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Abstract: We studied the relative importance of local habitat conditions and landscape structure for species
richness of vascular plants, bryophytes and lichens in dry grasslands on the Baltic island of Öland (Sweden). In
addition, we tested whether relationships between species richness and vegetation cover indicate that
competition within and between the studied taxonomic groups is important. We recorded species numbers of
vascular plants, bryophytes and lichens in 4 m2 plots (n = 452), distributed over dry grassland patches differing in
size and degree of isolation. Structural and environmental data were collected for each plot. We tested effects of
local environmental conditions, landscape structure and vegetation cover on species richness using generalized
linear mixed models. Different environmental variables explained species richness of vascular plants,
bryophytes and lichens. Environmental effects, particularly soil pH, were more important than landscape
structure. Interaction effects of soil pH with other environmental variables were significant in vascular plants.
Plot heterogeneity enhanced species richness. Size and degree of isolation of dry grassland patches significantly
affected bryophyte and lichen species richness, but not that of vascular plants. We observed negative
relationships between bryophyte and lichen species richness and the cover of vascular plants. To conclude,
effects of single environmental variables on species richness depend both on the taxonomic group and on the
combination of environmental factors on a whole. Dispersal limitation in bryophytes and lichens confined to dry
grasslands may be more common than is often assumed. Our study further suggests that competition between
vascular plants and cryptogams is rather asymmetric.

Keywords: Alvar, Biodiversity, Dispersal limitation, Environmental heterogeneity, Fragmentation, Soil pH,
Spatial autocorrelation

INTRODUCTION

Identifying the processes that determine species diversity remains a challenge in ecological
research (GRACE 1999, TILMAN 2000, LOREAU et al. 2001). Numerous studies on small
spatial scales show that habitat quality plays an important role for plant species richness, with
soil properties and light being the most commonly studied environmental factors (compare
review by GRACE 1999). Besides habitat quality, landscape structure and history are
considered as important factors for species richness and species occurrence probabilities. The
distribution of many species in the current landscape largely reflects historical land-use



(BRUUN et al. 2001, COUSINS & ERIKSSON 2001, ERIKSSON et al. 2002). Biodiversity and
metapopulation theory further predicts that the smaller and more isolated habitat patches are,
the fewer species they contain (ROSENZWEIG 1995, HANSKI 1999). This is explained by
larger extinction risks of local populations due to smaller local population sizes with
decreasing patch size, and lower rates of colonization as an effect of isolation (HANSKI 1999).
The species pool hypothesis suggests that such a smaller regional species pool results in
a lower small-scale species density (ZOBEL 1992, PÄRTEL 2002). Whereas some studies in
dry grasslands confirmed this (PÄRTEL et al. 1996, PÄRTEL & ZOBEL 1999) others failed to
do so (KRAUSS et al. 2004). Additionally, the relative importance of habitat quality and
landscape structure has seldom been quantified (DUPRÉ et al. 2002, KOLB & DIEKMANN

2004).
Interspecific competition is among the most frequently discussed local processes

determining species richness (GRACE 1999). The “hump-back” shape of the relationship
between species richness and productivity (commonly quantified by the biomass or
vegetation cover) and/or disturbance is a well-established “law” in community ecology
(GRIME 1979, HOUSTON 1979, GRACE 1999, WAIDE et al. 1999). Several authors suggest
that interspecific competition reduces species richness in productive habitats (GRIME 1979,
GRACE 1999), but in nutrient-poor environments this may be quite unimportant (PÄRTEL et
al. 2000).

So far, most research has focused on vascular plants, whereas few papers have examined
the processes determining species richness of bryophytes and lichens (“cryptogams”).
Bryophyte, lichen and vascular plant species richness have been shown to respond differently
to some environmental factors (PAUSAS 1994, INGERPUU et al. 1998, 2003), but in the same
way to others (INGERPUU et al. 1998, GOULD & WALKER 1999). Some authors found close
correlations between cryptogam and vascular plant species richness (ZAMFIR et al. 1999,
INGERPUU et al. 1998), whereas others failed to do so (HERBEN 1987, PHARO et al. 1999).
Regional patterns of bryophyte and lichen species richness have rarely been considered. In
general, bryophytes and lichens have distinctly larger distribution ranges and smaller
diaspores than vascular plants and thus dispersal limitation may be less common.

Most studies deal with bryophytes and lichens that inhabit special micro-sites such as tree
trunks, logs or boulders (e.g. GUSTAFSSON & ERIKSSON 1995, WEIBULL & RYDIN 2005). In
many vegetation types, however, vascular plants, bryophytes and lichens all form
a substantial part of the plant species assembly (ZAMFIR et al. 1999, INGERPