs to the Central-European
province and the eastern part belongs to the East-European province (Lippmaa
1935). About 47% of Estonia is covered by woodland (Varblane 1998) and 23%
by mires (Orru et al. 1992). In the first half of the 20" century the area of
seminatural grasslands was 24,5% of the whole territory of Estonia (Laasimer
1965). This area has decreased enormously during the last century. The number
of bryophyte species found in Estonia is 535 (Ingerpuu et al. 1998, Vellak et al.
2001). The number of native vascular plant species and subspecies is 1538
(Kukk 1999).

The data for the first paper (I) was collected in 1996-1999 from two wetland
nature reserves in the central part of Estonia (Alam-Pedja Nature Reserve and
Soomaa National Park). The study areas together cover about 520 km®. Nine
forest types and two mire types were included in the study. Vegetation was
described in homogeneous 1 ha stands belonging to one community type. All
bryophyte and vascular plant species were registered in every stand.

The study for the second paper (II) included only one forest type — primeval
broad-leaved forest at the North-Estonian limestone escarpment. Twenty-three
sites along the escarpment’s 200 km length from east to west were studied in
1999. Bryophyte and vascular plant species lists (here defined as species rich-
ness) were compiled, and covers for herb and bryophyte layers estimated on
217, 1x1 m plots. The species composition of trees, herbs and bryophytes was
described from an area of 0.1 ha around the 1x1 m plots (defined as community
species pool). Two soil samples from every site were taken for the estimation of
nitrogen, pH, and soil specific area. Additionally, 125 plots of 20x20 cm with
bryophyte cover only were analysed on five different substrata types (soil, tree
trunks, logs, sandstone rocks, and limestone rocks).



In the third paper (III), the influence of fertilizing was studied in 1995 on a
wooded meadow in Laelatu, situated in the western part of Estonia. The species
composition and cover of vascular plants and bryophytes was analysed on
twelve 1x1 m plots at two fertilized and two control sites.

The fourth paper (IV) summarises the results of an experiment, where three
grassland vascular plant species (Trifolium pratense, Festuca pratensis and
Prunella vulgaris) were grown in pots (21x32 cm) together with two bryophyte
species (Brachythecium rutabulum and Rhytidiadelphus squarrosus) during the
years 2000 and 2001. The bryophytes were collected from a nearby meadow,
dried and cut into lengths of 1-2 cm and then equal masses were sown into pots.
The vascular plants were grown from seeds and planted to pots as juveniles in
four densities (3, 6, 12 and 24 plants to a pot). Control pots were left without
vascular plants. The pots were kept outside, in half-shade. At the end of the
growing seasons the covers of bryophytes and vascular plants were estimated
and the vascular plants were cut to simulate grassland management.

The fifth paper (V) includes material from three grassland types — alvar,
meso-eutrophic meadow and spring fen. Ten sites of each type were studied. At
each study-site species lists were compiled and covers estimated for both
bryophytes and vascular plants on five 1x1 m plots. The alvar study sites were
situated on two large western islands — Saaremaa and Muhu. The meso-
eutrophic meadow and spring fen sites were situated in the southern part of
Estonia.

Analyses

Regional species pools of nine forest and two mire types were compiled for
bryophytes and vascular plants from the species pool of the whole Estonian
flora. All species potentially capable of growing in a certain community type
were included in the regional species pools of the studied communities. The
species were selected according to literature data about the Estonian flora (Eesti
NSV floora 1953-1984, Kuusk 1975, Laasimer et al. 1993, Ingerpuu et al.
1994, Kuusk ez al. 1996, Leht 1999), and personal experience (paper D).

The minimum number of stands needed for maintenance of the regional
species pool for the particular community type was calculated by using the
species richness accumulation curves. To obtain mean richness from one to the
total number of stands for a particular community type a bootstrap method was
used. Mean richness per a number of stands was always significantly linearly
related to the natural logarithm of the number of stands. Using the linear
regression formula, we calculated the exponent for the base of the natural
logarithm, and the number of stands needed to reach the regional species pool
of typical species. Rare species (less than ten localities known in Estonia, Kukk
1999, Ingerpuu et al. 1994) were excluded from the regional pools, since, for
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the distribution of rare species, factors other than the number of suitable sites
may be more important (paper I).

To study bryophyte species’ substrate affiliations, the effect of environ-
mental conditions on bryophyte and herb species richness (paper II), and the
influence of vascular plant cover on bryophyte cover (paper IV), the General
Linear Mixed Model (GLMM, proc mixed, SAS ver 6.12, SAS Institute Inc.
1992) was used. In paper II species richness estimates for bryophytes and herbs
were treated as repeated measurements within the plot (defined as variable
‘Layer’). Significance of the variable ‘Layer’ indicates differences between
bryophyte and herb richness. If interaction between an independent parameter
and ‘Layer’ was significant, it meant that bryophyte and herb richness were
differently related to the independent parameter, and regression slopes with
their significance were presented separately for bryophytes and herbs. In paper
IV the responses of bryophyte cover to the factors: ‘year’, ‘absence of vascular
plants’, ‘bryophyte species’, ‘vascular plant species’, and their interactions,
were tested, where ‘year’ was a repeated variable. GLMM was used to calculate
regression slopes between bryophyte and vascular plant covers for each
bryophyte species — vascular plant species — and observation year combina-
tion.

The relationship between species pool composition and environmental
conditions was studied separately for bryophytes and herbs using CCA in the
CANOCO 4.0 program (ter Braak and Smilauer 1998). Monte Carlo permuta-
tion tests were used to estimate the significance of the environmental conditions
(paper 1I).

The degree of spatial autocorrelation for mean species richness and species
pool composition was measured using a Mantel type of test (Legendre 1993,
Pirtel et al. 2001). All combinations of forest fragment pairs from a total of
23 fragments were established. Geographical distance between fragments in a
pair was defined by the rank order of the fragments along the North Estonian
escarpment. Difference in mean species richness between fragments in a pair
was calculated as the larger value minus the smaller one. Floristic similarity
between fragments in a pair was calculated by Jaccard’s similarity index
(number of common species from two fragments divided by the number of all
species in those fragments). Correlation coefficients were calculated between
geographical distance and difference in species richness, or between geographi-
cal distance and floristic similarity, using all pairs. Significance was calculated
by a randomisation process, where the geographical distance of the 253 pairs
was randomly ordered and then correlation calculated (paper II).

To analyse the species structure of three grassland types all species were
divided into eight rarity forms following Rabinowitz (1981). The division into
large and small geographical range was made according to the frequency
estimations in the regional species pool (Kukk 1999, Ingerpuu et al. 1994)
where the species are divided into seven groups. The five rarer groups were
considered to have “small regional distribution” and the two more frequently



occurring groups to have “large regional distribution”. Species were considered
to have “narrow habitat specificity” when they occurred only in one grassland
type of the three, and to have “wide habitat specificity” when they occurred in
two or three grassland types. The species were defined as “small-populational”
if they were occurring on one or two plots at a site, and “large-populational” if
they were occurring on 3 to 5 plots at a site. The differences between the
distribution of the bryophyte and grass layers into these groups were estimated
with the chi-square and Kolmogorv-Smirmov tests. The same tests were used to
compare the distribution into rarity groups between vascular plants in Estonia
and in other regions. The differences of the Ellenberg (1991) index values
between the small- and large-populational species in the most rare group, were
analysed with ANOVA.

12



RESULTS

Correlation between bryophyte and vascular plant species richness
and cover in different plant communities (I, I1, V)

Species richness, large scale (>100 m?)

The regional species pools of bryophytes and vascular plants (I), compiled for
nine forest and two mire types from the whole flora of Estonia were signifi-
cantly correlated (r = 0.755, P = 0.007). The richness per ten stands (stand size
1 ha) was also significantly correlated (r = 0.707, P = 0.015). The correlations
between the species richness of vascular plants and bryophytes of the stands
were significantly positive in eight community types, but the correlation be-
tween mean richness per stand was marginally non-significant (r = 0.585, P =
0.058). When Bonferroni correction was used, the relationship in stands re-
mained significant only in poor paludified forest and in drained peatland forest.
However, all 11 community types showed a positive relationship between
bryophyte and vascular plant species richness per stand, which means an overall
positive relationship (Sign test, Z = 3.0, P = 0.003).

No significant correlation was found between bryophyte and herb species
pool sizes (on 0.1 ha) in the primeval deciduous forests below the limestone
escarpments (II).

There were also no significant correlations between the species richness of
vascular plants and bryophytes in alvar and meso-eutrophic meadow sites (site
size 100-400 m?) (V). In fens the species richnesses of sites were significantly
positively correlated (r = 0.67, P = 0.033).

The species richness in different plant communities varies differently among
bryophytes and vascular plants (Fig. 1.). The mean species richness per stand
over all studied communities (I, V) is lowest in mire communities, both for
bryophytes and vascular plants. The values of mean bryophyte species richness
are similar in forests and grasslands, while mean species richness of vascular
plants is much higher in grasslands.
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Figure 1. Mean species richness per site in different community types: 1 — nemoral
forest; 2 — eutrophic swamp forest; 3 — rich paludified forest; 4 — drained peatland
forest; 5 — boreal forest; 6 — floodplain forest; 7 — poor paludified forest; 8§ —
mixotrophic bog forest; 9 — eu-mesotrophic swamp forest; 10 — mixotrophic mire;
11 — ombrotrophic bog; 12 — spring fen; 13 — dry alvar; 14 — meso-eutrophic
meadow. White columns — bryophytes; black columns — vascular plants.

Species richness, small scale (1 m?)

In primeval deciduous forests below the limestone escarpments (II), residuals of
bryophyte and herb species richness, in the GLMM model, were significantly
negatively correlated (r = -0.287, P < 0.001). For comparison, the Pearson
correlation coefficient between bryophyte and herb species richness was
positive (r = 0.128, P = 0.06) when the significant effect of environmental
variation was not taken into account (Fig. 2.).
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2 casas
3 cases
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10 15 20 4 2 0 2 4 8
Bryophyte richness Residuals of bryophyte richness

Figure 2. The correlation between bryophyte and herb species richness and between
their residuals after the elimination of the influence of environmental factors.

There was no significant correlation between the small-scale species richness of
bryophytes and vascular plants in grasslands (V).

14



Cover (1 m?)

The correlation between bryophyte and herb cover in primeval deciduous for-
ests below the limestone escarpment (II) was significantly negative (r = —0.444,
P < 0.001). The cover of these plant groups was also significantly negatively
correlated on alvars (r = -0.45, P = 0.001) and meadows (r =-0.48, P < 0.001),
while the correlation in fens was non-significant (V).

Environmental factors influencing the moss and field layer (II, III)

In primeval deciduous forests below the limestone escarpment (II), species
richness of both bryophytes and herbs had a unimodal dependence on their
cover, with highest richness values at intermediate cover values for the layer
(the regression parameters of the second order polynomial had significant
negative values, Table 1.). Species richness of both layers was significantly
negatively affected by human disturbance. Only bryophyte species richness was
significantly negatively influenced by the soil nitrogen content and positively
affected by soil specific surface area, while herb species richness showed no
significant relationship with soil parameters. We did not find the soil pH, forest
fragment size, and site distance from the sea to be significant predictors of
bryophyte or herb species richness in the forests studied.

Table 1. The effect of environmental conditions on the bryophyte and herb species
richness (defined as Layer), in GLMM analysis. Only significant effects are shown.
* P <0.05; ** P <0.01; *¥** P < 0.001

Source Fi3n Regression coefficient (SE)
Bryophytes Herbs

Herb cover 6.3 *

Herb cover x Layer 4.0 * 0.0036 (0.0253) 0.0827 (0.0271)**

Herb cover? 12.5 ***

Herb cover? x Layer 3.3 % —0.0002 (0.0002) —0.0009 (0.0003)%***

Bryophyte cover 10.7 **

Bryophyte cover x Layer 29.2 ¥*¥*  (.1517 (0.0237)*** —0.0421 (0.0253)

Bryophyte cover? 9.6 **

Bryophyte cover? x Layer 18.8 *** —0.0015 (0.0003)***  0.0003 (0.0003)

Human impact 13.6 ***

Human impact x Layer 4.4 % —-1.8882 (0.7843)* —3.3553 (0.8033)*%*x*

Soil N x Layer 9.3 ** 40467 (1.6206)* 0.6759 (1.6653)

Soil specific surface x Layer 9.1 ** 0.0164 (0.0065)* -0.0017 (0.0067)
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Human disturbance altered significantly the species compositions of both plant
groups (II), (Table 2). Both bryophyte and herb species compositions were
related to their cover, but only the bryophyte composition was additionally
related to the distance from the sea and to forest fragment size. The cumulative
variance of the first four axes of species data for bryophytes was 51%, and for
herbs, 34%, and, of species-environmental relation for bryophytes, 77%, and for
herbs, 62%.

Table 2. The effect of environmental conditions on the species composition of
bryophytes and herbs. Only significant effects are shown. * P < 0.05; ** P < 0.01

Variable Bryophytes Herbs
Eigenvalue F Eigenvalue F
Herb cover 0.09 1.25 0.26 1.57*
Bryophyte cover 0.50 5.74%* 0.24 1.36
Human impact 0.14 1.88* 0.34 1.90**
Forest size 0.17 2.1%% 0.14 0.89
Distance to sea 0.20 2.42%* 0.17 1.07

The tree species pool size was significantly positively correlated with both
bryophyte and herb species pool sizes (II).

Bryophyte species richness per 0.04 m? plots differed significantly between
substrates (Fy, 106 = 2.8, P = 0.031). The most species-rich substrate for this
community was limestone cliffs (mean 4.1), the most species-poor was soil
(mean 2.6; Fig. 3) (I).

10

Soil Treetrunks Logs  Sandstone Limestone

Figure 3. Bryophyte species richness per 20x20 cm plots (mean £SD) on different
substrates in the studied forests.
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Fertilisation influenced significantly the species richness and cover of bryo-
phytes and vascular plants in a wooded meadow (III). The species richness of
bryophytes increased and the species richness of vascular plants decreased in
fertilised plots, while the cover of bryophytes decreased and the cover of
vascular plants increased in the same plots (Table 3).

Table 3. Vascular plant and bryophyte community parameters in F (fertilised) and C
(control) plots. t — significance of difference between the paired means of F and C
plots (* P < 0.05; **P < 0.01)

Parameter F F, C C, t
Bryophytes Mean no of species per sample plot 8 8 5 4  **
No of species pooled 14 15 6 7 **
Cover (%) 45 55 55 65 %
Vascular plants No of species pooled 46 64 72 68 ¢
Cover (%) 90 85 65 70 %
Aboveground biomass (g/m?) 260 180 170 154 =%

Effect of vascular plant cover on the growth
of bryophytes in a pot experiment (IV)

The absence of vascular plants had significantly positive effect on the cover of
bryophytes, showing competitive effect from vascular plants (Table 4). The
interaction of bryophyte species and vascular plant absence was not significant,
showing that both bryophyte species responded similarly. Also, vascular plant
absence and ‘year’ had no significant interaction, showing that the effect of
vascular plants on bryophytes was consistent in time.

Vascular plant cover, however, was significantly positively correlated with
bryophyte cover (Fig. 4.). There were significant positive correlations between
the cover values of Brachythecium and Trifolium (both years, Fig. 4a),
Brachythecium and Festuca (second year only, Fig. 4b), and Rhytidiadelphus
and Festuca (second year only, Fig. 4e).

Significant interaction occurred between vascular plant cover and ‘year’,
showing that the second year positive influences were stronger than the first
year relationships (Table 4.). Significant interaction occurred between vascular
plant species and vascular plant cover. The occurrence of significant interaction
between ‘vascular plant cover’, ‘vascular plant species’ and ‘bryophyte species’
indicates a high species specificity in the biotic effects between vascular plant
and bryophyte species. Trifolium and Festuca had positive effects, but Prunella
showed no such effect.



Trifolium Festuca Prunelia

Vascular plant cover (%)

Figure 4. Cover of two bryophyte species in relation to cover of three vascular plant
species during two years (Y).

Table 4. The dependence of bryophyte cover on vascular plant cover, year, bryophyte
species, and vascular plant species (GLMM). Significant effects only shown.
Abbreviations: YR — year; BS — bryophyte species; A — absence of vascular plants;
VS — vascular plant species; VC — vascular plant cover

Source Df F P

BS 1.12 441 <0.001
YR*BS 1.11 8.3 0.005
A 1.12 45.3 <0.001
vC 1.11 16.2 <0.001
VC*YR 1.11 4.7 0.032
VC*VS 1.11 4.6 0.012
VC*¥YR*VS 1.11 3.0 0.055
VC*BS*VS 1.11 6.8 0.002
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The distribution of grassland bryophytes and
vascular plants into different rarity forms (V)

The species of three different grassland types (dry alvar, meso-eutrophic
meadow and spring fen) were divided into rarity forms according to Rabinowitz
(1981). The distributions of bryophytes and vascular plants into these forms
(Table 5) are similar in all grasslands and in different grassland types except
meadows, where it was significantly different (32 = 15.08; df = 7; P = 0.035).

Table 5. The percentage of grassland species in different rarity forms

Regional distribution Large Small
Habitat specificity Wide Narrow Wide Narrow
Population size Large | Small | Large | Small | Large | Small | Large | Small
Alvar
Bryophytes 13 24 16 18 3 5 8 13
Vascular plants 27 28 8 11 4 5 9 7
Meadow
Bryophytes 10 36 5 26 2 7 0 14
Vascular plants 26 24 11 26 4 2 1 6
Fen
Bryophytes 12 21 18 18 6 3 15 6
Vascular plants 18 13 21 24 0 1 7 14
All
Bryophytes 10 14 17 29 4 1 10 16
Vascular plants 19 11 18 29 3 1 7 13

This is due to the smaller number of regionally large-distributional species with
large populations and the larger number of regionally small-distributional
species with small populations among bryophytes in this grassland type. The
proportion of regionally small-distributional species is 23-31% for bryophytes
and 13-24% for vascular plants. The number of species with small populations
is similar for vascular plants in all community types (52-59%), but the
proportion of bryophytes with small populations is much higher in alvars (61%)
and meadows (83%) than in fens (48%). The proportion of regionally small-
distributional species with large populations is similar for bryophytes and
vascular plants (varying between 0-14%) except in fens, where it is much larger
for bryophytes (22%) than for vascular plants (9%). The number of habitat
specific species with small populations is much smaller for bryophytes in alvars
and meadows, and for vascular plants in fens.
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The comparison of the ecological demands of the large-populational habitat-
specific species and the small-populational habitat-specific or non-habitat-
specific species showed significant differences in a majority of cases.

Comparing data from different regions, grouped according to the three major
divisions of Rabinowitz (1981), we can see that the summarised groups of
regional distribution do not differ significantly between the selected groups of
British (Rabinowitz et al 1986) and Estonian plants, but, of course, French and
Spanish endemic plants (Medail and Verlaque 1997; Blanca et al 1998) have
significantly less (¥* = 69.96; P<0.001 and %> = 7.33; P = 0.007) species with
regionally large distribution. The distribution into habitat specificity groups
does not differ significantly between different regions.

Results connected with nature conservation (I, I, V)

The greatest number of Red-Listed bryophyte species — 20, was counted in the
primeval deciduous forests at the limestone escarpments (II), showing the great
importance of the conservation of this community type for rare and vulnerable
bryophyte species. Most of the Red-Listed bryophytes were found growing on
cliffs (both limestone and sandstone). The number of Red-Listed bryophytes in
other studied community types, and of vascular plants in ail studied community
types, was less than 5.

The minimum number of stands (of size at least 1 ha) required for the
maintenance of the regional species pools of the studied nine forests and two
mire types was roughly between 300 and 5,300 for bryophytes and roughly
between 400 and 35,900 for vascular plants (II). Only in eutrophic-mesotrophic
swamp forests did the number of sites needed for the bryophyte regional species
pool exceed that for the vascular plant species pool. In general, more stands are
needed to maintain vascular plant regional species pools.

Species richness and species composition of both bryophyte and vascular
plant layers were significantly negatively affected by human disturbance in
broad-leaved forests (II).

The most vulnerable rarity form includes species with small regional distri-
bution, narrow habitat specificity and small populations. The grassland study
(V) showed that the number of such species is much higher for bryophytes in
alvars and meadows, and for vascular plants in fens. Consequently, rare bryo-
phytes are more endangered in alvars and meadows, and rare vascular plants, in
fens.
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DISCUSSION

There are very few community types that consist only of vascular plants or only
of bryophytes. Usually representatives from both plant groups coexist, their
numbers and covers being balanced by numerous interactions with each other
and the environment. The small body-size of bryophytes may leave them almost
unnoticed in some grassland communities with dense grass layer cover, while in
forests with sparse grass layer they usually form a conspicuous layer. However,
our studies showed that the bryophyte mean species richness does not differ
significantly between grasslands and forests while the species richness of field
layer is much higher in grasslands (I, II, V, Fig. 1.). The species richness of the
field layer is more than that of the moss layer suppressed by the tree cover. The
majority of bryophytes is shade-tolerant plants in comparison with the majority
of vascular plants (Valanne 1984, Proctor 2000). They reach an optimal photo-
synthesis level very often at lower light intensity compared with vascular plants
(Green and Lange 1995). In fact, very many bryophytes even need shade, since
their metabolism relies on the amount of external water that is held between
their stems and leaves, and also in the upper layer of the growing substrate.
Without shade from vascular plants the higher temperature and stronger wind
could dry them up too quickly. In open habitats they form very dense growth-
forms, which enable them to retain water in the small capillary rooms around
their body for a longer time, and also reduce the influence of winds, since the
evaporation from the surface of a dense moss cushion has been measured to be
almost the same as from the surface of a smooth hemisphere (Proctor 1984).
Bryophyte and vascular plant relations are often contradictory. On one hand
bryophytes are often suppressed by a lack of light and space, which is illustrated
by the mainly significantly negatively correlated covers of the bryophytes and
vascular plants (II, IV), but, on the other hand, they can be facilitated by nutri-
ents arriving with the throughfall from the vascular plant canopy (Weibull 2001,
Norden 1991, 1994) and by evaporation and temperature reducing shade of
moderate vascular plant cover. Our experiment with grassland plants (IV,
Fig. 4) was proof of such a facilitative effect of vascular plant cover, which is
usually left unnoticed in the field, where the grass densities are often too high
and the suppressing effect is prevalent. The switch from facilitative effect to
suppressing effect may be apparent only in communities with varying vascular
plant cover, as shown by the unimodal correlation of vascular plant leaf area
index and bryophyte biomass in the mountain fens of Switzerland (Bergamini et
al 2001) and in Estonian alvars (unpublished data of T. Pesur).

The species richness of vascular plants and bryophytes across different
community types may have little in common (Dirkse and Martakis 1998), while
within the community types they can be positively correlated (Ejrnzs and
Poulsen 2001). Our studies (I, I, V) showed that the correlations on 1 m? are
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mainly insignificant, but in larger scales they often become significant, espe-
cially in forest communities (I). This may be mainly due to the higher number
of different microhabitats in larger scales. The competitive effect is more
important in smaller scales, where the resources are more evenly distributed.
Still, due to different morphology and physiology, bryophytes and vascular
plants can use the same resources in different rates and ways, so that soil
properties can be of different importance to them. Bryophytes are known to
receive nutrients mainly from precipitation. Anyhow, soil can also be an
important source of nutrients for bryophytes as shown by van Tooren et al
(1990). The study of broad-leaved forests (II) showed that bryophyte species
richness and composition was significantly dependent, and in some cases in
different ways than vascular plants, on the studied environmental factors (soil
moisture, soil nitrogen content, distance from the sea and forest size). The grass
layer was not significantly influenced by the measured factors. The correlation
between field data of species richness of bryophytes and vascular plants was
positive. After the elimination of the effects of environmental factors in the
model, the correlation between the residuals of bryophyte and vascular plant
species richness was found to be significantly negative, referring to possible
competition (Fig. 2).

Our studies showed that the soil factors can have a different effect on species
richness of bryophytes in different community types. In the broad-leaved forests
higher soil nitrogen content was negatively correlated with the bryophyte
species richness (II), while in the wooded meadow study (III) it was positively
correlated. Fertilisation with small amount of nitrogen has been shown to
promote the growth of some bryophytes (Rincon and Grime 1989, Jauhiainen et
al. 1998) while higher nitrogen content in fertilizers usually inhibits bryophyte
growth (Bergamini and Pauli 2001). The species richness in the wooded
meadow study increased mainly due to the addition of several new species,
presumably tolerant to higher nutrient concentrations. The cover of species
more sensitive to fertilisers diminished and left space for the new species. Some
of these are also more light demanding, which may limit their growth in forest
communities.

The species richness of bryophytes is additionally influenced by the number
and character of available substrata. Bryophyte richness was highest on
limestones and lowest on soil in the broad-leaved forests (II). The differences
can partly be explained by differences in the stability of substrata and the
average size of species on them. Limestone cliffs should be the most stable
substrate of the studied five, and species inhabiting this substrate usually have
small size. Soil is presumably the most unstable substrate, since the changing
phanerogam growth pattern and falling leaves provide a dynamic environment.
Soil inhabiting bryophyte species are often also larger-sized.

The only studied factors that had similar effects on bryophytes and vascular
plants were ‘number of tree species’ and ‘human impact’. The number of tree
species was significantly positively correlated with the species richness of both
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plant groups in a larger scale, presumably due to allelopathic effects (Norden
1991, 1994).

The human disturbance had strong negative influence on the species richness
and it altered the species composition of both bryophytes and vascular plants
(II). Human disturbance is one of the main reasons for the extinction and rarity
of many species. Forest management causes the impoverishment of bryoflora,
since the microhabitats for several species, like logs, large tree-trunks, wet soil,
etc., are eliminated. This has been shown in numerous studies (Stderstrém
1987, Gustafsson and Hallingback 1988, Andersson and Hytteborn 1991,
Vellak and Paal 1999, Trass et al 1999). On the other hand, grasslands as
habitat types cannot be preserved without the maintenance of traditional
management in the majority of cases. Management of grasslands and wooded
meadows is needed for the continued existence of many species (During and
Willems 1986). If it is accepted that high species diversity is important, efforts
must be made to stop further elimination and fragmentation of the habitat
diversity. This is only possible if maximum diversity of different communities
is preserved in every geographical region. In order to retain its species diversity,
every community type must cover a reasonable area. We calculated this area for
several Estonian plant community types. The analysis did not include important
factors such as distance between different sites, balance between extinction and
colonisation, dispersal ability, etc. If these factors were included, the minimum
area for the maintenance of the species pool typical for a community would be
much larger. From this we can conclude that the whole area of several rare
community types, like floodplain forests and forests on the North-Estonian
escarpment talus, should be taken under nature conservation. The analysis,
which included forests and mires (I), showed that less area is usually required
for bryophytes than for vascular plants in order to retain the species composi-
tion typical for a community. If different forms of rarity (Rabinowitz 1981) are
taken into account, the area may be more limiting for rare bryophytes than
vascular plants in some grassland types such as alvars and meso-eutrophic
meadows (V). The distribution into rarity forms is similar for grassland vascular
plants and bryophytes, showing, however, some differences in the most vulner-
able rarity form (species with small regional distribution, narrow habitat-
specificity and small populations). The proportion of this form is larger for
bryophytes in alvars and meso-eutrophic meadows.

In conclusion, our studies showed that the relationship between the species
diversity of bryophytes and vascular plants can not be explained uniformly. It
changes in different directions and in different rates depending on ecological
conditions and species composition. The only studied factor that was found to
have a uniformly negative effect on both bryophytes and vascular plants was
human disturbance.

23



CONCLUSIONS

. The relationships between species richness of the bryophyte and herb layers
and their responses to different environmental factors may be different in
different plant community types.

. The large-scale species richness of bryophytes and herbaceous plants is
usually positively correlated in forest communities.

. The small-scale species richness of bryophytes and herbaceous plants in
forests is negatively correlated if the effect of environmental heterogeneity is
eliminated.

. Species richness of moss and herb layer respond to different environmental
factors differently, with a few exceptions: the number of tree species a has
positive effect, and human disturbance a negative effect, on both plant
groups.

. The division of grassland bryophytes and vascular plants into groups
according to their regional distribution, habitat specificity and population
size is similar — the majority of grassland plants have a large regional distri-
bution, but a narrow habitat specificity. Among species with narrow habitat
specificity small populations prevail.

. In general, more area is needed by vascular plants to maintain their commu-
nity species pools.

. In order to retain the overall species diversity, the whole area of the rarest
plant communities should be taken under nature protection and the decline of
other natural and seminatural plant communities should be halted.
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SUMMARY IN ESTONIAN

Sammaltaimede mitmekesisus ja seosed soontaimedega
Kokkuvote

Samblad on viga oluliseks osaks paljudes taimekooslustes. Viikese kasvu tottu
on neid tihti peetud kooslustes véhetdhtsateks ning vorreldes soontaimedega
konkurentsindrkadeks. Olenevalt keskkonnatingimustest vdivad aga samblad
teatud regioonides ja kooslustes nagu arktilised tundrad, boreaalsed sood ning
metsad, saavutada iilekaalu kas biomassis vdi liigirikkuses. Sellistes kooslustes
reguleerivad nad kaasnevate soontaimede kasvu vGime tottu toitaainetevaestes
tingimustes efektiivsemalt dra kasutada sademetega saabuvaid toitaaineid.
Samblad voivad mdjutada nii oma kasvuvormi kui eritatavate ainete mojul ka
soontaimede idanemist ja juveniiltaimede kasvu.

Kéesolev t66 uurib sammaltaimede liigirikkust mdjutavaid pdhjuseid ning
seoseid sammal- ja soontaimede mitmekesisuse vahel mitmetes Eesti taime-
kooslustes viliuuringute pohjal ning ka potikatsete abil.

T66 eesmirkideks olid:

1. Leida seoseid sammalde ja soontaimede liigirikkuste vahel erinevates skaa-
lades ja erinevates taimekooslustes.

2. Uurida keskkonnafaktorite m&ju sambla- ja rohurinde mitmekesisusele. Kas

samad faktorid mdjutavad erinevaid taimede riihmi sarnaselt?

Selgitada katseliselt soontaimede katvuse mdju sammalde kasvule.

4. Vorrelda, kas sammalde ja soontaimede jaotumine erinevatesse haruldus-
vormidesse on sarnane.

5. Anda teoreetiliselt pShjendatud suuniseid taimekoosluste liigilise mitme-
kesisuse kaitseks.

W

Andmed doktoritdé jaoks koguti mitmetest erinevatest taimekooslustest iile
Eesti: metsakoosluste andmestik Kesk-Eestist Alam-Pedja ja Soomaa kaitse-
aladelt ning Pohja-Eesti pangaalusest piirkonnast, niidukoosluste andmestik
Louna-Eestist ning Muhu- ja Saaremaalt. Vietuse moju uuriti Li4ne-Eestis
Laelatu puisniidul ning potikatse viidi 1abi Tartus, TU botaanikaaia territoo-
riumil.

To66 kdigus kogutud andmed erinevate taimekoosluste suureskaalalise liigi-
rikkuse kohta niditavad, et kui soontaimede liigirikkus oli niitudel suurem kui
metsades, siis sammalde liigirikkuses olulist erinevust ei esinenud. Erinevates
metsakasvukohtiiiipides iihe-hektarilistel proovialadel oli sammalde ja soon-
taimede liigirikkuste vaheline korrelatsioon enamasti oluliselt positiivne. Viik-
seses skaalas (1m®) selgus, et seos oli kiill positiivne, kuid statistiliselt eba-
oluline nii metsades (pangametsade uurimuse alusel) kui ka erinevates niidu-
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kooslustes. Pangametsade andmestiku statistilisel analiiiisil ilmnes aga, et peale
keskkonnafaktorite mdju eemaldamist osutusid soontaimede ja sammalde liigi-
rikkuste jazdgid oluliselt negatiivselt korreleerituks. See viitab nimetatud taime-
rihmade vahel eksisteerivatele konkurentsisuhetele, mida maskeerib
keskkonnatingimuste heterogeensus.

Keskkonnatingimuste mdju analiilisil (pangametsade niitel) selgus, et
samade faktorite m&ju liigirikkusele ja liigilisele koosseisule oli sammaldele ja
soontaimedele mdnel juhul vastassuunaline, kuid statistiliselt oluline ainult sam-
maldele. Erandiks oli siin kasvukoha reostatus, mis avaldas olulist negatiivset
moju liigirikkusele ning muutis oluliselt liigilist koosseisu nii sammaldel kui
soontaimedel. Mullaparameetritest oli oluline positiivne mdju sammalde liigi-
rikkusele mulla niiskusesisaldusel ning oluline negatiivne mdju mulla
limmastikusisaldusel. Mulla pindmise kihi veesisaldusel on oluline tihtsus sam-
malde kasvule, kuna juurte puudumise tottu votavad samblad vett ja toitained
vastu kogu kehapinnaga ning kehaga otseses kontaktis oleva keskkonna suurem
niiskusaste soodustab fotosiinteesi kestmist. Mulla lammastikusisaldusel oli
metsasammalde liigirikkusele oluline negatiivne m&ju, kuid puisniidu vietus-
katsete analiiiis niitas, et vietatud aladel sammalde liigirikkus suurenes. Puis-
niidu videtamise tagajirjel vdhenes vietamisele tundlike liikide katvus, mis
vdimaldas lisanduda uutel liikidel. Lisandusid ka mdned valguslembesed ning
toitaineterikkamale mullastikule iseloomulikud liigid, kes taluvad ilmselt suu-
remat vietuskoormust, kuid vihem varjutatust. Sammalde liigirikkust mojutab
lisaks veel substraatide rohkus ning iseloom. Erinevate substraatide hulk oli eriti
suur pangametsades. Suurim oli liigirikkus lubjakivikaljudel ning viikseim
maapinnal. Viikeseskaalalist liigirikkust soontaimevabadel proovialadel mdju-
tab ka substraadi kestvus ning liikide suurus. Lubjakivikaljud on uuritud koos-
luses kaheldamatult kdige pikaealisem substraat, siin esinevad aga sagedamini
viikesekasvulised liigid. Mullapind on soontaimede v&imaliku pealekasvu,
vihmauhte ning metsavarise tottu kiillaltki muutlik ning viikeseskaalaline sam-
malde hidvimine toimub siin tihedamini. Samas on maapinnal kasvavad samblad
ka enamasti suuremakasvulised.

Sammalde ja soontaimede katvuste vahelised korrelatsioonid iiheruutmeet-
ristel proovialadel olid véliandmetel nii metsas kui niitudel oluliselt negatiivsed.
Potikatse tulemusel osutus aga soontaimede ja sammalde katvus positiivselt
seotuks. Kontrollseeria niitas siiski oluliselt suuremat sammalde kasvu soon-
taimede tdieliku puudumise korral, mis viitab valguskonkurentsile. Eksperi-
mendiseerias kasutati suhteliselt viikseid soontaimede tihedusi, mis ei tekitanud
veel sammalde kasvu tidielikult parssivat katvust. Soontaimede katvuse tdttu
vihenenud valgustingimustes osutub eriti oluliseks fotosiinteesiks vajaliku
niiskusperioodi pikkus ning optimaalne temperatuur. Mdddukas soontaimede
katvus vihendab oluliselt tuule kuivatavat moju samblavaibale ja pindmisele
mullakihile ning alandab temperatuuri paikeselistel pdevadel. Erinevate soon-
taimeliikide puhul oli tiheldatav ka erinev mdju sammalde katvusele.
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Analiiiisides rohumaade sammalde ning soontaimede jaotumist erinevatesse
haruldusvormidesse nende geograafilise leviku, kooslusspetsiifilisuse ja popu-
latsoonide suuruse alusel Rabinowitz’i (1981) jérgi, selgus, et see ei erine
oluliselt. Nii sammalde kui soontaimede puhul kuulus enamus liike laia geo-
graafilise levikuga ning kitsa kasvukoha eelistusega liikide hulka. Loodus-
kaitseliselt kGige ohustatuma grupi, viikese geograafilise levikuga, kitsa kasvu-
kohaeelistusega ning ainult viikeseid populatsioone moodustavate liikide
osakaalu jérgi on haruldased samblad rohkem ohustatud loodudel ja aruniitudel,
soontaimed aga allikasoodes.

Harulduse mdistet v3ib késitleda mitmeti ning vdga haruldaste liikide kaitse
on iisna komplitseeritud sdltudes paljudest nii liigi bioloogiat kui keskkonna-
tingimusi puudutavatest asjaoludest. Siiski on selge, et eelkdige oleks vajalik
kdigi regioonile iseloomulike kooslusetiiiipide ning neile vastavate tiiiipiliste
liigifondide sdilimine. Metsa- ja sookoosluste analiilis nditas, et enamikel juh-
tudel on sammalde liigifondi séilimiseks vajalik pindala vdiksem (300-5300 ha)
kui soontaimedel (400-35900 ha). Kuna analiiiisis polnud arvesse vdetud
paljusid olulisi asjaolusid, nagu aladevaheline distants, liikide levimisvGime ja
viljasuremise vaheline tasakaal jmt., siis peaksid arvutatud pindalad liigifondi
tegelikuks sdilimiseks olema veelgi suuremad. Sellest jdareldub omakorda, et
praegu niigi vdikese pindalaga esindatud kooslusetiiiibid nagu nditeks lammi-
metsad ja pangametsad, tuleks téies ulatuses votta Eestis kaitse alla.

Kokkuvdétteks voib delda, et seosed sammalde ja soontaimede vahel voivad
olla nii positiivsed kui negatiivsed. Ehkki mdlemad taimegrupid kasutavad
samu ressursse, on kasutusviis ja -miér soltuvalt sammalde ja soontaimede
erinevast morfoloogiast ja fiisioloogiast tihti erinev. Seoste iseloomu méiravad
konkreetsed abiootilised ning biootilised keskkonnatingimused ning skaala
suurus. Vaid inimeste poolt tekitatav reostus on laastava mdjuga nii liigi-
rikkusele kui liigilisele koosseisule mdlema taimeriihma puhul.
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Abstract. We compare species richness of bryophytes and vascular plants in Estonian moist forests and
mires. The material was collected from two wetland nature reserves. Bryophyte and vascular plant spe-
cies were recorded in 338 homogeneous stands of approximately 1 ha in nine forest and two mire types.
Regional species pools for bryophytes and vascular plants were significantly correlated. The correlations
between the species richnesses of bryophytes and vascular plants per stand were positive in all community
types. The relative richnesses (local richness divided by the regional species pool size) were similar for
bryophyte species and for vascular plant species. This shows that on larger scales, conservation of the
communities rich in species of one taxonomic plant group, maintains also the species richness of the other.
The minimum number of stands needed for the maintenance of the regional species pool of typical species
for the every community type was calculated using the species richness accumulation curves. Less stands
are needed to maintain the bryophyte species pools (300-5300 for bryophytes and 400-35 000 for vascular
plants).

Key words: bryophytes, conservation of species diversity, species accumulation curve, species pool,
vascular plants

Introduction

The importance of maintaining species richness has become more pressing in recent
years, especially due to the loss and fragmentation of natural habitats (Fischer and
Stocklin 1997; Rozensweig 1999). In Estonia, the main attention in plant species
richness studies has been on grasslands (Pirtel and Zobel 1995, 1999; Zobel et al.
1996; Pirtel et al. 1998). Plant species richness in forests and wetlands has been
studied much less (Zobel 1993). Forests and mires form the typical climax vegetation
for the boreo-nemoral zone (Sjors 1963) although natural forests and wetlands have
almost disappeared from Western Europe due to agriculture and forest cultivation
(Navid 1994; Noss and Csuti 1994). In Estonia the situation is much better, 47% of
the territory of Estonia is covered by woodland (Varblane 1998) and 23% by mires
(Orru et al. 1992). Land ownership reform has intensified forest utilization in Estonia
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in recent years. Background information about the variation of species richness in
forests and mires is urgently needed for nature protection policy planning.

Bryophyte and vascular plant species diversity has only rarely been considered
together in one study (Wilson and Sykes 1988; Glaser et al. 1990; Rey Benayas 1995;
Sastad and Moen 1995; Aude and Lawesson 1998; Ingerpuu et al. 1998; Gould and
Walker 1999). Bryophyte species richness and coverage can be especially high in
forests and mires, sometimes exceeding the vascular plant richness. It is not yet clear
what determines the differences in species richness in these two plant groups in differ-
ent communities. A close relationship between the number of bryophytes and vascu-
lar plant species richness has been described from a North American peatland (Glaser
et al. 1990). In a North American arctic riverside community, bryophyte and vascu-
lar plant species richnesses had different relationships to environmental gradients
(Gould and Walker 1999). Different responses of vascular plants and bryophytes to
fertilization were observed in an Estonian wooded meadow (Ingerpuu et al. 1998).
Hence, it is still unclear whether the variation in species richness of these two plant
taxonomic groups follows similar trends and whether the same strategies can be used
for maintaining species richness of bryophytes and vascular plants.

Species richness patterns and processes in different stands are dependent on the
potential set of species present in the region and able to grow in a particular commu-
nity type. This set of species is called the species pool (Taylor et al. 1990; Eriksson
1993; Zobel 1997). Species pools may be defined by species ecological requirements
(Pirtel et al. 1996) or by phytosociological belonging to particular community types
(Gough et al. 1994; Zobel et al. 1998; Pirtel et al. 1999; Dupre 2000). The species
pool defines the maximum potential richness for each community type, but also the
typical species composition. In nature, different habitat types may form a mosaic,
which may obscure the general pattern of richness of typical species for a particular
community type. Therefore, one should separately consider only the species that are
defined as typical for this community type, and belonging to the species pool.

To compare species richness in different community types and different taxonom-
ic groups, differences in potential richness can be considered. One possibility is to
divide the richness by the species pool size, obtaining the relative richness (Zobel
and Liira 1997), also called community completeness (Rabotnov 1987).

Species richness is scale dependent. Knowing the mean richness per one stand, we
cannot estimate richness for a higher number of replicates without knowing the spe-
cies accumulation curves. These functions describe the relationship between regional
and local richness, allowing the estimation of richness for a particular number of areas
(Miller and Wiegert 1989). Here we propose an opposite method: to calculate the
number of stands (in our study of 1 ha size) needed for preserving the regional species
pool. This issue is related to the well-known species-area relationships (Dony 1977;
McGuiness 1984). Several separated stands, however, generally have more species
than a single stand of the same area (Setersdal 1994) and the number of stands and
their total area cannot be mixed.



2155

The objective of the present work was to compare the variation in species richness
of bryophytes and vascular plants in Estonian moist forests and mires. We addressed
the following questions: (i) How is the species richness of bryophytes and vascular
plants correlated in different community types? (ii) What is the relative richness of
the studied community types for bryophytes and vascular plant species, and is it dif-
ferent? (iii) How many stands will be needed to maintain the regional species pool of
bryophytes and vascular plants for each community type?

Materials and methods
Study area

The material was collected from two wetland nature reserves in Estonia — Alam-Pedja
Nature Reserve and Soomaa National Park. Alam-Pedja Nature Reserve (260 kmz) is
situated in the eastern-central part of Estonia in a landscape area called the Vortsjarv
Basin. Soomaa National Park (367 km?) lies in the southwestern part of Estonia. The
distance between the two study areas is ca. 100 km and the territories covered by
them lie between 58°35’ and 58°19" N, 24°53’ and 26°31" E. The majority of the
territory is covered with mires and moist forests. Forest management in these areas
has been stopped at least 10 years ago, in some areas much earlier. The reserves
are bordered and crossed by several rivers. In spring, large areas of meadows and
forests are flooded. The mean annual temperature is 4.5-5.0 °C and the mean annual
precipitation is 500-700 mm. The plant communities and the natural conditions in
both study areas are similar (Ader and Tammur 1997; Allilender 1999).

Field works were carried out in 1996-1999. We included only mature forest in
our study, of an age of at least 40 but often up to 100 years. Forests were classified
according to Lohmus (1984) and mires according to Masing (1975). The forest or
mire types and type groups of these classifications are referred to in this work as
community types. Vegetation was described in homogeneous 1 ha stands belonging
to one community type in nine forest, and two mire types (Table 1). The approximate
areas of the forest types in Estonia are given by Karoles (1995), and of the mire types
by Ilomets (1998) (Table 2).

Data

Species richness parameters were determined for each community type, separately
for bryophytes and vascular plants.

Regional species pools — the set of species, from the Estonian flora, which are
potentially capable of growing in a certain community type — were determined for
each community type in the study area. The phytosociological method was applied
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using literature data about the Estonian flora (Eesti NSV floora 1953-1984; Kuusk
1975; Laasimer et al. 1993; Ingerpuu et al. 1994; Kuusk et al. 1996; Leht 1999), and
personal experience.

All bryophyte and vascular plant species were registered in all stands. Some atyp-
ical species, not belonging to the species pool of a particular community type, were
always found, due to exceptional microhabitats or accidental invasion from neigh-
boring communities. The percentage of atypical species per stand was generally less
than 25% for bryophytes and less than 15% for vascular plant species. In the follow-
ing analyses we considered only those species which were included in the regional
species pool. Tree species were omitted from further analysis. All data is available on
request from the authors.

Mean species richnéss per stand was calculated for each community type. Mean
cumulative species richness per ten stands was calculated to obtain a larger scale spe-
cies richness. A bootstrap method was used, where ten stands were selected randomly
from the total number of stands of a particular community type. The mean over 100
iteration was calculated.

Relative richness was calculated as the mean richness per 10 stands divided by
the regional species pool, multiplied by 100 to obtain percentage.

The minimum number of stands needed for maintenance of the regional species
pool for the particular community type was calculated by using the species rich-
ness accumulation curves. A similar algorithm as for mean richness per ten stands
was used to obtain mean richness from one to the total number of stands for a partic-
ular community type. Mean richness per a number of stands was always significantly
linearly related to the natural logarithm of the number of stands. Using the linear
regression formula, we calculated the exponent for the base of the natural loga-
rithm, and the number of stands needed to reach the regional species pool of typical
species. Rare species (less than ten localities known in Estonia, Kukk 1999; Ingerpuu
et al. 1994) were excluded from the regional pools, since, for the distribution of
rare species, other factors than the number of suitable sites might be more
important.

Pearson correlation was used to obtain the relationships between bryophyte
and vascular plant regional species pools, mean richnesses per ten stands and mean
richnesses per one stand. Pearson correlation was also used to find relationships
between bryophyte and vascular plant species richnesses within each community
type. Bonferroni correction was considered for these multiple comparisons, where
traditional significance level P = 0.05 was divided by the total number of compari-
sons: 11, resulting in the actual level of P — 0.005. The sign test was used to check
whether there are more positive or negative relationships across the community types,
whether the relative richnesses of bryophyte communities and vascular plant commu-
nities differ, or whether more stands are needed to preserve the regional species pools
for bryophytes or for vascular plant communities.
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Results

In total, 196 bryophyte and 301 vascular plant species were recorded from 338 stands.
This is approximately one third of the Estonian bryophyte flora and about one fifth
of the vascular plant flora. In spite of extensive recording, observed number of rare
species was very small (04 per vegetation type). Thus, our study cannot give any
general suggestions for rare species conservation. The size of the species pool, mean
values of species richness per stand and per ten stands, and relative richness are given
in Table 2. The largest species pools for both bryophytes and vascular plants were
found in the mesic nemoral forest, but the mean vascular plant richness per stand was
highest in the eutrophic swamp forests.

The regional species pools of bryophytes and vascular plants were significantly
correlated (r = 0.755, P — 0.007). The richnesses per ten stands were also sig-
nificantly correlated (r = 0.707, P = 0.015), but the correlation between mean
richnesses per stand was marginally non-significant (» = 0.585, P — 0.058).

The correlations between the species richnesses of vascular plants and bryophytes
were significantly positive in eight community types (Figure 1). However, when Bon-
ferroni correction was used, the relationship remained significant only in poor paludi-
fied forest and in drained peatland forest. However, all 11 community types showed a
positive relationship between bryophyte and vascular piant species richness per stand,
which means overall positive relationship (Sign test, Z = 3.0, P — 0.003).

The relative richness in both taxonomic groups was lowest in poor paludified for-
est, and highest in drained peatland forest for bryophytes, and in ombrotrophic bog
for vascular plants. The Sign test did not reveal a difference in bryophyte and vascular
plant species relative richness (Z = 1.2, P = 0.228).

The minimum number of stands (of size at least I ha) needed to maintain the re-
gional species pools of the studied community types was approximately between 300
and 5300 for bryophytes and between 400 and 35900 for vascular plants (Table 2).
Only in eutrophic-mesotrophic swamp forests was a larger number of sites needed
for the bryophyte regional species pool than for the vascular plant species pool. In
general, more stands are needed to maintain vascular plant regional species pools
(Sign test, Z = 2.8, P = 0.004).

Discussion

Bryophyte and vascular plant species richnesses were positively related in all studied
community types, as also described in a peatland study from North America (Glaser
et al. 1990). This means that similar methods can be used to protect the large-scale
richness of those two taxonomic groups in moist forests and mires in the boreo-
nemoral zone. In our previous study on a grassland, bryophyte richness increased and
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vascular plant richness decreased in a long-term fertilization experiment, suggesting
differential behavior between those two taxonomic groups (Ingerpuu et al. 1998).
Our present results suggest that the behavior of species diversity of different taxonom-
ic groups is similar in larger scale. The scale both in time and space is an important
aspect to consider species diversity relationships (Huston 1999). The importance of
scale is corroborated by the fact that the correlation between bryophyte and vascular
plant species diversities was strong at the regional species pool level and decreased
gradually if richnesses per ten stands, or per one stand was used. Larger scale allows
the incorporation of habitats suitable only for bryophytes (tree trunks, stones, shady
micro-niches etc.), as well as habitats supporting a great variety of vascular plant
species (humus-rich soil areas, forest gaps etc.). Our results expect that bryophyte
and vascular plant species preferences in the studied communities are similar along
the main environmental gradients, in contradiction to a study from the Canadian arctic
(Gould and Walker 1999).

The bryophyte and vascular plant species relative richnesses were not significant-
ly different in most cases, the local richness is rather a constant proportion of the
regional species pool for both taxonomic groups. This supports the species pool hy-
pothesis that large-scale richness pattern is primarily determining small-scale richness
(Lawton 1996; Pirtel et al. 1996). Similar results were received from an Estonian
wooded meadow, where richness per sample plot was 22% of the total bryophyte
flora and 25% of the total vascular plant flora of the locality (Ingerpuu et al. 1998).
Although the dispersal strategy of bryophytes differs considerably from that of most
vascular plant species, the richness patterns seem to be quite similar. High relative
richness indicates similarity across stands in one community type (actually, our rela-
tive richness is 1/8 diversity, according to Whittaker 1972). Indeed, the ombrotrophic
bog with relatively small variation in environmental factors and small regional species
pool showed exceptionally high relative richness for vascular plants. In bryophyte
communities this relationship is not so clear, which may be explained by a different
scale of ecological variability for bryophytes. In the ombrotrophic bog the conditions
for vascular plants are evenly nutrition-poor, well illuminated and mostly quite moist;
for bryophytes there is a gradient of extremely moist (pools) to dry (higher hum-
mocks, cortex of sparse trees), a gradient of high to low illumination (small cavities
in the peat and under the roots) and a gradient of extremely nutrition-poor to nutrient-
rich (decomposing higher plants and animal dung). Number of microhabitats has been
found to explain a large part of the variation in bryophyte species richness in peatlands
(Vitt et al. 1995).

The calculations of minimal standnumber for preserving the regional species pool
for different community types showed that less stands are needed to maintain the bryo-
phyte species pools than the vascular plant species pools. This is even the case if the
regional species pools of vascular plants are of the same size as those of bryophytes.
This indicates that the difference in species composition between stands is much
greater in the vascular plant group. In the field we examined stands with an area of
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approximately 1 ha. However, each described stand represented a much larger forest
or mire area, and had probably higher richness than it would be in a stand with the
size exactly 1 ha. The effect of total stand size on bryophyte richness on a smaller
sample size has been shown on New Zealand forested islands (Tangney et al. 1990).
Our estimated number of stands is based on the assumption that no local species
extinctions occur. However, this is not likely to be true and to maintain the regional
species pool, a larger set of stands is needed to allow persistent metapopulations
(Hanski and Gilpin 1997). This means that the number of protected areas we suggest
should be scattered and the area needed for conservation is much larger than the area
obtained by multiplying the number of stands by 1 ha.

At present, we do not know the exact area of the studied community types that are
protected. Anyhow, especial attention should be paid to the rare community types.
The rarest of the studied community types in Estonia is floodplain forest. Together
with the eutrophic swamp forests they form about 5000 km? in Estonia (LShmus
1984) and the majority of the territory of these site types should be maintained as
nature reserves (Paal 1998).

Rare species have been the first object of conservation biology (Meffe and Carroll
1994), but in recent years the number of species typical for a specific community type
has been considered valuable (Sansen and Koedam 1996). Protection of the typical
species composition and richness provide a basis for rare species conservation too,
which, however, needs additional specific conservation efforts. We did not include
rare species in our calculations because very few were actually found during the sur-
vey. The occurrence of rare species is influenced by too many different biological and
environmental factors that could not be accounted for in the calculations (Ingerpuu
and Vellak 1995). Protection of rare species cannot be realized only by protecting a
certain number of sites suitable for those species, since it depends on the specificity
of distribution, ecology and biology of a species (Giplin and Soule 1986; Hallingbzck
1995). Bryophyte richness is further influenced by availability of different substrata,
which is directly influenced by forest management practice (Vellak and Paal 1999).
High habitat specialism is the main reason for herbaceous species rareness in central
England (Thompson et al. 1999).

In conclusion, the species richness between bryophytes and vascular plants is pos-
itively correlated on larger scales, and conservation of communities rich in species of
one plant group maintains also the species richness of the other. Since the relative
richness was not different between those taxonomic groups, and local richness tends
to be a quite constant proportion of the regional species pool, it is an indication that
large-scale richness determines the average richness per one stand. Qur calculations
for preserving typical species compositions for different forest and mire vegetation
types can only serve as additional recommendations for already existing nature
conservancy, giving information about the approximate number of sites required
for it.
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Abstract. Forests at the base of the North-Estonian limestone escarpment are excep-
tional in terms of the specific environmental conditions and rich flora there. The total
species list in the 23 studied forest fragments consisted of 145 bryophytes and
154 phanerogams. Twenty bryophyte species and three phanerogams were Red-Listed.
Bryophytes and phanerogams differed in their diversity and species composition
patterns in relation to environmental conditions. Human activity was found to reduce
species richness and alter species composition significantly for both bryophytes and
phanerogams. Other environmental conditions had significant effects only on bryo-
phytes: higher soil nitrogen content reduced and higher soil water retention increased
bryophyte species richness; forest size and distance to the sea influenced bryophyte
species composition. Small-scale species richness of bryophytes was further influenced
by the type of substrate, being highest on limestone cliffs and lowest on soil. After
eliminating the effects of environment, species richness, as well as covers, of soil
bryophytes and phanerogams, were found to be negatively correlated. Both bryophyte
and phanerogam species compositions, but only phanerogam species richness showed
significant spatial autocorrelation. Due to the uniqueness and small area of these forests
we recommend protection and restoration of disturbed sites.

Keywords: species richness, human impact, soil, substrata, spatial autocorrelation
Nomenclature: Ingerpuu et al. (1994) for bryophytes, Leht (1999) for phanerogams.
Abbreviations: CCA — Canonical Correspondence Analysis; GLMM = General Linear
Mixed Model.

Introduction

Biodiversity studies are among the most serious tasks of contemporary ecological
science (Margules & Pressey 2000, Tilman 2000). The diversity of plant species is one
of the main factors supporting the diversity of other organisms (Myers ef al. 2000).
Plant diversity is often described in terms of phanerogams alone. Bryophytes also
belong to the plant kingdom, and although they inhabit most plant communities, they
are often neglected.

Bryophytes differ from phanerogams in regard to a large variety of physiological
and life-history parameters; they are evolutionarily older and more widely distributed.
As a rule, phanerogams grow on soil, but bryophytes inhabit several substrata. Bryo-
phytes and phanerogams have a different function in ecosystems and they support
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different heterotrophic species (Schofield 1992). Therefore, the diversity patterns of
these plant groups may differ significantly. Some studies have found correlation be-
tween bryophyte and phanerogam diversities (e.g. Slack 1977, Glaser et al 1990,
Fensham & Streimann 1997, Ingerpuu et al. 2001) while others have failed (e.g.
McCune & Antons 1981, Ewald 2000). In order to know if and when phanerogam
diversity can be used as a surrogate for bryophyte diversity (Pharo et al. 2000), more
detailed studies on those diversities are needed. If there are fundamental differences in
the bryophyte and phanerogam diversities, both should be taken into account in the
community protection.

Plant diversity patterns may be determined by differences in the ecological require-
ments of species in the regional species pools (i.e., the potential set of species for a
habitat). This, in turn, is defined by evolutionary and historical processes for each
region (Pirtel et al. 1996, Zobel 1997). Bryophyte and phanerogam diversity has been
found to be differently related to environmental gradients in several studies (Gould &
Walker 1999, Pausas 1994, Ingerpuu et al. 1998). In contrast, Ferris et al. (2000) found
that diversities of both plant groups were similarly negatively related to soil nitrogen in
British planted forests.

In addition to large-scale processes, biotic interactions can influence richness
patterns (Huston 1999, Pirtel et al. 2000). Although it is expected that phanerogams
have an asymmetrically stronger effect on small bryophytes, creating a shaded environ-
ment for them (Fitter 1987), bryophyte cover can still both inhibit or facilitate the
regeneration of different vascular plants (Hein 1966, Zamfir 2000). The direct effect of
biotic interactions should be studied at a scale relevant to plants (Huston 1999, Pirtel et
al. 2000). Biotic interactions among bryophyte species and among phanerogam species
can be estimated by analyzing relationships between their biomass (or cover) and
richness. Dominance and competition should decrease richness at high levels of cover
(Grime 1979, Grace 1999).

Furthermore, the diversity patterns can be influenced by human activity. Ewald
(2000) pointed out, that correlations between the species richness of different forest
layers has been found more often in natural vegetation than in habitats with long-lasting
human impact. For example, in secondary Dutch forests, bryophyte and phanerogam
diversity patterns had little in common (Dirkse & Martakis 1998), but in Estonian
unmanaged moist forests and wetlands we found positive correlation between the
richness of bryophytes and phanerogams (Ingerpuu et al. 2002). Human disturbance can
influence bryophytes and phanerogams differently. Ewald (2000) found that the
silvicultural practice of replacing natural Fagus sylvatica forest with more profitable
Picea abies stands had no influence on phanerogams, but increased bryophyte diversity.

Besides changing ecosystem parameters in sifu, human influence also results in
community fragmentation (Dzwonko & Loster 1989, Grashof-Boktam 1997, Bruun
2000). Studies from naturally fragmented communities help to predict the effect of
human induced fragmentation (Haig et al. 2000). Fragmentation leads both to reduced
habitat size and increased isolation. Bryophytes are often dispersed by small spores,
while most phanerogams have much larger diaspores, ferns and orchids being excep-
tions. Pharo et al. (1999) found that bryophyte richness in an Australian forest was
correlated with fern richness and not with seed plant richness, suggesting that dispersal
may influence richness pattern. Although bryophytes are expected to be easily
dispersed, Tangney et al. (1990) described positive effect of island size and negative
effect of isolation for bryophyte diversity on lake islands in New Zealand. Thus, the



effect of dispersal distance should not be neglected when studying bryophytes. The
effect of isolation is reflected by the degree of spatial autocorrelation — sites closer to
each other are more similar in species composition and richness than distant sites
(Legendre 1993, Koenig 1999). If there were differences in the degree of spatial
autocorrelation for bryophytes and vascular plants, it would indicate that dispersal
differences may be important for the diversity pattern, too.

The proportions of bryophytes and phanerogams in plant communities vary. Often
bryophytes form the minor part; exceptions are peatlands and boreal forest communities
with very few phanerogams (Pharo & Vitt 2000, Ingerpuu et al. 2002). In the temperate
region, old broad-leaved forests are characterized by both high bryophyte and phanero-
gam diversity (Kalda 1960, 1981, Sjdgren 1964, 1971, 1995, Diekmann 1999).

In this paper we analyse bryophyte and phanerogam species diversitiy and composi-
tion patterns in the primary broad-leaved nemoral forests at the base of the North-
Estonian Klint. Our aims were 1) to check whether environmental conditions influence
bryophyte and phanerogam species richness and composition similarly, 2) to test
whether the bryophyte and phanerogam species richness and cover are correlated, 3) to
test whether the degree of spatial autocorrelation of species richness and composition is
similar for bryophytes and phanerogams.

Material and methods

North-European broad-leaved forest

Broad-leaved forests are rare in Northern Europe, and their area has decreased consid-
erably during the last centuries (Laasimer 1965, Diekmann 1994, 1999). This forest type
is considered to be very valuable from the nature-conservation point of view and is
listed as a priority habitat type in the Habitat Directive of the European Union. In
Estonia, broad-leaved forests are on the northern limit of their distribution area and they
constitute just 0.6% (8000 ha) of the whole forest area in Estonia (Kalda 1962, 1995).
The majority of the broad-leaved forests were cut during the last two centuries
(Laasimer 1965). The present stands have developed through the selective cutting of
coniferous trees and the overgrowing of grasslands. A specific type of Estonian broad-
leaved nemoral forest grows in narrow strips at the base of limestone cliffs along the
northern coastline of Estonia, where the North-Estonian plain suddenly ends with a
steep escarpment — the North-Estonian Klint.

The North-Estonian Klint is fragmented and stretches for more than 200 km (Fig. 1).
The height of the escarpment varies between 24 and 67 m over sea level, being lower in
the west and higher in the east. The upper part of the escarpment is almost vertical and
exposes the layers of calcareous rocks from the Ordovicium. The lower layers consist of
clays, silts, sandstones and argillites from the Cambrium and Ordovicium (Miidel
1997). The base of the escarpment is a slope formed of rocky debris which is more or
less covered by soil. The distance from the sea is different for different parts of the
escarpment. In some places it falls straight into the sea, in other places it may be up to 6
km away. In contrast to other locations, forests at the base of the escarpment are mostly
primary; in the majority of cases their management has been too difficult since they lie
on a slope between a steep cliff and the sea (Kalda 1962). In addition, closeness to sea
and shelter from the escarpment creates a unique microclimate, which supports a



diverse flora, exceptional for the Nordic biota (Paal 1998). Similar habitats have been
described from Ontario, Canada along the Niagara Escarpment (Larson ef al. 1989).

Study sites and data collection
Estonia belongs to the boreo-nemoral vegetation zone (Sjérs 1965). The mean tempera-
ture on the North-Estonian coast is ~5°C in January and +16.5°C in July, the mean
annual precipitation is 650 mm (Jaagus 1999).

The escarpment base forest was analyzed along all of its 200 km length in
217 randomly placed, 1x1 m plots from 23 forest fragments, 910 plots per fragment
(Fig. 1) in the summer of 1999. Bryophyte and phanerogam species were recorded from
each plot and species richness was calculated separately for bryophytes and phanero-
gams. In the following, we shall use the term ‘herb’ for the phanerogams in the field
layer. If not specified differently, by ‘species richness’ we mean the number of species
per 1 m’ plot. Total bryophyte and herb coverage was determined for each plot. To
study bryophyte small-scale richness on different substrates, randomly placed 125 plots
of 20x20 cm were analyzed on soil, treetrunks, logs, sandstone rocks and limestone
rocks. The smaller plot size was due to the small size of some substrates. All these plots
lacked herbs. From each forest fragment the size and composition of the community
species pool was determined for bryophytes, herbs and trees from an area of
approximately 0.1 ha, surrounding the 1x1 m plots. ‘Species pool’ is used for commu-
nity species pool in the following text (Pértel & Zobel 1999).

Figure 1. Locations of the studied forests along the North-Estonian Klint.



From each forest fragment, two soil samples were taken so that half of the vegetation
plots were closer to the first soil sample and the other half to the second soil sample.
Soil pH was determined in water solution potentiometrically (pH-meter Jenway 3071),
nitrogen content was analyzed according to the Kjeldahl volumetric method (Ranst et
al., 1999), and determination of soil specific surface (m?g), followed Puri and Murari
(Kitse & Rooma, 1984). All analyses were made on the basis of the fine fraction of the
soil (particles < 2 mm). Soil pH often influences the species composition and richness in
Europe for both phanerogams (Grubb 1987) and bryophytes (Pausas 1994), nitrogen is
one of the main plant nutrition elements in the soil and soil specific surface area is
related to the soil water retention capacity (Kitse 1978).

The length of the forest fragment (>10 km / 5-10 km / <5 km) and its distance from
the sea (<1 km / greater) was determined on a map (1:150,000). The presence of human
impact was determined for each forest fragment. Human influence meant mainly that
much waste (including sometimes also chemicals) had been thrown down the cliff, in
such places there were also often several pathways or traces of tree felling.

Data analysis

Total species lists of bryophytes and herbs for all examined forest fragments were
compiled and Red Data Book species (Lilleleht 1998) were outlined. Bryophyte species
substrate affiliations were determined using the General Linear Mixed Model (GLMM,
proc mixed, SAS ver 6.12, SAS Institute Inc. 1992), where forest fragments were
considered as random factors.

GLMM with repeated design was built to compare the effect of biotic and environ-
mental conditions (bryophyte and herb cover, soil parameters, forest fragment length, dis-
tance to sea, and human influence) on bryophyte and herb species richness. Species
richness estimates for bryophytes and herbs were treated as repeated measurements within
the plot (defined as variable ‘Layer’). Significance of the variable ‘Layer’ in the per-
formed GLMM’s indicates differences between bryophyte and herb richness. Forest frag-
ments and soil sampling locations within fragments were considered as random factors.
Polynomial relationships between species richness and cover for both bryophytes and
herbs were added based on a preliminary graphical data survey where the “hump-back”
relationship between cover and species richness was evident (Fig. 2). If interaction be-
tween an independent parameter and ‘Layer’ was significant, it meant that bryophyte and
herb richness was differently related to the independent parameter, and regression slopes
with their significance were presented separately for bryophytes and herbs.

20 20
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Figure 2. The relationship between species richness and cover.
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The relation between the species pool composition (on 0.1 ha plots) and environmental
conditions was studied separately for bryophytes and herbs using CCA in the CANOCO
4.0 program (ter Braak and Smilauer 1998). Monte Carlo permutation tests (1—2000)
were used to estimate the significances of the environmental conditions.

The covariance structure of the GLMM was used to estimate correlation between
bryophyte and herb species richness or cover. The significance of the correlation was
tested with the Likelihood Ratio Test comparing difference in —2log-likelihood of
GLMM models with and without covariance structure. The correlation between
bryophyte, herb, and tree species pool sizes was estimated from the covariance structure
between layers within GLMM models, using 23 fragments as replicates. Environmental
conditions were considered as factors in each of these models, in order to consider
environmental variation between sites.

In order to compare bryophyte and herb cover on plots, similar repeated design
GLMM analysis was used with cover as an independent variable. The significance of
the factor ‘Layer’ indicates a difference in bryophyte and herb cover. Bryophyte and
herb species pool sizes were compared by the ¢-test for dependent samples.

The degree of spatial autocorrelation for mean species richness and species pool
composition was measured using a Mantel type of test (Legendre 1993, Pirtel et al.
2001). All combinations of forest fragment pairs from a total of 23 fragments were
established (253 combinations). Geographical distance between fragments in a pair was
defined by rank order of fragments along the North Estonian escarpment. Difference in
mean species richness between fragments in a pair was calculated as the larger value
minus the smaller. Floristic similarity between fragments in a pair was calculated by
Jaccard's similarity index (number of common species from two fragments divided by
the number of all species in those fragments). Correlation coefficients were calculated
between geographical distance and difference in species richness, or between geo-
graphical distance and floristic similarity, using all pairs. Significance was calculated by
a randomization process where the geographical distance of the 253 pairs was randomly
ordered and then correlation calculated. This process was iterated 5000 times. The P
value was the proportion of iterations where the calculated correlation was more
negative than the correlation from empirical data.

Results

Altogether, 145 bryophyte species and 154 herb species were recorded in the broad-
leaved forests of the North-Estonian Klint. Dominant trees were Ulmus glabra,
Fraxinus excelsior, Acer platanoides, Tilia cordata, in fewer cases Alnus incana, Betula
pendula or Picea abies. Dominant herb species were Aegopodium podagraria, Matteuc-
cia struthiopteris, Lunaria rediviva, Mercurialis perennis, Galeobdolon luteum and
Urtica dioica and dominant bryophytes were Brachythecium rutabulum, Eurhynchium
hians, Anomodon longifolius, Eurhynchium angustirete and Rhytidiadelphus triquetrus.
Twenty Red-Listed bryophyte species, but only three Red-Listed herbs (Lilleleht 1998)
were found in study areas (Table 2). Most of the Red-Listed bryophytes were found
growing on cliffs (both lime- and sandstone).



Table 1. Community species pool sizes, mean species richness per 1 m?, cover and soil

parameters in 23 forest fragments

Mean (Range)
Bryophyte species pool size 18.9 (4-33)
Herb species pool size 18.4 (6-28)
Tree species pool size 5.7 (2-9)
Bryophyte species richness 5.7 (1.3-11.6)
Herb species richness 5.6 (2.4-12)
Bryophyte cover (%) 22.7 (0.1-61.0)
Herb cover (%) 43 (20-79)
Soil pH 7.0 (5.1-7.7)
Soil N % 0.7 0.17-1.7)
Soil specific surface (mzlg) 209 (65-480)

Table 2. Red-Listed bryophytes and phanerogams, their growing substrata and percentage of

forest fragments where species occurred (out of 23)

Species Substrates Occurrence (%)
Bryophytes:

Fissidens gracilifolius Limestone 69.6
Fissidens pusillus Soil 44
Gymnostomum aeruginosum Limestone 44
Gyroweisia tenuis Limestone 8.7
Jungermannia confertissima Sandstone 44
Jungermannia hyalina Sandstone, clay 8.7
Jungermannia sphaerocarpa Sandstone 44
Neckera pennata Treetrunks 21.7
Plagiothecium latebricola Sandstone 4.4
Platydictya jungermannioides Limestone 4.4
Porella cordaeana Limestone, treetrunks 4.4
Rhynchostegium murale Limestone 26.1
Scapania lingulata Sandstone 44
Scapania mucronata Sandstone 4.4
Seligeria calcarea Limestone 44
Seligeria donniana Limestone 44
Seligeria pusilla Limestone 34.8
Thamnobryum alopecurum Soail 4.4
Timmia bavarica Sandstone, limestone 174
Timmia megapolitana Sandstone 4.4
Phanerogams:

Allium ursinum Soil 44
Asplenium trichomanes Limestone cliff crevices 44
Lunaria rediviva Soil 34.8




The bryophyte species were differently distributed according to their substrate affilia-
tion: 42.1% (61 species) of bryophytes were found on soil, 17.2% (25) on tree trunks,
22.1% (32) on rocks, 4.8% (7) on decaying wood, 4.8% (7) on tree trunks and rocks,
4.1% (6) on soil and rocks, 3.5% (5) on soil and on tree trunks, 1.4% (2) on tree trunks
and decaying wood. Bryophyte species richness per 0.04 m? plots differed significantly
between substrates (Fy 106 = 2.8, P = 0.031). The most species-rich substrate for this
community was limestone cliffs (mean 4.1), the most species-poor was soil (mean 2.6;
Fig. 3).

GLMM analysis showed that species richness of both bryophytes and herbs had an
unimodal dependence on their cover, with highest richness values at intermediate cover
values for the layer (the regression parameters of the second order polynomial had
significant negative values, Fig. 2, Table 3). Species richness of both layers was signifi-
cantly negatively affected by human disturbance. Only bryophyte species richness was
significantly negatively influenced by the soil nitrogen content and positively affected
by soil specific surface area, while herb species richness showed no significant relation-
ship with soil parameters. We did not find the soil pH, forest fragment size, and site
distance from the sea to be significant predictors of bryophyte or herb species richness
in the forests studied.
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Figure 3. Bryophyte species richness per 20x20 cm plots (mean +SD) on different substrata in the
studied forests.



Table 3. The effect of environmental conditions on the bryophyte and herb species richness
(defined as Layer), in GLMM analysis. * P<0.05; ** P<0.01; *** P<0.001

Source Fy3m Regression coefficient (SE)
Bryophytes Herbs

Layer 0.1

Herb cover 6.3%

Herb cover x Layer 4.0* 0.0036 (0.0253) 0.0827 (0.0271)**

Herb cover? 12 S¥**

Herb cover? x Layer 3.3%* -0.0002 (0.0002) —0.0009 (0.0003)**=*

Bryophyte cover 10.7*%*

Bryophyte cover x Layer 20 2x*x* 0.1517 (0.0237)*** —-0.0421 (0.0253)

Bryophyte cover? 9.6%*

Bryophyte cover? x Layer 18.8*** —0.0015 (0.0003)*** 0.0003 (0.0003)

Human impact 13.6%**

Human impact x Layer 4.4% —1.8882 (0.7843)* —3.3553 (0.8033)***

Forest size 0.1

Forest size x Layer 0.2

Soil pH 2.8

Soil pH x Layer 0.1

Soil N 1.4

Soil N x Layer 9 3x* -4.0467 (1.6206)* 0.6759 (1.6653)

Soil specific surface 1.6

Soil specific surface x Layer 9. 1%* 0.0164 (0.0065)* -0.0017 (0.0067)

Distance to sea 2.0

Distance to sea x Layer 0.7

Table 4. Correlations between bryophyte, herb and tree species pool sizes, bryophyte and herb
species richness, and cover after removal of the effects of environmental conditions. *** P<0.001
of the Likelihood Ratio test (df=1)

Comparison N G? R
Bryophyte species richness & herb species richness 217 16.5 —0.287***
Bryophyte species pool & herb species pool 23 0.89 0.230
Tree species pool & bryophyte species pool 23 27.4 0.575%**
Tree species pool & herb species pool 23 20.3 0.153%%:%
Bryophyte cover & herb cover 217 39.4 —0.444*%*

Human disturbance altered significantly the species compositions of both plant groups
(Table 5). Both bryophyte and herb species compositions were related to their cover, but
only the bryophyte composition was additionally related to the distance from the sea
and to forest fragment size. The eigenvalues of the first two axes for bryophytes were
0.60 and 0.24, and for herbs 0.54 and 0.41. The cumulative variance of the first four
axes of species data for bryophytes was 51%, for herbs 34% and of species-environ-
mental relation for bryophytes 77%, and for herbs 62%.
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According to the Likelihood Ratio Test, residuals of bryophyte and herb species
richness were significantly negatively correlated (Table 4). For comparison, the simple
Pearson correlation coefficient between bryophyte and herb species richness was merely
positive (r = 0.128, P = 0.06; Fig. 4) when the significant effect of environmental
variation (Table 3) was not taken into account. In contrast, no significant correlation
was found between bryophyte and herb species pool sizes. The correlation between
bryophyte and herb cover was significantly negative. The tree species pool size was
significantly positively correlated with both bryophyte and herb species pool sizes.

1 case

2 cases
3 cases

15 4-5 cases

& cases

7 cases

>7 cases

= 10

5 10 15 20 -4 2 0 2 4 6
Bryophyte richness Residuals of bryophyte richness

Figure 4. The correlation between bryophyte and herb species richness and between their
residuals after the elimination of the influence of environmental factors. Dashed line indicates
95% prediction interval ellipse.

There were no differences between the species richness of bryophytes and herbs
(F1,372=0.12, P=0.732), or in their species pool sizes (+=0.2, df=22, P=0.810), but the
herb coverage was higher than that of bryophytes (F; 39, =12.8, P<0.001, Table 1).

Both bryophyte and herb species pool composition, but only herb species richness
showed significant spatial autocorrelation. Species pool sizes for bryophytes or herbs
showed no significant spatial autocorrelation (Table 6).

Table 5. The effect of environmental conditions on the species composition of bryophytes and
herbs — results of CCA analysis; significance was calculated by Monte Carlo tests.
* P<0.05; ** P<0.01

Variable Bryophytes Herbs
Eigenvalue F Eigenvalue F
Herb cover 0.09 1.25 0.26 1.57*
Bryophyte cover 0.50 5.74%* 0.24 1.36
Human impact 0.14 1.88* 0.34 1.90 **
Forest size 0.17 2.1%% 0.14 0.89
Soil pH 0.13 1.84 0.21 1.22
Soi]l N% 0.09 1.47 0.21 1.27
Soil specific area 0.06 0.92 0.21 1.34
Distance to sea 0.20 2.42%* 0.17 1.07
Tree species pool 0.06 0.94 0.18 1.09
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Table 6. The spatial autocorrelation of bryophyte and herb species richness, species pool sizes
and species pool compositions. Pearson correlation between geographical distance of forest
fragment and floristic similarity between forest stands (Jaccard), significance is calculated by a
Mantel type test. * P<0.05; *** P<0.001

Parameter Bryophytes Herbs

Species richness -0.06 —0.12%

Species pool size -0.03 -0.04

Species pool composition -0.11* —0,38%**
Discussion

Calcareous cliff substrata, shade from the cliff, and proximity of the sea in the primeval
deciduous forest at the base of the North-Estonian Klint form an exceptional habitat for
the temperate zone, showing similarly high diversity for bryophytes and phanerogams.
The number of rare bryophyte species found in this forest type was also high: 14% of
the total number of bryophyte species found, while in other forest types it was only up
to 5% (Ingerpuu et al. 2002). Bryophytes and phanerogams demonstrated remarkable
differences in their diversity and species composition responses to environmental
conditions. Only human influence (waste depositing, pathways, tree damage)
significantly decreased both bryophyte and herb species richness, and altered their
species composition. Several other environmental conditions had an effect on bryo-
phytes but not on herbs: soil nitrogen decreased and soil water holding retention
increased bryophyte richness; forest size and distance to the sea determined bryophyte
species composition. If the effect of environmental conditions was eliminated, signifi-
cant negative correlation between bryophytes and herbs in richness and cover appeared,
suggesting the possible effect of biotic interactions.

Phanerogam richness showed no relationships with any soil factors, but soil nitrogen
was negatively, and soil specific surface area was positively related to bryophyte
richness (Table 3). A negative relationship between soil nitrogen content and bryophyte
richness was also described in British conifer plantations (Ferris et al. 2000). In
contrast, bryophyte richness increased in a wooded meadow after fertilisation (Ingerpuu
et al. 1998), suggesting that this relationship depends on habitat type. Both the effects of
large scale processes (different species pools for low and high fertility, Taylor et al.
1990) and biotic interactions (e.g., competitive effect from larger phanerogams at high
fertility) evidently determine the shape of ‘soil nitrogen — species richness’ relation-
ships. Fewer bryophyte species can survive in dry conditions, which explains why
bryophyte richness was positively correlated with soil water holding retention, meas-
ured as soil specific surface area. Surprisingly, soil factors had no effect on either
bryophyte or phanerogam species composition (Table 5). Bryophyte species composi-
tion can, however, still be influenced by air moisture, since forest distance from the sea
was significantly related to bryophyte composition. Soil pH in the temperate zone is
generally positively correlated with phanerogam richness (Grubb 1987, Pirtel 2000), as
well as with bryophyte richness (Glime & Vitt 1987, Pausas 1994, Virtanen et al. 2000).
We did not find any effect of soil pH on richness. This is probably due to the limited
range of soil pH in the forests investigated. Most of the forests had a high soil pH, while
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positive correlation between soil pH and richness is more probable at low actual pH
values (Pértel 2000).

The number of tree species was positively related with the size of bryophyte and
phanerogam species pools (Table 4). Differences between the throughfall and litter
chemistry of tree species are very large (Bergvist & Folkeson 1995, Norden 1991,
1994). This creates a patchy forest floor, important for rootless bryophytes growing
directly on litter and depending on the nutrients in throughfall. A positive relationship
between bryophyte and tree species richness has been described by several authors
(During & Verschuren 1988, Pharo et al. 1999, Weibull 2000), although McCune &
Antons (1981) did not find any correlation. Bryophyte richness was additionally
influenced by substrate, which can be explained by differences in the durability of
substrate and the average size of shoots of the characteristic species on them (Fig. 2).
Bryophyte richness was highest on durable limestone cliffs with species characterized
by small size; and lowest on soil, where the changing phanerogam growth pattern and
falling leaves provide a dynamic environment suitable for larger-sized bryophytes (La
Roi & Stringer 1975).

Both bryophyte and herb richness had unimodal relations with their cover (Fig. 3.),
richness being highest at intermediate cover values. Cover is related to biomass, and the
well-known ‘hump-back’ biomass-richness curve (Grime 1979, Grace 1999) was found
in the case of both plant groups. This is interesting, since clonal bryophyte mats are
considered to be ecologically functional units, compared to spatially separated phanero-
gam ramets (Bates 1998). Lower richness at higher biomass values may be due to
several reasons, like more intense competition (Grime 1979), smaller species pool size
(Taylor et al. 1990), or larger size and consequently smaller number of plant individuals
per area (Oksanen 1996) in fertile conditions. Competition among bryophytes has been
described on sandstone rocks (Zittovi-Kurkova 1984). @kland (1994), however, found
that interactions between coniferous forest bryophytes were rather facilitative than
competitive. If we consider the significant relationships between cover and composition
in the case of both bryophytes and herbs in our study (Table 5), we may suggest the
effect of species pool differences (there are more species for intermediate fertility), or
the species size differences (large species form high cover).

The cover and richness of bryophytes were significantly negatively correlated with
that of phanerogams if the influence of environmental conditions was eliminated (Table
4), indicating competition between those plant groups. Biotic interactions are important
on scales comparable for plant sizes (Huston 1999). We found insignificant positive
relationships between bryophyte and herb community species pool size (Table 4),
showing no significant effect of biotic interactions at large scale. Thus, both the species
pool effect and the biotic interactions were influencing bryophyte and phanerogam
diversity (Partel et al. 2000). Similar competitive effect from large-sized to smali-sized
life-form (trees to herbs) has been described from a wooded meadow (Zobel et al.
1996). This is one explanation for the variability of results concerning bryophyte and
phanerogam diversity relations: in some ecosystems and at larger scales the effect of
species pools prevails, in other ecosystems and at smaller scales biotic interactions may
be more important.

No effect of forest area on bryophyte or herb richness could be detected (Table 3).
There was also no relationship between cliff area and bryophyte richness at Niagara
Escarpment in Canada, while cliff area was positively related to phanerogam richness
(Haig et al. 2000). In contrast, in New Zealand lake-islands bryophyte richness was

12



positively related to island area (Tangney et al. 1990), while phanerogam richness had
no relationship (Kelly ef al. 1989). Unlike the findings in Niagara Escarpment cliff
communities (Larson et al. 1989, Haig et al. 2000), our study shows bryophyte species
composition to be related to stand size (Table 5). Both bryophyte and phanerogam
species pool composition were significantly spatially autocorrelated, but only phanero-
gam richness showed the same effect (Table 6). Thus, in broad-leaved forests, bryo-
phyte composition may be as vulnerable to habitat isolation as phanerogam composi-
tion, being even more related to fragment size.

Presently, only approximately one third of the North-Estonian Klint forests are
protected. Human impact in these primeval forests is destructive. The numbers of both
bryophytes and phanerogams decreased in influenced sites (Table 3), and their species
composition was affected (Table 5). Due to the unique habitat, species composition,
primeval state, and small area all these forests must be protected as nature reserves
(Laasimer 1981, Paal 1998). Human influence should be excluded totally, and the
disturbed sites restored as much as possible.

In summary, the unique set of primeval broad-leaved forests along the North-
Estonian Klint revealed significant differences between bryophyte and phanerogam
species richness and composition patterns in respect to soil conditions, distance from the
sea, and the rate of spatial autocorrelation. The species pool determined local bryophyte
and phanerogam community species richness levels and compositions. Biotic interac-
tions were important between bryophytes and phanerogams, which resulted in a
negative correlation between the species richness of these plant groups. The strongest
effect that decreased richness and changed composition for both bryophytes and
phanerogams was still human disturbance.
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Abstract

In the Laelatu wooded meadow in Estonia, famous for its phanerogam diversity, the bryophyte community has been
investigated in order to compare its flora and diversity relationships with those of the vascular plant community.
Ninety-six bryophyte species were found, 13 of them are hepatics; the majority of the bryophytes are epigeic
species common to meadows and forests, including many calciphilous species. Vascular plants and bryophytes
display opposite responses to fertilisation. For vascular plants, fertilisation increases the coverage and diminishes
the number of species, while for bryophytes it diminishes coverage and increases the number of species. The
relationship between the number of species in small plots and the total number of species in the area is similar for
vascular plants and bryophytes. No significant changes in the bryophyte community in Laelatu wooded meadow

has been detected during the last 30 years.

Nomenclature:

For bryophytes Ingerpuu et al. (1994), for vascular plants Laasimer et al. (1993-97).

Introduction

Areas of exceptional high species richness are interest-
ing from both the theoretical and conservational point
of view. Considering the scale-dependence of species
richness records (Stoms 1994), it is important to dis-
tinguish between species-rich sites of different scale.
On a small scale (10 m? and less) some particular types
of grassland represent the most species-rich vascular
plant communities in the world (Sanders 1995). In a
very small number of sites, the number of vascular
plant species exceeds 60 species per 1 x 1 m plot —
among these, published data exist for Strelets meadow
steppe in Russia (Afanaseva & Golubev 1962), and for
West-Estonian wooded meadows (Kull & Zobel 1991).

We define a wooded meadow as a natural sparse
woodland with a regularly mown herb layer. Wooded
meadows were typical and traditional in many areas
around the Baltic Sea, but have almost alt disappeared
due to changes in management regimes during the last

half century (Hzggstrom 1983). The remaining few on
calcareous soils have been found to have some of the
highest known vascular plant species-richness values
on the small scale (Kull & Zobel 1991). 1t is, however,
unclear whether the other components of the ecosystem
are also rich in species and whether they contain rare
species (e.g., Talvi 1995).

Bryophytes constitute a permanent part of the flora
of calcareous grasslands. Variations in the species com-
position of the bryophyte layer are mainly determined
by the same factors that influence the vascular plant
community — management regime, topography, bed-
rock (During 1990), but their relationship to the vari-
ation in the vascular plant community has still not been
explained completely. Herben (1987) has compared
fluctuations in bryophyte and phanerogam communit-
ies. There are several studies on the influence of the
bryophyte layer on the emergence of seedlings (e.g..
Tooren 1990; Hein 1966), and on the effect of the dens-
ity of the vascular plant community or community gaps
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on bryophytes (Jonsson & Esseen 1990). The influ-
ence of differences in the management of vegetation
on bryophytes has also been described (Brown 1992;
Tooren et al. 1988; During & Tooren 1988). During &
Tooren (1990) emphasized the possible importance of
the mutualistic relationships between bryophytes and
other plants. The relationships between species rich-
nesses are less well studied.

Since the 1950s, vascular plant coverage, pro-
ductivity, phenology, and seed-bank composition have
been studied at Laelatu wooded meadow (Hein 1966;
Krall & Pork 1970; Kull & Zobel 1991). However,
until now data about bryophytes were rather scarce. In
1962-63 the moss vegetation in some plots on Laelatu
meadow was described in connection with an exper-
iment on meadow fertilisation, and changes in the
bryophyte community were recorded (Kalda & Kan-
nukene 1966). The aims of the present study are (1)
to characterise the bryophyte vegetation in the wooded
meadow community richest in vascular plant species at
Laelatu, (2) to compare diversity trends in bryophyte
and vascular plant communities on fertilised and unfer-
tilised ground, and (3) to see if the bryophyte vegetation
of some sample plots has changed since 1963.

Study area

Laelatu wooded meadow is situated in the western part
of Estonia, close to the Baltic Sea, between the Mdisa,
Kase, and Hein bays, and covers an area of about
100 ha, The meadow had regularly mown for over 300
years, but the mown area has now decreased to only ca
15 ha.

The mean temperature for July is 17.0 °C, and
for January -5.0 °C. The mean annual precipitation
is 500 mm. The soil is a rendzic leptosol with a pH
of 6.7-7.2 (Niinemets & Kull 1997), formed on cal-
careous silurian bedrock. It is characterized by a thin
humus layer (15-20 cm) and is relatively poor in avail-
able nutrients (Sepp & Rooma, 1970). Soil moisture
content varies, both dry and wet meadow sites are rep-
resented.

The tree layer (crown projections) covers 30-50%
of the ground in typical sites (more open sites or
those which have a more closed canopy also exist)
and consists of Quercus robur, Betula pendula, Betula
pubescens, Fraxinus excelsior a.o. The undergrowth
includes Fraxinus excelsior and Populus tremula, with
many species of shrubs (Corylus avellana, Sorbus
aucuparia, Rhamnus cathartica, Viburnum opulus,

a.0.). The field layer is very rich in species, being one
of the richest known (at least in temperate Eurasia) at
a small scale — the number of vascular plant species
on 1 x 1 m plot exceeds 60 (Kull & Zobel 1991), with
a recorded maximum of 68 species. There are almost
no dominant species. Characteristic species are Ses-
leria coerulea, Filipendula hexapetala, Festuca rubra,
F. ovina, Carex flacca, Succisa pratensis, Prunella
vulgaris, Plantago lanceolata, Convallaria majalis,
Centaurea jacea, Cirsium acaule (Krall & Pork 1970).
The vascular plant flora in Laelatu wooded meadow
(without adjacent habitats) contains 371 species.

Methods

In 1961, a meadow fertilisation experiment was set up
by K. Pork at a typical, quite uniform and relatively
dry site in Laelatu wooded meadow. The main experi-
ment used twelve 10 x 30 m permanent plots that are
still used for long-term succession research. Nine plots
were fertilised during the period 1961-1981. Since
1982, no plots were fertilised. The plots were mown
every year in July, and the hay was removed. In the
present study, we analysed four of these plots — two
fertilised plots F; and F, (numbers 4 and 11 of the
original experiment, which have received 3.5 g m—2
nitrogen, 2.6 g m~? phosphorus and 5 g m~2 potassi-
um annually), and two controls — C; and C; (6 and
10, respectively). The plots represent very old wooded
meadow vegetation, which has been regularly mown
without any great changes during at least the last three
centuries. The only difference between the F plots and
controls has been the 20 year period of fertilisation.
F, and C, are close together and are 200 m from the
other close pair F, and C,. At the end of June 1995,
three sample plots (a to ¢} of 1 x 1 m in each of the
larger plots were used for the description of the bry-
ophyte vegetation. The above-ground biomass and the
number of vascular plant species were measured from
20 randomly placed 20 x 7.5 cm sample plots within
the 10 x 30 m plot. The Student’s ¢-test was used for
statistical analysis.



Table 1. Bryophytes of Laelatu wooded meadow. The
frequency is marked as following: C — common; O -
occasional; R — rare; not-marked — recorded only in
literature or herbarium data. The pH classes represent
the ecological indices by Diill (1991) (1 - pH<4; 3
- pH 4-5; 5 - pH 5-6; 7 - pH 6-6.9; 9 - pH>6.9;
2, 4, 6, and 8 represent intermediate values), and sub-
strata reaction groups by Apinis & Diogucs (1933)
and Apinis & Lacis (1936) (I hyperacidophilous, II
mesoacidophilous, III acidophilous, IV neutroacido-
philous, V neutromesoacidophilous, VI euryionic, VII
hypoacidophilous, VIII neutrohypoacidophilous, IX
neutrophilous, X meioeuryionic, XI basihypoacido-
philous, XII basineutrophilous, XIII basiphilous).

pH Frequency
Alpinis Diill

EPIGEIC

Atrichum undulatum i 4
Aulacomnium palustre VI 3 (0]
Barbula convoluta XI 6 R
Barbula unguiculata X1 7 R
Brachythecium oedipodium 111 3 C
Brachythecium rivulare X1 5 R
Brachythecium salebrosum  V 5 O
Bryum argenteum X1 6 R
Bryum caespiticium A% 6 O
Bryum inclinatum viI 7 R
Bryum pallescens - 7 R
Bryum pseudotriquetrum X 7 R
Calliergonella cuspidata X 7
Campylium stellatum X1 7 C
Ceratodon purpureus VI - C
Chiloscyphus pallescens II 7 O
Cirriphyllum piliferum X 6 C
Climacium dendroides X 5 C
Conocephalum conicum VLX 7 R
Ctenidium molluscum X11 8 C
Dicranum polysetum 111 5 C
Dicranum scoparium I 4 C
Didymodon rigidulus XII 7 R
Ditrichum flexicaule X1 9 O
Drepanocladus aduncus VI 7 O
Drepanocladus cossonii X 8 C
Drepanocladus lycopodioides X1 9
Encalypta vulgaris XI 8 R

Table 1. Continued

pH Frequency

Alpinis Diill
Eurhynchium angustirete  —
Eurhynchium hians viaI?
Eurhynchium praelongum X1
Fissidens adianthoides VI X
Fissidens taxifolius X1
Funaria hygrometrica X
Homalothecium lutescens X1
Hylocomium splendens v
Lophocolea minor v
Marchantia polymorpha V1 5 R
Mnium stellare X 7 R
Plagiochila asplenioides IV 6 O
Plagiochila porelloides - 7 O
Plagiomnium affine X 5 C
Plagiomnium elatum - 6 R
Plagiomnium ellipticum - 3 O
Plagiomnium undulatum 'V 6 C
Pleurozium schreberi v 2 C
Polytrichum piliferum I 2
Ptilidium ciliare II 2
Racomitrium canescens 111 6 R
Rhizomnium punctatum v 4 O
Rhodobryum roseum I 7 O
Rhytidiadelphus squarrosus 111 5 O
Rhytidiadelphus triquetrus 1V 5 C
Scleropodium purum m 5 C
Scorpidium scorpioides XI 9
Thuidium abietinum X1 7 0O
Thuidium delicatulum 1?7 7 C
Thuidium philibertii X 7 C
Thuidium recognitum X 6 O
Thuidium tamariscinum v 4
Tomentypnum nitens X 8 R
Tortula ruralis X 6 C
Warnstorfia fluitans 1 1 R
EPILITHIC
Barbilophozia barbata m 5 O
Brachythecium populeum X1 7 O
Dicranum fuscescens m 2
Grimmia pulvinata viir 7 R
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Table 1. Continued

pH Frequency
Alpinis Diill

Hedwigiu ciliata Il 2 C
Metzgeria furcara - 6 O
Orthotrichum anomalum XII 8 R
Orthotrichumn rupestre X1 6 R
Orthotrichum speciosum II 5 O
Paraleucobryum longifolinm 11 1 0}
Schistidium apocarpum X 7 C
EPIPHYTIC

Amblystegium serpens XI 6 C
Amblystegium subtile IX 6 R
Anomodon longifolins X1 8 R
Antitrichia curtipenditla ILavy 6 O
Brachythecium velutinum 'V 6 R
Campylium polygamum XII 4 O
Dicranum montanum I 2 C
Frullania dilatara II 5 R
Homalia trichomanoides VII 7 O
Homalothecium sericeum  XII 7 R
Hypnum pallescens 11?7 2 0
Leucodon sciuroides X 6 C
Plagiothecium laetum I 2 0
Pseudoleskella nerosa XII 6 O
Pylaisia polyantha vim 7 O
Radula complanara II 7 R
Sanionia uncinara \Y% 3 C
EPIXYLIC

Aulacomniuni androgynum  1ILLIV 2 R
Hypnum cupressiforme v 4 C
Lophocolea heterophylla I 3 0
Pohlia nurans 11 2 R
Prilidium pulcherrimum - 2 C

The present list of bryophytes in Laelatu wooded
meadow has been compiled from literature (Kalda &
Kannukene 1966; Nurk 1983) and the herbarium of
the Institute of Zoology and Botany. in addition to
the collections of the authors from 1987 and 1995
from the whole area and from the 12 experimental
plots described above. Three frequency classes have
been used based on the estimations of collectors. The

unpublished material ol L. Kannukene from 1975 and
M. Leis from 1989 has also been used.

Results

The total number of bryophyte species found at Laelatu
is 96 (thirteen of which are hepatics); they belong to 30
families and 61 genera (Table 1). The majority of the
species (63) are epigeic. According to the existing eco-
logical classifications (Apinis & Diogucs 1933; Apinis
& Lacis 1936; Diill 1991), nine calciphilous (seven of
them epigeic) and 26 acidophilous (14 of them epi-
geic) species were found, the other species having a
wide amplitude, being either neutral, or lacking precise
data. About one third of the species prefer moist hab-
itats (meso-hygro-. hygro- and hydrophytes), and one
third prefer dry habitats (xero- and xero-mesophytes),
the others are mesophytes or have a wide amplitude
(Ingerpuu et al. 1994). Among the epigeic species,
the ratio between moisture-preferring species and dry-
habitat species is approximalely 2:1.

The number of bryophyte species found within the
experimental plots (which represent an area of 0.12 ha)
in this study was 21. whereas the number of vascular
plant species found from the same area was 94.

The number of bryophyte species in previously fer-
tilized (F) plots was considerably higher than in control
(C) plots, which is especially noticeable when using the
pooled data (Table 2, Table 4).

The difference in bryophyte species richness in the
FFand C plots is due to the presence of additional species
in the F plots. C plots contained only one species which
was not present in the F plots whereas 12 species found
in the F plots were absent from the C plots (Table 3).

The F plots had more species than the C plots,
whereas the opposite was the case for vascular plants
(Table 4). The F plots have lower bryophyte cover than
the C plots (only in one case did the cover value exceed
55 in the F plots, and only once was it lower than 60
in the C plots). whereas the aboveground biomass and
cover of vascular plants is higher in the F than in the C
plots.

Discussion

The bryoflora of Laelatu wooded meadow includes
many ecologically quite different species. The occur-
rence of so many species with different ecological
requirements can be explained by the existence of



167

Tuble 2. Species list and the cover values (%) of sample plots. F ~ fertilised, C — control plots.

Py Fip Fie Fy

Amblyssegium serpens 1

Barbula convoluta + +

Barbula unguiculata +

Brachythecium salebrosum 1 +
Bryum sp. +

Campylium stellatum
Chiloscyphus pallescens

Cirriphyllum piliferum +
Eurhynchium hians +

Fissidens tuxifolius +

Hylocomium splendens 10
Plagiochila asplenioides

Plagiomnium affine 5 1 1
Plagiomnium undulatim 15 5 5

Pleurozium schreberi
Rhodobryum roseum
Rhytidiadelphus squarrosus 5 40 35 +

Rhytidiadelphus triquetrus s 5 40
Sanionia uncinata

Scleropodium purum + + 5 10
Thuidium delicandum 5
Total bryophyte cover 25 S0 55 55
Number of species 9 7 7 6

Fp Fux Cha Cm» Cie Cu Ca Cp

+
+
+ +
+ +
10 15 25 45 5 10
+ o+ + o+ o+ o+
1
+ 5
5
+
20 5 5 5
0 45 30 15 5 60 55 55
+
0 105 5 4+ 1 5 5
+ 1 1

50 60 60 S50 60 65 70 60

Table 3. Comparison of species presence and absence in F (fertilised) and C (control)

plots.
Absent in C Absent in F
Presentin  Presentin  Presentin  Presentin
FiandF, FyorF; CiorCa Cy and C2

Brachythecium salebrosum ~ +
Plagiomnium affine
Plagiomnium undulatum
Amblystegium serpens
Barbula convoluta
Barbula unguiculata
Bryum sp.

Campylium stellatum
Chiloscyphus pallescens
Cirriphyllum piliferum
Rhodobryum roseiim
Sanionia uncinata
Pleurozium schreberi

various microniches with different moisture and pH
conditions at the site. The majority of the species are
common epigeic meadow and forest species (Table 1).
A large number of species characteristic to moist and

paludifying meadows can be found here (Drepano-
cladus spp., Calliergonella cuspidata, Aulacomnium
palustre, Fissidens adianthoides, Tomentypnum nitens,
Plagiomnium affine). The occurence of calciphilous
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Table 4. Vascular plant and bryophyte community parameters in F (fertilised) and C (contrel)
plots. ¢ —significance of the difference between the paired means of F and C plots (* P < 0.05,

**P <0.01).
Parameter Fy F, C; C t
Bryophytes mean no. of species per sample plot 8 8 5 4
no. of species pooled 14 15 6 7
cover (%) 45 55 55 65
Vascular plants  no. of species pooled 46 64 72 68 *
cover (%) 90 85 65 70
aboveground biomass (g/m?) 260 180 170 154 **

species is characteristic. There are also many spe-
cies inhabiting tree trunks. Epixylic species are scarcer
due to the lack of suitable substrata (decaying wood,
stumps) in the seminatural area. Bryophytes inhabiting
stones are represented by a smaller group. According
to the List of Estonian Bryophytes (Ingerpuu et al.
1994) the following species found on Laelatu mead-
ow are “relatively rare” in Estonia (up to 20 locai-
ities): Frullania dilatata, Mnium stellare, Thuidium
tamariscinum, Campylium polygamum, Scleropodi-
um purum, Encalypta vulgaris and Antitrichia cur-
tipendula. Antitrichia curtipendula and Aulacomnium
androgynum are distributed only in the western part
of Estonia. No “rare” bryophyte species (less than 8
localities in Estonia) were found in Laelatu wooded
meadow, although there are a remarkable number of
rare vascular plants (Krall & Pork 1970). This could be
explained by the absence of some habitats that are suit-
able for many Estonian rare bryophyte species (shady
virgin forests, alvars, spring mires), or in other words,
a wooded meadow (despite now being rare itself) does
not provide rare microhabitats.

The species composition and density at Laelatu
show a similarity to those in similar meadows in West-
ern Europe (e.g., Rijnberk & During 1990). 4-10 bry-
ophyte species were counted in 1 m? plots on Laelatu
meadow. The number of species counted on several bog
plots (4-10 m? in size) was 2-19 (Kask 1965). Hence
the species richness seems to be higher on meadow
plots. It is also higher than in Estonian forests: 2—-
7 species per 1 m? in Vilsandi pine forest (Ratas et
al. 1993a). The number of epigeic bryophytes in the
decidous forests of Oland on 1 m? plots was 4-12
(Sjogren 1964). The Vilsandi alvar meadow has 10-14
species per 1 m? plot (Ratas et al. 1993b). The number
on species-rich Dutch chalk grasslands, 6-12 species
as ameanin 1 x 1 m plots (Tooren et al. 1990; During
& Willems 1986), is comparable to the number found

in Laelatu meadow. We also noticed the similarity in
species composition of Laelatu’s bryophyte vegetation
to that of Strelets meadow steppe (Utehin 1965).

Models which are developed in order to explain the
mechanisms of species co-existence often view a plant
community as a closed system in relation to species
composition within a time period of about a decade
(e.g., Tilman 1988). According to the view of the com-
munity as an open system, the absolute number of spe-
cies in a plot is the result of a balance between immigra-
tion from the species pool and extinction. In our study,
the number of bryophyte species in the 1 x 1 m plots
(for the mean 50% of the plots) has been found to be
in the range 23-34% of their number in the whole set
of plots (from the 0.12 ha area), the latter represent-
ing 22% of the whole list of Laelatu bryophytes. The
respective figures for vascular plant species in plots of
the same size are 30-50%, and 25%. Consequently,
although a tendency towards a higher concentration of
phanerogam species in smaller plots could be noticed,
we cannot detect any remarkable difference in the rela-
tionships of bryophyte and vascular plant communities
to their species pools. The species pool as an import-
ant factor which determines the small-scale species
richness requires much more attention in bryophyte
communities. Until now, the relationship between spe-
cies number in small plots and their species pools has
mainly been investigated for vascular plant communit-
ies (Partel et al. 1996).

A decrease in the moss cover together with an
increase in the cover of the herb layer, caused by fertil-
isation, as shown by our data, is a well known pattern
(Mickiewicz 1976; Brown 1982). Our study shows
that the number of bryophyte species increases as the
abundance decreases. We recorded no bryophyte spe-
cies specific to calcicolous semi-natural meadow com-
munities with a rich herb layer (cf., Table 3). After
the changes in these communities, including dimin-



ished bryophyte cover as a result of fertilisation and
increased herb biomass (still evident 14 years after the
last fertiliser application), a series of new bryophyte
species immigrated to the plots.

A possible explanation of these results has been
derived from the observation that in both layers (bry-
ophyte and herb communities), more species are found
in conditions of lower cover or layer biomass. Accord-
ing to the general unimodal species-biomass curve of
Grime (1977), species richness increases with decreas-
ing community biomass, up to the rather low value
of community biomass corresponding to the maxim-
um diversity. The opposite behaviour of herb and bry-
ophyte layer biomass should consequently lead to con-
trariwise trends in species richness, as observed in
our experiment. The assumption used in this explan-
ation (the independent behaviour of different layers)
is supported by the results of Kull et al. (1995) which
showed that different layers are well separated by their
nitrogen-use-efficiency (which is considerably higher
in bryophytes than in herbs).

A different explanation, partly supporting the pre-
vious one, comes from the findings of an experiment
which showed that the species richness of bryophyte
communities increases as a result of fertiliser applica-
tion together with complete or partial removal of com-
peting phanerogams (Brown 1982). It means that more
species can grow on a more fertile soil if this effect is
not suppressed by competition.

A comparison of our recent data with the results of
the study made more than 30 years earlier (in 1962—
63) of the same plots shows a great similarity and only
minor changes in the bryophyte community throughout
this period. The overall number of bryophyte species
found in 1995 (21) is close to that found in 1962-63
(19) (Kalda & Kannukene 1966) on the same plots.
The dominant species, Riytidiadelphus triquetrus and
Scleropodium purum, are the same as in 1962-63.
Some species formerly found were not recorded in the
plots in 1995: e.g., Thuidium philibertii, Ctenidium
molluscum, but this may be due to the low frequency
of these species. The cover values in 1962-63 for vas-
cular plants (F plots — 80, C plots — 65) and bryophytes
(F plots - 35, C plots - 50) are close to those described
in 1995 (Table 4). Thus, we could not detect any sig-
nificant changes in the bryophyte community of this
site during the last three decades, in contrast to Dutch
chalk grasslands which have been strongly impover-
ished (Tooren et al. 1990). This is probably due to
continued traditional management in Laelatu wooded
meadow.

20
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The phanerogam community in Laelatu wooded
meadow showed a relatively quick response to fertil-
isation during the first 5-7 years of the experiment in
both biomass and species composition, and a very long
reversion time (especially concerning species compos-
ition and to a lesser extent biomass) after the cessation
of fertilizer application, which has also been demon-
strated by similar experiments elsewhere (OIff & Bak-
ker 1991). However, the recovery has been consider-
ably slower in our experiment than that reported in
some other studies (Mountford et al. 1996; Willems &
Nieuwstadt 1996). Bryophytes also exhibited a quick
response to fertilisation (Kalda & Kannukene 1966),
and a slow recovery of the bryophyte community com-
position is implied by the present study.

Tooren et al. (1990) showed in experiments on
Dutch chalk grasslands that fertilisation had only a
minor effect on bryophytes at moderate fertilization
levels. Dirkse & Martakis (1992) described a signific-
ant rise in the abundance of several bryophyte species
as a result of forest fertilisation. Brown & Bates (1990)
reached the conclusion that fertilizer additions often
reduce bryophyte biomass by the overgrowth of other
plants, but when this problem is avoided, fertilizers
frequently fail to change the bryophyte cover.

Several papers show the species specificity of
responses to fertilizers (e.g., Mickiewicz 1976; Lam-
bertetal. 1986). The most sensitive appears to be forest
species (Kellner & Marshagen 1991; Gerhardt & Kell-
ner 1986). In a forest fertilization experiment, Hylo-
comium splendens and Pleurozium schreberi declined
strongly at nitrogen doses of over 3 g m~2 per year
(Dirkse & Martakis 1992). This data fits well with
the results of Kalda and Kannukene (1966) who also
found that the first species to disappear in response
to fertilizing were Hylocomium splendens and Pleur-
ozium schreberi and the most tolerant species was
Rhytidiadelphus squarrosus. This tendency corres-
ponds with the results of the present study (Table 2).
The preference for more fertile sites may also explain
the distribution pattern of Rhvtidiadelphus squarrosus,
which was sparse in the meadow in 1995, growing
almost only on the experimental plots, and mainly on
the plots previously fertilised.

A problem which should not be overlooked when
comparing the dynamics of diversity in vascular plants
and bryophytes, is the possible direct interaction
between these two plant groups in communities. One
aspect of these interactions is the role of bryophytes in
phanerogams’ recruitment from seed. According to the
study by Krall & Pork (1970) from the same Laelatu
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area, the C plots with more extensive bryophyte cov-
er have a lower seedling frequency than the F plots,
but a higher frequency of species having mycotrophic
juveniles. This may be a result of shading provided
by bryophytes and the chemical compounds derived
from them. It has been shown (Tooren 1990; Hein
1966) that mosses may decrease herb germination.
Herbs with large and nutrient-rich seeds, as well as
bacteriotrophic, mycotrophic or hemiparasitic herbs,
are more tolerant to bryophyte cover. In this way, bry-
ophytes could have a certain role in the functioning of
the species-rich meadow community. By diminishing
the generative reproduction of dominant phanerogam
species and increasing a chance for mutualistic rela-
tionships (During & Tooren 1990), they could give
some less-frequent species a greater opportunity to co-
exist. However, these effects are probably not very
strong, since vegetative reproduction plays a major
role in these communities.

Conclusions

The epigeic bryophyte flora on Laelatu wooded mead-
ow is relatively rich in species. It is characterised by
the occurrence of several calciphilous species. Vascu-
lar plants and bryophytes respond in opposite ways to
fertilisation — it increases the coverage and diminishes
the number of species in vascular plants, but dimin-
ishes coverage and increases the number of species in
bryophytes. The relationship between the number of
species in a small plot and the number of species in the
species pool of the same area is similar for both vas-
cular plants and bryophytes. No significant changes in
the bryophyte community could be detected in Laelatu
wooded meadow during the last three decades.
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Abstract

In grassland communities vascular plants and bryophytes form two distinct layers. In
order to understand the factors responsible for plant community structure, more infor-
mation about interactions between these plant groups is needed. Here we tested experi-
mentally whether different grassland vascular plant species (Trifolium pratense, Festuca
pratensis, Prunella vulgaris) had different influences on the cover of two bryophyte
species (Rhytidiadelphus squarrosus, Brachythecium rutabulum). In a two-year garden
pot experiment, bryophytes were planted at a constant density. Some pots were left
without vascular plants, in the others vascular plants were planted in four densities, one
bryophyte species and one vascular plant species per pot. The absence of vascular plants
favoured the growth of bryophyte species, showing the competitive effect of vascular
plants. At the same time the cover of both bryophyte species increased with increasing
vascular plant cover, showing the facilitative effect of vascular plants. Bryophyte
responses to vascular pant species were species-specific. Festuca had significantly
positive effects on both bryophyte species in the second year, and Trifolium on
Brachythecium in both years, whereas Prunella had no significant effect on bryophytes.
The competitive effect was constant in time but the facilitation increased in the second
year. In summary, both competition and facilitation occur between different grassland
layers. The biotic effects between bryophytes and vascular plants are species-specific
and they can have a strong influence on the plant community structure.

Key words: bryophytes, competition, facilitation, grassland, vascular plants.

Introduction

Plant communities are driven by both large-scale processes — the species pool effects
(Ricklefs 1987, Zobel 1992, Pirtel et al. 1996), and small-scale processes — biotic
interactions (Tilman and Pacala 1993, Brown et al. 2001). The relative importance of
these aspects depends on the abiotic conditions, e.g. the species pool effect is more
important in unproductive habitats and competition is more important in productive
habitats (Huston 1999, Pirtel et al. 2000, Foster 2001).

Biotic interactions include both negative and positive effects, which often act
simultaneously (Callaway and Walker 1997, Brooker and Callaghan 1998, Pugnaire and
Luque 2001). The role of competition has been emphasised in several species coexis-
tence theories, but facilitation has been found to be important more recently (Callaway
1995, Stachowicz 2001, Callaway et al. 2002). Biotic interactions are important for
determining plant community structure, e.g., presence of distinct layers. For example,
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tree establishment in prairies is facilitated by the shrub layer (Li and Wilson 1998), and
woody species are excluded from prairies through intense root competition from grasses
(Pértel and Wilson 2002).

Compared to interactions between tree, shrub and field layers, bryophyte interac-
tions with vascular plants have been studied less. Most of these studies consider bryo-
phytes on the forest floor. For example, bryophyte species composition differed be-
tween coniferous and hardwood forests in Northern America (Rambo and Muir 1998),
and epilithic bryophyte composition in Scandinavia differed under a variety of tree
species (Weibull 2001). In contrast, under predominately coniferous forests, no
correlation between tree and bryophyte species compositions has been found (McCune
and Antos 1981, Pharo and Vitt 2000). Due to large differences in size and longevity,
trees affect bryophytes mostly through the "engineering" of abiotic conditions: light,
temperature, moisture, nutrient status and other chemical properties of substrates (Jones
et al. 1997).

Bryophytes also form a distinct layer in grassland communities under herbaceous
vascular plants. There are very few investigations where the effects of established
herbaceous vascular plants on bryophytes have been studied experimentally (Levine
1999). Bryophyte species composition is correlated to the vascular plant species
composition in some temperate grasslands (During and Lloret 1996, Zamfir et al. 1999,
Ejrnas and Poulsen 2001), but no correlations have been found in other locations
(Herben 1987). Biomass of bryophytes and vascular plants, however, has been found to
be negatively correlated in most studies (Ingerpuu et al. 1998, Zamfir et al. 1999,
Virtanen et al. 2000, Bergamini et al. 2001).

Bryophytes’ influence on herbaceous vascular plant germination and juvenile
survival is mostly negative (Hein 1966, Hornberg et al. 1997, Zamfir 2000). In grass-
land communities, most of the vascular plants are perennials (Eriksson and Jakobsson
1998) and regeneration from seeds is common only after disturbances (Foster 2001).
However, bryophytes have almost no biotic effects on established vascular plants
(During and van Tooren 1990), which means that the bryophyte layer in grassland
communities may be regulated by vascular plants through their biotic effect. Biotic
interactions in ecological communities occur both above and below ground, often
giving contrasting effects (Callaway 1997). In the herbaceous vascular plant —
bryophyte system, below ground interactions are almost missing, making it more easy
to study only the above ground biotic interactions.

Established herbaceous vascular plants can influence bryophytes both negatively
and positively. A negative effect is the reduction of light availability. Grassland bryo-
phytes are known to need relatively high light levels (Rincon and Grime 1989). In an
Estonian wooded meadow, bryophytes were only common under a sparse upper layer
(Kull et al. 1995). Another negative effect is competition for space. Perennial vascular
plants can easily fill most of the space and bryophytes can only use the remaining space.
Positive effects include protection from drought and the provision of nutrients captured
through the symbiosis with N-fixing bacteria, or captured from the air (Callaway 1995).

Biotic interactions may be general when the influencing species are determining
abiotic conditions making it more suitable for one group of species and less suitable for
another group of species (Jones et al. 1997). In contrast, biotic interactions may be
highly species specific (Callaway 1998). To detect species specificity, experimental
work with selected species pairs are needed.



Here we studied how three grassland vascular plant species affect two bryophyte
species in a two-year garden experiment. Qur null hypothesis was that vascular plant
cover has no general or species-specific effect on bryophyte cover, and that this
relationship does not vary in time.

Material and methods

We used two bryophyte species common in European grasslands (Brachythecium
rutabulum (Hedw.) B., S. & G. and Rhytidiadelphus squarrosus (Hedw.) Warnst.), and
three vascular plant species (a legume — Trifolium pratense L., a grass — Festuca
pratensis Huds. and a forb — Prunella vulgaris L.} in a garden pot experiment where a
bryophyte species was grown alone or under varying degrees of cover of a vascular
plant species for two years (2000-2001). Hereafter species are referred to by genus.

The bryophytes were collected from a natural grassland 30 km south of the experi-
ment garden, air dried, and cut into pieces of 1-2 cm. A constant mass of bryophytes
(0.2 g) was planted evenly into pots (21 x 32 cm, 8 cm deep, filled with a low fertility
soil — mixture of sieved natural grassland soil and sand), one species per pot. Planting
of vegetative parts allows a good establishment of the bryophyte cover (Mulder et al.
2001). Five Brachythecium and five Rhytidiadelphus pots were left without vascular
plants (the control group), other pots were planted with the vascular plants, one vascular
plant species per pot (the experimental group). The vascular plants were grown from
seeds in a greenhouse and planted evenly as two-weeks old juveniles in four densities:
3, 6, 12 and 24 plants in a pot, in order to obtain different degrees of cover. The pots
with both bryophyte and vascular plant species had five replicates for each combination
(two bryophyte species, and three vascular plant species at four densities). At the
beginning of the experiment in May 2000, the cover of bryophytes was 3% and that of
vascular plants 0.5-12%.

The pots were kept outside, on the ground and in half-shade in a garden, located at
the University of Tartu (58°22" N, 26°44’ E). The pots were displaced randomly several
times during the summers, watered during longer dry periods and weeded regularly. At
the end of the growing seasons the covers of bryophytes and vascular plants were
determined in percentages and the vegetation was cut at a height of 1-2 cm to simulate
grassland management. The difference of temperature and radiation on moss layer
between pots with and without vascular plant cover was measured in the end of the
second growing season. The intensity of photosynthetic radiation was measured using
Line Quantum Sensor LI-COR. The temperature and radiation under vascular plant
cover in experimental pots were lower than in control pots without vascular plants —
mean difference, respectively, 3.5°C and 35%. The temperature in moss cover without
vascular plants was more than 30°C in sunny days. Vascular plant cover was found to be
suitable for further analysis, since it was significantly related to light reduction (r =
0.188, P =0.044) and temperature reduction (r= 0.221, P = 0.018).

In order to analyse the effect of vascular plants on two bryophyte species coverage, a
General Linear Mixed Model (GLMM, proc mixed, SAS Institute 1992) was defined.
The general effect of the presence of vascular plants was estimated as difference be-
tween control group (only bryophytes) and pooled experimental groups (samples with
vascular plants present). The factor ‘vascular plant presence’ was tested in interaction
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with bryophyte species and repeated factor ‘year’. The vascular plant species specific
effects on bryophytes’ cover was tested within experimental groups (nested into factor
‘vascular plants presence’). In the experimental group, regression slopes were calculated
between bryophyte and vascular plant covers for each bryophyte species — vascular
plant species — and observation year combination.

Results

Bryophyte cover was found to be constant in time (Table 1, Fig. 1). Bryophyte species
differed significantly in their cover, Brachythecium having twice the cover as
Rhytidiadelphus. There was a significant interaction between year and bryophyte
species, since cover of Brachythecium decreased slightly in the second year, but the
cover of Rhytidiadelphus increased. Vascular plants significantly decreased the cover of
both bryophyte species to a similar extent. Vascular plant presence and year had no
significant interaction, showing that the effect of vascular plants on bryophytes was
consistent in time.

Table 1. The dependence of bryophyte cover on vascular plant cover, year, bryophyte species,
vascular plant presence, and vascular plant species (GLMM). Abbrevations: YR — year; BS —
bryophyte species; VP — vascular plant presence; VS — vascular plant species; VC — vascular
plant cover

Source Df F P

YR 1,110 1.1 0.292
BS 1,122 441 <0.001
YR*BS 1,110 8.3 0.005
VP 1,122 45.3 <0.001
YR*VP 1,110 0.8 0.381
BS*VP 1,122 1.0 0.321
YR*BS*VP 1,110 0.2 0.660
VS (VP) 2,122 0.5 0.632
YR*VS (VP) 2,110 1.2 0.305
BS*VS (VP) 2,122 1.7 0.189
YR*BS*VS (VP) 2,110 0.3 0.721
vC 1,110 16.2 <0.001
VC*YR 1,110 4.7 0.032
VC*BS 1,110 0.0 0.972
VC*YR*BS 1,110 0.3 0.561
VC*VS (VP) 2,110 4.6 0.012
VC*YR*VS (VP) 2,110 3.0 0.055
VC*BS*VS (VP) 2,110 6.8 0.002
VC*YR*BS*VS (VP) 2,110 0.3 0.724




Year 1 Year 2

-+ -+
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Figure 1. Cover of two bryophyte species at the end of growing season in the control group
(without vascular plants) and in the experimental group (with vascular plants) during two years
(mean + SE).

Vascular plant cover in the experimental group, however, was significantly positively
correlated with bryophyte cover (Fig. 2). There were significant positive correlations
between the cover values of Brachythecium and Trifolium (both years, Fig. 2a),
Brachythecium and Festuca (second year only, Fig. 2b), and Rhytidiadelphus and
Festuca (second year only, Fig. 2e).

Significant interaction occurred between vascular plant cover and year, showing that
in the second year positive influences were stronger than in the first year (Table 1), A
significant interaction occurred between vascular plant species and vascular plant cover.
Trifolium and Festuca had positive effects, but Prunella showed no such effect. The
occurrence of significant interaction between vascular plant cover, vascular plant
species and bryophyte species indicates a high species specificity in the biotic effects
between vascular and bryophyte species.
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Figure 2. Cover of two bryophyte species in relation to cover of three vascular plant species in
the experimental group during two years (Y).

Discussion

Grassland vascular plants had simultaneously occurring competitive and facilitative
effects on bryophytes. Bryophyte cover in pots without vascular plants was higher than
in pots with vascular plants. Bryophyte cover in pots with varying vascular plant cover,
however, was generally positively related to the density of vascular plant cover. Thus, a
less dense cover of vascular plants suppresses bryophytes more than a higher cover
density, where facilitative effects dominate. The facilitative effects and responses were
significantly species-specific.

The study system used is a simplified model of a grassland with different pairs of
bryophyte and vascular plant species, giving us an excellent possibility to study species-
specific effects. Since the communities were planted, we expect only extremely
asymmetric effects from vascular plants to bryophytes (During and van Tooren 1990).

Competition dominated over facilitation, if pots with and without vascular plants
were compared (Fig. 1). One reason for this is competition for space. Perennial vascular
plants can easily increase their density and bryophytes are able to fill only the space left.
Prunella was the only species that had no positive effects on bryophytes. Due to its
basal leaf rosettes, it fills space more efficiently than the higher Trifolium or Festuca,
which allow bryophytes to grow under the field layer. Another reason is the competition
for light. Most of grassland bryophytes require good light conditions (Rincon and Grime



1989, Kull et al. 1995). In our study systems, there was 35% less light under vascular
plants compared to the control pots with only bryophytes.

Facilitation of bryophytes by vascular plants dominated over competition, when pots
with varying vascular plant cover were compared (Fig. 2). Positive effects among differ-
ent bryophyte species are often described (Jkland 1994, Zamfir and Goldberg 2000,
Mulder et al. 2001). The possible facilitative mechanisms are improvement of moisture
and nutrient conditions. Bryophytes absorb water and nutrients using their full shoot
surface. That is why the availability of rainwater or dew is often much more important
for them than the presence of soil water. Bryophytes are poikilohydric plants and the
length of the optimal photosynthesizing period depends on the length of time that the
bryophyte mat can retain water (Proctor 1984, Green and Lange 1995). This is favoured
by dense bryophyte shoots, but also by a vascular plant canopy over the bryophyte mat,
which reduces temperature and thus evaporation, that in turn extends the photosyn-
thesizing time. The lower temperature has a special facilitative effect, while the optimal
photosynthesis temperature for many bryophytes has found to be lower than 25°C
(Proctor 1982). In our study pots vascular plant cover was significantly related to
temperature reduction. Nutrient conditions can be improved by vascular plants by fixing
airborne nitrogen in symbiosis with bacteria (Callaway 1995). N-fixing Trifolium,
however, had no stronger positive effect on bryophytes than Festuca, making this expla-
nation less probable. For comparison, in an alpine tundra a Trifolium species facilitated
forbs and competed against graminoids, resulting in no difference in the total biomass
of neighboring plants (Thomas and Bowman 1998). Another way in which vascular
plants can improve the nutrient status is the ability to alter the chemical composition of
rainwater (Norden 1991, 1994) that will be washed down to bryophytes, however,
further experiments are needed to estimate its importance.

Facilitation has been described mostly from harsh abiotic conditions — arctic-alpine
communities (Gold and Bliss 1995, Thomas and Bowman 1998, Kikvidze and
Nakhutsrishvili 1998), salt marshes (Bertness and Hacker 1994, Hacker and Gaines
1997), and arid regions (Pugnaire and Luque 2001, Tielborger and Kadmon 2000,
Caldwell et al. 1998). Vascular plant facilitative effects on bryophytes have been
described only very rarely (Sohlberg and Bliss 1984, Levine 2000) and they can be
quite complicated, for example, through suppressing a competing plant (Levine 1999).
Vascular plant facilitative effects on bryophytes in our experiment indicate that this
relationship is probably more widespread than has been described before, but is often
obscured by simultaneous competition.

Both bryophyte species responded similarly to the nonspecific competitive effect of
vascular plants (Fig. 1), facilitative influences, however, were significantly different
among species (Table 1), supporting the idea of species-specific positive interactions
(Callaway 1998). The two bryophyte species differ in their growth form: Brachythecium
is creeping and Rhytidiadelphus has upright growth. Brachythecium was facilitated
more strongly than Rhytidiadelphus (Fig. 2). In addition, Brachythecium produced
plentiful sporophytes during the second year, while Rhytidiadelphus remained vegeta-
tive (data not shown).

The competitive effect remained constant between years, but the facilitation was
significally stronger in the second year (Table 1). Evidently the competitive effect was
reduced during late autumn and early spring, when the field layer was not present, but
bryophytes were able to grow (Grime et al. 1990).
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We measured the net effects of both competition and facilitation. Controversial
results show that the balance between competition and facilitation varies and that the net
effect has a nonlinear nature. We expect that the bryophyte cover in natural meadows
will be unimodally related to the overall cover of the vascular plant layer. This kind of
relationship has been shown between bryophyte biomass and vascular plant leaf area
index in calcareous fens (Bergamini et al. 2001). Usually the vascular plant cover is
quite high in natural meadows and many studies report the second part of the unimodal
relationship, i.e. the negative relationships between vascular plants and bryophytes
(Ingerpuu et al. 1998, Zamfir et al. 1999, Virtanen et al. 2000). In our experiment, mean
vascular plant covers were relatively low (ca 40%, Fig. 2) and revealed the first
facilitative part of the unimodal relationship.

In summary, simultaneously occurring competition and species specific facilitation
determine grassland community structures. In the future, experiments are needed to
separate the different mechanisms of competition and facilitation.
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Abstract

The distribution into rarity groups according to Rabinowitz (1981) was not different
between bryophyte and vascular plant species of Estonian grasslands. The majority of
grassland plants have large regional distribution, but narrow habitat specificity. The
differences appeared in the most vulnerable rarity form — small regional distribution,
narrow habitat specificity and small populations. The proportion of species included in
this form was larger for bryophytes in alvars and meadows and larger for vascular
plants in fens. The ecological demands of species with narrow habitat specificity were
significantly different between the large-populational and small-populational group.
Similarities in the distributions into rarity forms between Estonian grassland plants and
British plants were found.

Introduction

The concept of “rarity” does not have a uniform definition. Its meaning depends on the
criteria used by a researcher (Kunin and Gaston 1993). Rarity is closely associated with
diversity. Usually there is a positive relationship between these two concepts. Different
types of rarity arise from high o-, B- and y-diversity (Cody 1986). According to Cody
(1986) high a- diversity may result in a disproportionately high number of rare species,
since the resources are divided between a greater number of species. High B-diversity,
being itself mainly a result of high habitat heterogeneity, is closely related to a growing
number of rare species with narrow habitat specificity. High y-diversity relies on high
number of ecologically equivalent, but geographically isolated species (endemic and
vicarious species). All kinds of dispersal barriers may lead to high numbers of rare
species. A system that takes all these rarity aspects into account has been worked out by
Rabinowitz (1981). This system distinguishes eight forms representing possible causes
of rarity of particular species. Species are divided according to their range of geographi-
cal distribution (large or small), habitat specificity (wide or narrow), and population size
(large or small). Only species with large geographical range, wide habitat specificity
and large populations are counted as not-rare species. Very few studies have, however,
used this system to analyse what the general pattern of species rarity in a certain area
may be (Sztersdal 1994, Blanca et al. 1998, Medail & Verlaque 1997, Pitman et al.
1999).

We chose species-rich Estonian seminatural grasslands to apply this system for both
bryophytes and vascular plants, and see if the results are comparable with other studies.
Grasslands are habitats for many rare or protected plant species. The number of rare



(less than 25 localities) vascular species that can be found in grassland communities
constitutes more than one third of all rare species in Estonia (Kull et al. 2002). In
particular, grasslands are habitats for about 25% of the vascular plants and about 15% of
the bryophytes included in the Red Data Book of Estonia (Lilleleht 1998). By the term
“seminatural grasslands” we mean almost treeless sites with spontaneous vegetation,
where human management is limited only to mowing or grazing (Krall & Pork 1980).
These grasslands are usually less productive, but more species-rich than hay fields that
are frequently ploughed, fertilised and sown.

The area of seminatural grasslands has diminished drastically during the last century
due to the abandonment of traditional management in Estonia, as well as in the whole of
Europe. Seminatural grasslands were very extensive in Estonia untill the 1950. From
1950 to 1975 the majority of Estonian seminatural grasslands were turned into fields or
woodland (Pork 1979). From the end of the 20" century a lot of grasslands were
abandoned and they began to overgrow with trees and bushes in the course of natural
succession. Several grassland communities have become very rare (Paal 1998). More
recently, from the end of 1990, the restoration of seminatural grasslands has begun, first
as voluntary rescue, and later also as a state program.

Three grassland types (alvars, meso-eutrophic meadows and spring fens) were
chosen for the study due to their high species-richness and due to the ever growing
threat that these communities will become very rare or even extinct in Estonia. All these
grassland types are characterized by high soil pH; grasslands on acid soils have in most
cases been influenced by fertilisation (Pirtel ef al. 1996) and are not appropriate for
high biodiversity studies.

The aims for the study were:

1. To establish the distribution of grassland vascular plant and bryophyte species
among the rarity forms defined by Rabinowitz (1981).

2. To test whether the pattern of rarity forms differs between vascular plants and
bryophytes, between different grassland types and between Estonian grasslands and
analogous areas in other regions.

3. To test how the rarity forms are related to each other.

4. To search for possible reasons for the species rarity in different community types.

Material and methods

We chose three species-rich calcareous seminatural grassland types, which represent
different positions along the moisture gradient: alvar grasslands on dry mineral soil,
meso-eutrophic meadows on fresh mineral soil, and spring fens on wet peaty soil. The
mean pH was 6.8 in alvars, 6.5 in meso-eutrophic meadows and 7.4 in spring fens
(measurements of soil water solution at every study site).

The alvar grasslands are found only in the northern and western part of Estonia and
on the western islands. Our study sites were located on the two largest islands —
Saaremaa and Muhu. Meso-eutrophic meadows and spring fens are distributed sparsely
all over Estonia. The study sites were situated in the southern part of Estonia.

Ten sites from each grassland type were analysed. At each site, five sample plots of
an area of 1 m? were described. The species lists were compiled and covers estimated,
separately for bryophyte and vascular plant layers.



Pearson correlations were used to study the relationship between the species-
richnesses and covers. In order to classify species into certain rarity forms according to
Rabinowitz (1981), the decision on classification into large or small geographical range
was made on the basis of the distribution types in the regional species pool {Kukk 1999,
Ingerpuu ef al. 1994), where the species are divided into seven groups. The five rarer
groups were estimated to have “small regional distribution” and the two common
groups to have “large regional distribution”. Species were defined as with “narrow
habitat specificity” when they occurred in only one grassland type of the three, and with
“wide habitat specificity” when they occurred in two or three grassland types. Species
were classified as small-populational when they occurred only on one or two plots at a
site, and as large-populational when they occurred on 3 to 5 plots at a site.

The differences between the distribution of the bryophyte and grass layer species
into these rarity forms were estimated with the chi-square and Kolmogorv-Smirnov
tests. The differences between the ecological demands of large- and small-populational
species with narrow habitat specificity, defined as Ellenberg index values (Ellenberg
1991), were analysed with ANOVA. We compared also the distribution of Estonian
grassland vascular plant species among rarity forms of Rabinowitz (1981) with analo-
gous works done in United Kingdom (Rabinowitz et al. 1986), France (Medail &
Verlaque 1997) and Spain (Blanca ef al. 1998). The work of S=ztersdal (1994) was
neglected, because plants only from one forest type were included in this study.

Results

The total number of bryophytes in these grasslands was 83 and the number of vascular
plants, 239. The species pool was largest in meso-eutrophic meadows and smallest in
the spring fens, both for bryophytes and vascular plants (Table 1).

Table 1. Species pools and covers of vascular plants (Vas) and bryophytes (Bry) in three
grassland types

Alvar Meso-eutrophic meadow Spring fen
Bry | Vas Bry Vas Bry Vas
Species pool size 38 99 43 142 33 91
Mean cover per 1 m? (%) | 51.8 | 52.1 46.1 72 82.1 51.1

There was no significant correlation between the species richness of vascular plants and
bryophytes across all grassland types nor in separate types, except in fens, where the
species richness of sites was significantly positively correlated (r — 0.67; P — 0.033).
The covers of these plant groups were significantly negatively correlated on alvars
(r=-0.45; P = 0.001) and in meadows (r = —0.48; P < 0.001), while the correlation in
fens was non-significant. The correlation between cover and species richness on plots in
different grassland types was significantly positive only for vascular plants in fens (r =
0.375; P =0.007).
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The occurrence of species at different sites showed a similar pattern in all grassland
types and among both plant groups — the majority of species occur only at one or a few
sites (Fig. 1).

Alvar l Meadow Fen
) |

12345678910 12345678910 12345678910
No of sites where a species was found

50

Figure 1. Species occurrence in alvar, meadow and fen grassland sites. White columns
bryophytes, black columns — vascular plants

There were less species with a regionally small distribution among all grassland plants
(Fig. 2). The proportion of species with a regionally small distribution, in different
grassland types, was 23-31% for bryophytes and 13-24% for vascular plants. The ma-
jority of grassland plants showed narrow habitat specificity, but the division into small-
and large populational groups did not show much difference (Fig. 2). The data for the
rarity forms according to Rabinowitz (1981) is presented in Table 2. The distributions
of bryophytes and vascular plants among these forms was similar, except in the case of
meadows, where it was significantly different (y* = 15.08; df = 7; P = 0.035). This was
due to the smaller number of species with a regionally large distribution and with large
populations and a larger number of species with a regionally small distribution and with
small populations among bryophytes. Some significant differences were found in the
species distribution among different grassland types. The percentage of vascular plants
with narrow habitat specificity was significantly higher in fens (68%) than in meadows
(44%) or alvars (36%). The proportion of bryophytes with small populations was much
higher in meadows (83%) than in fens (48%). The proportion of species with a
regionally small distribution and large populations was similar for bryophytes and
vascular plants (varying between 0-14%), except in fens, where it was significantly
larger among bryophytes (22%) than among vascular plants {(9%). The number of
species that are rare according to all three rarity criteria (small regional distribution,
narrow habitat specificity and small populations) was much larger for bryophytes than
for vascular plants in alvars and meadows, while in fens the opposite was true (Table 2).



The species with a regionally small distribution and narrow habitat specificity are listed
in Table 3.
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Figure 2. The distribution of all grassland species according to regional distribution, habitat
specificity and population size. White columns — bryophytes, black columns — vascular plants

Table 2. The percentage of grassland plant species in different rarity forms

Regional distribution Large Small
Habitat specificity Wide Narrow Wide Narrow
Population size Large | Small | Large | Small | Large | Small | Large | Small
Alvar
Bryophytes 13 24 16 (18 3 5 8 13
Vascular plants 27 28 8 11 4 5 9 7
Meadow
Bryophytes 10 36 5 |26 2 7 0 14
Vascular plants 26 24 11 |26 4 2 1 6
Fen
Bryophytes 12 21 18 |18 6 3 15 6
Vascular plants 18 13 21 |24 0 1 7 14
All
Bryophytes 10 14 17 129 4 1 10 16
Vascular plants 19 11 18 |29 3 1 7 13




Table 3. Species with a regionally small distribution and narrow habitat specificity in three
grassland types. Species that form large populations are given in bold. Nomenclature of
bryophytes according to Ingerpuu et al. (1994), of vascular plants according to Kukk (1999)

Bryophyte species Vascular plant species
Alvar Campylium elodes, Encalypta Arabis hirsuta, Anthyllis vulneraria,
rhaptocarpa, Eurynchium Artemisia rupestris, Asperula tinctoria,

praelongum, Fissidens dubius, | Carex montana, Carex tomentosa,
Fissidens taxifolius, Lophocolea | Carlina vulgaris, Cirsium acaule,

minor, Pottia bryoides, Helianthemum nummularia, Herminium
Scorpidium turgescens, Weissia | monorchis, Plantago maritima,
brachycarpa Melampyrum cristatum, Ononis arvensis,

Potentilla neumanniana, Rubus caesius,
Viola hirta

Meso-eutrophic | Cephaloziella hampeana, Botrychium lunaria, Clinopodium

meadow Chiloscyphus polyanthos, vulgare, Jasione montana, Luzula
Ditrichum pusillum, Fissidens campestris, Melampyrum nemorosum,
bryoides, Hypnum lindbergii, Polygala vulgaris, Potentilla reptans,
Pottia intermedia Saxifraga granulata, Trifolium aureum,

Trifolium hybridum, Vicia angustifolia,
Vicia hirsuta,

Spring fen Calliergon stramineum, Betula humilis, Calla palustris,
Cephalozia lunulifolia, Cardamine pratense, Carex
Cinclidium stygium, appropinguata, Carex limosa,
Hamatocaulis vernicosus, Dactylorhiza maculata, Epipactis

Helodium blandowii, Lophozia | palustris, Eriophorum latifolium,
bantriensis,, Paludella squarrosa | Impatiens noli-tangere, Liparis loeselii,
Lysimachia thyrsiflora, Pedicularis
sceptrum-carolinum, Polygonum
bistortum, Rumex aquatica, Saxifraga
hirculus, Swertia perennis, Trichophorum
alpinum, Trichophorum caespitium,
Utricularia minor

The comparison of the ecological demands of large-populational habitat-specific species
(species which are well adapted to this grassland type) and small-populational habitat-
specific, or habitat-non-specific, species showed significant differences in the majority
of cases (Table 4). The differences with the non-specific group were, in the majority of
cases larger.

The distribution between eight rarity forms was significantly different between
Estonian grassland vascular plants and the selected vascular plants of the United
Kingdom, France, and Spain (% > 45.7; df =7; P < 0.0001). Similarities appeared, if the
species were grouped according to the three major rarity criteria. The summarized
groups of regional distribution did not differ significantly between the selected groups
of British and Estonian plants. Among French and Spanish endemic plants there were
significantly less specws with a regionally large distribution (Table 5, respectively v =
69.96; P < 0.001 and ¥* = 7.33; P = 0.007). The distribution into habitat specificity
groups does not differ significantly between different regions. Differences appear also
in the summarized groups of large- and small- p0pulatlonal species. The high proportion
of large-populational species in British plants (x* = 52.11; P< 0.001) is partly due to the
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species selection that contained more common plants than the whole flora. The
proportion of large-populational species in French endemic vascular plants is the same
as in the Estonian grassland plants, while there are much less large-populational plants
among Spanish endemic vasular plants (y* = 12.83; P < 0.001).

Table 4. The differences in ecological demands between narrow habitat-specificity large-
populational (narrow-large), narrow habitat specificity small-populational (narrow-small) and
wide habitat specificity small-populational (wide-small) groups. Significance: * P < 0.05; ** P <
0.01; ***P < 0.001. > higher in first group; < lower in first group

Bryophytes Vascular plants
Alvars
Narrow-large vs. narrow-small | Reaction * > Nitrogen * <
Narrow-large vs. wide-small Reaction ** > Nitrogen * <
Meadows
Narrow-large vs. narrow-small
Narrow-large vs. wide-small - Moisture * <
Fens
Narrow-large vs. narrow-small | Light * > Moisture ¥ >
Temperature ** <
Narrow-large vs. wide-small Light *** > Moisture *** >
Temperature** <
Moisture *** >

Table 5. Percentage distribution according to regional distribution, habitat specificity, and
population size in Estonian grassland, British selected (Rabinowitz et al. 1986), southeast French
endemic (Medail and Verlaque 1997), and southern Spanish endemic (Blanca et al. 1998)
vascular plants

Regional Habitat Population
Plant groups distribution specificity Size
Large Small Wide | Narrow | Large | Small
Estonian vascular plants 76 24 41 59 46 54
British vascular plants 85 15 41 59 93 7
French endemic vascular plants 17 83 34.5 65.5 46 54
Spanish endemic vascular plants 58 42 30 70 21.5 78.5

Discussion

According to our study, only about one tenth up to one fourth of the Estonian grassland
species (both vascular plants and bryophytes) are not rare in a certain sense according to
Rabinowitz (1981), i.e. they belong to the group of species with regionally large distri-
bution, wide habitat specificity, and large-populations. A high proportion of sparsely
distributed species in communities have also been found in several other studies (Pirtel
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et al. 2001, Vitt and Belland 1997, Gaston 1994, Jackel and Poschold 1996). Yet the
majority of grassland species studied by us are quite common on a larger scale, having a
large regional distribution (Fig. 2). Here we come to the paradox that majority of
species can be rare sometimes. The decision whether a species is rare depends on the
scale of observation. Diminishing of the scale increases the possibility of a species
being classified as rare. If we expand the scale, very few species can be classified as
rare. This has been shown also in the study of Murray ez al. (1999), where a careful
search in a larger area led to a great decrease in the number of “everywhere-sparse”
species. In a world of devastating human impact on nature, it is reasonable to study and
protect rarity on smaller scales in order to avoid major fragmentation of habitats and
species distribution areas, which could lead to a growing rate of rarity among all
species, and on a larger scale. Using rarity forms according to Rabinowitz (1981) makes
it possible to look at the problem of rarity in a more general context and to pay attention
to all species that can be rare in different ways. Usually species that are more numerous
in some habitats, and have large populations somewhere, are neglected in studies
concerning species protection. But these might be just the species that are crucial for the
resistance of invasive species and for the maintenance of a certain community (Lyons
and Schwartz 2001).

It was surprising to find great similarity in the distribution between rarity forms for
vascular plants and bryophytes (Table 2). This refers to possible common forces behind
the distributional pattern of these two groups of plants. The majority of grassland plants
have a large regional distribution, but narrow habitat specificity. Species with narrow
habitat specificity tend to form more small populations than species with wide habitat
specificity. The greatest differences between bryophyte and grass layer species were
found in the group with small regional distribution, narrow habitat specificity and small
populations over all grassland types (Table 2). This group consists of the most vulner-
able species from the conservational point of view. The proportion of species belonging
to this group is higher in the bryophytes of alvars and meadows and in the vascular
plants of spring fens. Thus, bryophytes can be mere endangered in alvars and meadows
and vascular plants in fens. At the same time the greatest number of species with small
regional distribution was found among fen bryophytes, but the majority of them form
large populations there.

There is a common trend if we compare distribution into rarity forms of British
(Rabinowitz et al. 1986) and Estonian plants (Table 5). The majority of species are
either regionally large-distributional and/or with narrow habitat specificity. Very few
plants have small regional distribution, but wide habitat specificity. This number is
higher in endemic plants of France (Medail & Verlaque 1997) and Spain (Blanca et al.
1998). The number of large-populational species is not lower in the endemic plants of
France. The low number of small-populational species among British plants is partly
caused by the fact that the proportion of common plants, among those selected for the
study, is larger than that in the whole British flora. The method of the evaluation of
population size was also different — relying mainly on personal experience. The simi-
larities revealed by our study seem to be valid only among herbaceous vascular plants
and bryophytes, or only in temperate regions, since a study of tropical tree species
(Pitmann et al. 1999) showed a totally different distribution.

Human disturbance is one of the main reasons for rarity among various organisms.
But quite a number of species tend to be rare even without any human influence. This
may be due to their traits, such as floral longevity (Kunin and Shmida 1997) or low seed



production (Jackel and Poschold 1996) in vascular plants and certain type of life history
(During 2000) or low sporophyte production (Longton 1992, Laaka-Lindberg et al.
2000) in bryophytes. This happens also due to regional distribution history, since
species can be relicts from former climatic periods. The comparison of the ecological
demands of the species which are well adapted to the community type, forming large
populations (core species sensu Hanski (1982) and Pirtel et al. (2001)), with the
ecological demands of small-populational species, showed several significant differ-
ences (Table 4). The ecological conditions that showed a potential limiting effect on
small-populational species were different for bryophytes and vascular plants. For exam-
ple, on alvar grasslands, the small-populational bryophyte species preferred signifi-
cantly lower pH values, while small-populational vascular plants preferred higher soil
nitrogen content. Such differences have been found also in a study of forest vascular
plants, where threatened species preferred higher soil pH and nitrogen content than non-
threatened species. (Gustafsson 1994). The differences in ecological demands between
large-populational and small-populational species refer to the fact that some of the
species with narrow habitat specificity, and even more with wide habitat specificity,
may be really limited due to their different ecological demands. This was, however, not
the case in meadow bryophytes, where presumably other reasons, such as distributional
limitations or biotic interactions, play a major role.

In conclusion, the comparison of rarity groups according to Rabinowitz (1981)
revealed a common pattern among grass and bryophyte layer species. The reasons for
rarity very often lay in the different ecological demands of the species. More studies in
different parts of the world and at different scales are needed to find out if the similarity
trends found in this study are valid in other conditions, referring that rarity may have
similar causes.

Acknowledgements

We thank Aveliina Helm for the help in the field and prof. Martin Zobel for useful com-
ments on the manuscript.

References

Blanca, G., Cueto, M., Martinez-Lirola, M. J. and Molero-Mesa, J. 1998. Threatened vascular
flora of Sierra Nevada (Southern Spain). Biological Conservation 85: 269-285.

Cody, M. L. 1986. Diversity, rarity, and conservation in Mediterranean-climate regions. In:
Soule, E. (ed.). Conservation biology. The science of scarcity and diversity. Sinaveras Publ.,
Sunderland, Massachusetts, pp. 122-152.

During, H. J. 2000. Life history characteristics of threatened bryophytes. Zeitschrift fiir Okologie
und Naturschutz 9: 19-26.

Ellenberg, H., Weber, H. E., Dill, R., Wirth, V., Wemner, W. and Pauliien, D. 1991. Zeigerwerte
von Pflanzen in Mitteleuropa. Scripta Geobotanica 18: 1-248.

Gaston, K. J. 1994. Rarity. Chapman and Hall, London, UK.

Gustafsson, L. 1994. A comparison of biological characteristics and distribution between Swedish
threatened and non-threatened forest vascular plants. Ecography 17: 39-49.



Ingerpuu, N.(ed.), Kalda, A., Kannukene, L., Krall, H., Leis, M. and Vellak, K. (ed.) 1998. Eesti
sammalde méadraja. Eesti Loodusfoto, Tartu.

Jackel, A. K. and Poschold, P. 1996. Why are some plant species of fragmented continental dry
grasslands frequent and some rare? In: Settele, J., Margules, C. R., Poschold, P. and Henle, K.
(eds.). Species survival in fragmented landscapes. Kluwer Academic Publishers, Netherlands,
pp. 194-203.

Krall, H. and Pork, K. 1980. Eesti NSV looduslike rohumaade tiiiibid ja tahtsamad taime-
kooslused. Eesti NSV P6llunajandusministeeriumi Informatsiooni ja Juurutamise Valtsus,
Tatlinn.

Kukk, T. 1999. Eesti taimestik. Teaduste Akadeemia Kirjastus, Tartu—Tallinn.

Kull, T., Kukk, T., Leht, M., Krall, H., Kukk, U., Kull, K. and Kuusk, V. 2002. Distribution
trends of rare vascular plant species in Estonia. Biodiversity and Conservation 11: 171-196.

Kunin, W. E. and Shmida, A. 1997. Plant reproductive traits as a function of local, regional, and
global abundance. Conservation Biology 11: 183-192,

Laaka-Lindberg, S., Hedderson, T. A. and Longton, R. E. 2000. Rarity and reproduction in the
British hepatic flora. Lindbergia 25: 78-84.

Lilleleht, V. (ed.) 1998. Eesti Punane Raamat. Eesti Teaduste Akadeemia Looduskaitse Komis-
jon, Tartu.

Longton, R. E. 1992. Reproduction and rarity in British mosses. Biological Conservation 59: 89~
98.

Lyons, K. G. and Schwartz M. W. 2001. Rare species loss alters ecosystem function — invasion
resistance. Ecology Letters 4: 358-365.

Medail, F. and Verlaque R. 1997. Ecological characteristics and rarity of endemic plants from
southeast France and Corsica: implications for biodiversity conservation. Biological Conser-
vation 80: 269-281.

Murray, B. R,, Rice, B. L., Keith, D. A., Myerscough, P. J., Howell, J., Floyd, A. G., Mills, K.
and Westoby, M. 1999. Species in the tail of rank-abundance curves. Ecology 80: 1806-1816.

Paal, J. Rare and threatened plant communities of Estonia. Biodiversity and Conservation 7:
1027-1049.

Pitman, N. C. A, Terborgh, J., Silman, M. R. and Nunes V. P. 1999, Tree species distributions in
an upper Amazonian forest. Ecology 80: 2651-2661.

Pork, K. 1979. Niidutaimkatte knjunemine, niiidisaegne seisund ja niitude kasutamise kiisimusi
Eesti NSV-s. In: Kalamees, K. (ed.) Eesti Looduscuurijate Seltsi aastaraamat 67. Eesti NSV
niitude uurimise bioloogilisi probleeme. Valgus, Tallinn, pp. 7-37.

Pirtel, M., Moora, M. and Zobel, M. 2001. Variation in species richness within and between
calcareous (alvar) grassland stands: the role of core and satelline species. Plant Ecology 157:
203-211.

Pirtel, M., Zobel, M., Zobel, K. and van der Maarel, E. 1996. The species pool and its relation to
species richness: evidence from Estonian plant communities. Oikos 75: 111-117.

Rabinowitz, D. 1981. Seven forms of rarity. In: Synge, H. (ed.). The biological aspects of rare
plant conservation. John Wiley & Sons Ltd., New York, pp. 205-217.

Rabinowitz, D., Cairns, S. and Dillon T. 1986. Seven forms of rarity and their frequency in the
flora of the British isles. In: Soule, E. (ed.). Conservation biology. The science of scarcity and
diversity. Sinaveras Publ., Sunderland, Massachusetts, pp. 182-203.

Seetersdal, M. 1994, Rarity and species/area relationships of vascular plants in deciduous woods,
western Norway — applications to nature reserve selection. Ecography 17: 23-38.

Vitt, D. H. and Belland, R. J. 1997. Attributes of rarity among Alberta mosses: patterns and
prediction of species diversity. The Bryologist 100: 1-12.

10



CURRICULUM VITAE

Nele Ingerpuu

Date and place of birth: 29.03.1954, Tartu

Citizenship: Estonian

Address: Institute of Botany and Ecology, University of Tartu, Lai Str. 40,
51005 Tartu, Estonia

e-mail: neleing@ut.ce

Education

1961-1972 1I Secondary School of Tartu
1972-1977 Univerity of Tartu, Faculty of Biology and Geography, botany

1997 M.Sc. in botany, University of Tartu
1997-2002 PhD student at the Institute of Botany and Ecology, University of
Tartu

Professional employment

1977-1978 Tallinn Botanical Garden
19792002 Institute of Zoology and Botany

Main fields of research

Composition of Estonian bryoflora, species richness of bryophytes in relation to
ecological conditions and vascular plants, impact of forest management on
bryophyte diversity, rarity of bryophytes.

Membership in scientific organizations

Estonian Naturalists’ Society

Editorial Board of “Folia Cryptogamica Estonica”
Expert group of the Estonian Red Data Book

Bryophyte Population and Landscape Analysis Network
International Association of Bryologists

27 105



Teaching

Participated in teaching of the following courses at Tartu University: bryology,
field course in floristics, field course in biodiversity.

Publications

Ingerpuu, N. & Vellak, K. 1995. The distribution and some ecological characteris-
tics of Estonian rare bryophytes. — Arctoa 5: 143-148.

Haab, H., Ingerpuu, N., Kannukene, L. and Leis, M. 1997. Jalase kiila kaitseala
samblad. Jalase kiila aja ja looduse lood. — Jalase ja Tallinn: 169-180.

Kannukene, L., Ingerpuu, N., Vellak, K. and Leis, M. 1997: Additions and
amendments to the list of Estonian bryophytes. — Folia Cryptog. Estonica
31: 1-7.

Ingerpuu, N. Kull, K. and Vellak, K. 1998. Bryophyte vegetation in a wooded
meadow: relationships with phanoerogam diversity and responses to fertilisa-
tion. — Plant Ecology 134: 163-171.

Ingerpuu, N. 1998. Sammaltaimed (Bryophyta). — In: Eesti Punane Raamat
(ed. V. Lilleleht). Tartu: 37-49.

Ingerpuu, N.(ed.), Kalda, A., Kannukene, L., Krall, H., Leis, M., Vellak, K. (ed.)
1998. Eesti sammlade méiraja. Eesti Loodusfoto, Tartu.

Trass, H., Vellak, K. & Ingerpuu, N. 1999. Floristical and ecological properties
for identifying of primeval forests in Estonia. — Ann. Bot. Fennici 36: 67—
80.

Ingerpuu, N. & Leis, M. 1999. The bryophytes of Osmussaar Island. — Estonia
Maritima. 4: 117-1217.

Ingerpuu, N. & Vellak, K. 2000. Bryologically important sites in Estonia. —
Lindbergia 25: 106-110.

Ingerpuu, N. & Vellak, K. 2000. Species of the Red Data Book of European
bryophytes in Estonia. — Lindbergia 25: 111-115.

Ingerpuu, N., Vellak, K., Kukk, T. & Pirtel, M. 2001. Bryophyte and vascular
plant species richness in boreo-nemoral moist forests and mires. — Biodiversity
and Conservation 10: 2153-2166.

Paal. J., Vellak, K. & Ingerpuu, N. 2001. Eesti pangametsade liigiline koosseis,
klassifikatsioonistruktuur ja seos peamiste mullaparameetritega. — Metsan-
duslikud uurimused XXXV : 104-132.

Vellak, K., Kannukene, L. Ingerpuu, N. & Leis, M. 2001. Additions to the list
of Estonian bryophytes, 1997-2001. Folia Cryptog. Estonica 38: 71-78.

106



ELULOOKIRJELDUS

Nele Ingerpuu

Stinniaeg ja koht: 29.03.1954, Tartu

Kodakondsus: eesti

Aadress: Tartu Ulikool, botaanika ja 6koloogia instituut, Lai 40, 51005 Tartu
e-mail: neleing@ut.ee

Haridus

1961-1972 Tartu 2. Keskkool

1972-1977 Tartu Ulikool, bioloogia-geograafia teaduskond, botaanika
1997 M.Sc. botaanikas, Tartu Ulikool

1998-2002 doktorantuur Tartu Ulikooli botaanika ja 6koloogia instituudis

Teenistuskiik

1977-1978 Tallina botaanikaaed
1979-2002 Zooloogia ja botaanika instiuut

Teadustegevus

Eesti briiofloora koosseis, sammaltaimede mitmekesisuse seosed Skoloogiliste
tingimuste ja soontaimedega, metsamajanduse mdju sammalde liigirikkusele,
haruldaste samblaliikide levik ja bioloogia.

Osalemine teaduslikes organisatsioonides

Eesti Looduseuurijate Uhing

“Folia Cryptogamica Estonica” toimetuskolleegium
Eesti Punase Raamatu ekspertgrupp

Bryophyte Population and Landscape Analysis Network
International Association of Bryologists

(~)ppet66

Osalenud jargmiste kursuste — briioloogia, floristika vilipraktikum ja bioloo-
gilise mitmekesisuse vilipraktikum — juhendamises.

107



Publikatsioonid

Ingerpuu, N. & Vellak, K. 1995. The distribution and some ecological characteris-
tics of Estonian rare bryophytes. — Arctoa 5: 143-148,

Haab, H., Ingerpuu, N., Kannukene, L. and Leis, M. 1997. Jalase kiila kaitseala
samblad. Jalase kiila aja ja looduse lood. — Jalase ja Tallinn: 169-180.

Kannukene, L., Ingerpuu, N., Vellak, K. and Leis, M. 1997: Additions and
amendments to the list of Estonian bryophytes. — Folia Cryptog. Estonica
31: 1-7.

Ingerpuu, N. Kull, K. and Vellak, K. 1998. Bryophyte vegetation in a wooded
meadow: relationships with phanoerogam diversity and responses to fertilisa-
tion. — Plant Ecology 134: 163-171.

Ingerpuu, N. 1998. Sammaltaimed (Bryophyta). — In: Eesti Punane Raamat
(ed. V. Lilleleht). Tartu: 37-49.

Ingerpuu, N.(ed.), Kalda, A., Kannukene, L., Krall, H., Leis, M., Vellak, K. (ed.)
1998. Eesti sammlade méraja. Eesti Loodusfoto, Tartu.

Trass, H., Vellak, K. & Ingerpuu, N. 1999. Floristical and ecological properties
for identifying of primeval forests in Estonia. — Ann. Bot. Fennici 36: 67—
80.

Ingerpuu, N. & Leis, M. 1999. The bryophytes of Osmussaar Island. — Estonia
Maritima. 4: 117-127.

Ingerpuu, N. & Vellak, K. 2000. Bryologically important sites in Estonia. —
Lindbergia 25: 106-110.

Ingerpuu, N. & Vellak, K. 2000. Species of the Red Data Book of European
bryophytes in Estonia. — Lindbergia 25: 111-115.

Ingerpuu, N., Vellak, K., Kukk, T. & Pirtel, M. 2001. Bryophyte and vascular
plant species richness in boreo-nemoral moist forests and mires. — Biodiversity
and Conservation 10: 2153-2166.

Paal. J., Vellak, K. & Ingerpuu, N. 2001. Eesti pangametsade liigiline koosseis,
klassifikatsioonistruktuur ja seos peamiste mullaparameetritega. — Metsan-
duslikud uurimused XXXV : 104-132.

Vellak, K., Kannukene, L. Ingerpuu, N. & Leis, M. 2001. Additions to the list
of Estonian bryophytes, 1997-2001. Folia Cryptog. Estonica 38: 71-78.

108



[\ I

11.

12.

13.

13.

14.
15.

16.

17.

18.

28

DISSERTATIONES BIOLOGICAE
UNIVERSITATIS TARTUENSIS

. Toivo Maimets. Studies of human oncoprotein p53. Tartu, 1991, 96 p.
. Enn K. Seppet. Thyroid state control over energy metabolism, ion transport

and contractile functions in rat heart. Tartu, 1991, 135 p.

. Kristjan Zobel. Epifiiiitsete makrosamblike vidrtus Shu saastuse indikaa-

toritena Hamar-Dobani boreaalsetes mégimetsades. Tartu, 1992, 131 Ik.

. Andres Mie. Conjugal mobilization of catabolic plasmids by transposable

elements in helper plasmids. Tartu, 1992, 91 p.

. Maia Kivisaar. Studies on phenol degradation genes of Pseudomonas sp.

strain EST 1001. Tartu, 1992, 61 p.

. Allan Nurk. Nucleotide sequences of phenol degradative genes from

Pseudomonas sp. strain EST 1001 and their transcriptional activation in
Pseudomonas putida. Tartu, 1992, 72 p.

. Ule Tamm. The genus Populus L. in Estonia: variation of the species

biology and introduction. Tartu, 1993, 91 p.

. Jaanus Remme. Studies on the peptidyltransferase centre of the E.coli ribo-

some. Tartu, 1993, 68 p.

. Ulo Langel. Galanin and galanin antagonists. Tartu, 1993, 97 p.
. Arvo Kiaird. The development of an automatic online dynamic fluores-

cense-based pH-dependent fiber optic penicillin flowthrought biosensor for
the control of the benzylpenicillin hydrolysis. Tartu, 1993, 117 p.

Lilian Jiarvekiilg. Antigenic analysis and development of sensitive immu-
noassay for potato viruses. Tartu, 1993, 147 p.

Jaak Palumets. Analysis of phytomass partition in Norway spruce. Tartu,
1993, 47 p.

Arne Sellin. Variation in hydraulic architecture of Picea abies (L.) Karst.
trees grown under different enviromental conditions. Tartu, 1994, 119 p.
Mati Reeben. Regulation of light neurofilament gene expression. Tartu,
1994, 108 p.

Urmas Tartes. Respiration rhytms in insects. Tartu, 1995, 109 p.

Ulo Puurand. The complete nucleotide sequence and infections in vitro
transcripts from cloned cDNA of a potato A potyvirus. Tartu, 1995, 96 p.
Peeter Horak. Pathways of selection in avian reproduction: a functional
framework and its application in the population study of the great tit (Parus
major). Tartu, 1995, 118 p.

Erkki Truve. Studies on specific and broad spectrum virus resistance in
transgenic plants. Tartu, 1996, 158 p.

Illar Pata. Cloning and characterization of human and mouse ribosomal
protein S6-encoding genes. Tartu, 1996, 60 p.

109



19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Ulo Niinemets. Importance of structural features of leaves and canopy in
determining species shade-tolerance in temperature deciduous woody taxa.
Tartu, 1996, 150 p.

Ants Kurg. Bovine leukemia virus: molecular studies on the packaging
region and DNA diagnostics in cattle. Tartu, 1996, 104 p.

Ene Ustav. E2 as the modulator of the BPV1 DNA replication. Tartu, 1996,
100 p.

Aksel Soosaar. Role of helix-loop-helix and nuclear hormone receptor tran-
scription factors in neurogenesis. Tartu, 1996, 109 p.

Maido Remm. Human papillomavirus type 18: replication, transformation
and gene expression. Tartu, 1997, 117 p.

Tiiu Kull. Population dynamics in Cypripedium calceolus L. Tartu, 1997,
124 p.

Kalle OIlli. Evolutionary life-strategies of autotrophic planktonic micro-
organisms in the Baltic Sea. Tartu, 1997, 180 p.

Meelis Pirtel. Species diversity and community dynamics in calcareous
grassland communities in Western Estonia. Tartu, 1997, 124 p.

Malle Leht. The Genus Potentilla L. in Estonia, Latvia and Lithuania: dis-
tribution, morphology and taxonomy. Tartu, 1997, 186 p.

Tanel Tenson. Ribosomes, peptides and antibiotic resistance. Tartu, 1997,
80 p.

Arvo Tuvikene. Assessment of inland water pollution using biomarker
responses in fish in vivo and in vitro. Tartu, 1997, 160 p.

Urmas Saarma. Tuning ribosomal elongation cycle by mutagenesis of 23S
rRNA. Tartu, 1997, 134 p.

Henn Ojaveer. Composition and dynamics of fish stocks in the gulf of Riga
ecosystem. Tartu, 1997, 138 p.

Lembi Lougas. Post-glacial development of vertebrate fauna in Estonian
water bodies. Tartu, 1997, 138 p.

Margus Pooga. Cell penetrating peptide, transportan, and its predecessors,
galanin-based chimeric peptides. Tartu, 1998, 110 p.

Andres Saag. Evolutionary relationships in some cetrarioid genera
(Lichenized Ascomycota). Tartu, 1998, 196 p.

Aivar Liiv. Ribosomal large subunit assembly in vivo. Tartu, 1998, 158 p.
Tatjana Oja. Isoenzyme diversity and phylogenetic affinities among the
eurasian annual bromes (Bromus L., Poaceae). Tartu, 1998, 92 p.

Mari Moora. The influence of arbuscular mycorrhizal (AM) symbiosis on
the competition and coexistence of calcareous crassland plant species.
Tartu, 1998, 78 p.

Olavi Kurina. Fungus gnats in Estonia (Diptera: Bolitophilidae, Kero-
platidae, Macroceridae, Ditomyiidae, Diadocidiidae, Mpycetophilidae).
Tartu, 1998, 200 p.

Andrus Tasa. Biological leaching of shales: black shale and oil shale.
Tartu, 1998, 98 p.

110



40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Arnold Kristjuhan. Studies on transcriptional activator properties of tumor
suppressor protein p53. Tartu, 1998, 86 p.

Sulev Ingerpuu. Characterization of some human myeloid cell surface and
nuclear differentiation antigens. Tartu, 1998, 163 p.

Veljo Kisand. Responses of planktonic bacteria to the abiotic and biotic
factors in the shallow lake Vortsjarv. Tartu, 1998, 118 p.

Kadri Példmaa. Studies in the systematics of hypomyces and allied genera
(Hypocreales, Ascomycota). Tartu, 1998, 178 p.

Markus Vetemaa. Reproduction parameters of fish as indicators in
environmental monitoring. Tartu, 1998, 117 p.

Heli Talvik. Prepatent periods and species composition of different
Oesophagostomum spp. populations in Estonia and Denmark. Tartu, 1998,
104 p.

Katrin Heinsoo. Cuticular and stomatal antechamber conductance to water
vapour diffusion in Picea abies (L.) karst. Tartu, 1999, 133 p.

Tarmo Annilo. Studies on mammalian ribosomal protein S7. Tartu, 1998,
77 p.

Indrek Ots. Health state indicies of reproducing great tits (Parus major):
sources of variation and connections with life-history traits. Tartu, 1999,
117 p.

Juan Jese Cantero. Plant community diversity and habitat relationships in
central Argentina grasslands. Tartu, 1999, 161 p.

Rein Kalamees. Seed bank, seed rain and community regeneration in
Estonian calcareous grasslands. Tartu, 1999, 107 p.

Sulev Koks. Cholecystokinin (CCK) — induced anxiety in rats: influence
of environmental stimuli and involvement of endopioid mechanisms and
erotonin. Tartu, 1999, 123 p.

Ebe Sild. Impact of increasing concentrations of O; and CO, on wheat,
clover and pasture. Tartu, 1999, 123 p.

Ljudmilla Timofejeva. Electron microscopical analysis of the synaptone-
mal complex formation in cereals. Tartu, 1999, 99 p.

Andres Valkna. Interactions of galanin receptor with ligands and
G-proteins: studies with synthetic peptides. Tartu, 1999, 103 p.

Taavi Virro. Life cycles of planktonic rotifers in lake Peipsi. Tartu, 1999,
101 p.

Ana Rebane. Mammalian ribosomal protein S3a genes and intron-encoded
small nucleolar RNAs U73 and U82. Tartu, 1999, 85 p.

Tiina Tamm. Cocksfoot mottle virus: the genome organisation and transla-

tional strategies. Tartu, 2000, 101 p.

Reet Kurg. Structure-function relationship of the bovine papilloma virus E2
protein. Tartu, 2000, 89 p.

Toomas Kivisild. The origins of Southern and Western Eurasian popula-
tions: an mtDNA study. Tartu, 2000, 121 p.

111



60.

61.

62.

63.

64.

63.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Niilo Kaldalu. Studies of the TOL plasmid transcription factor XylS. Tartu
2000. 88 p.

Dina Lepik. Modulation of viral DNA replication by tumor suppressor
protein p53. Tartu 2000. 106 p.

Kai Vellak. Influence of different factors on the diversity of the bryophyte
vegetation in forest and wooded meadow communities. Tartu 2000. 122 p.
Jonne Kotta. Impact of eutrophication and biological invasionas on the
structure and functions of benthic macrofauna. Tartu 2000. 160 p.

Georg Martin. Phytobenthic communities of the Gulf of Riga and the inner
sea the West-Estonian archipelago. Tartu, 2000. 139 p.

Silvia Sepp. Morphological and genetical variation of Alchemilla L. in
Estonia. Tartu, 2000. 124 p.

Jaan Liira. On the determinants of structure and diversity in herbaceous
plant communities. Tartu, 2000. 96 p.

Priit Zingel. The role of planktonic ciliates in lake ecosystems. Tartu 2001.
111 p.

Tiit Teder. Direct and indirect effects in Host-parasitoid interactions:
ecological and evolutionary consequences. Tartu 2001. 122 p.

Hannes Kollist. Leaf apoplastic ascorbate as ozone scavenger and its
transport across the plasma membrane. Tartu 2001. 80 p.

Reet Marits. Role of two-component regulator system PehR-PehS and
extracellular protease PrtW in virulence of Erwinia Carotovora subsp.
Carotovora. Tartu 2001. 112 p.

Vallo Tilgar. Effect of calcium supplementation on reproductive
performance of the pied flycatcher Ficedula hypoleuca and the great tit
Parus major, breeding in Nothern temperate forests. Tartu, 2002. 126 p.
Rita Horak. Regulation of transposition of transposon Tn4652 in
Pseudomonas putida. Tartu, 2002. 108 p.

Liina Eek-Piirsoo. The effect of fertilization, mowing and additional
illumination on the structure of a species-rich grassland community. Tartu,
2002. 74 p.

Kroot Aasamaa. Shoot hydraulic conductance and stomatal conductance of
six temperate deciduous tree species. Tartu, 2002. 110 p.



ISSN 1024-6479
ISBN 9985-56-669-6



	CONTENTS
	LIST OF PAPERS
	INTRODUCTION
	MATERIAL AND METHODS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	SUMMARY IN ESTONIAN
	TÄNUSÕNAD
	REFERENCES
	PAPERS

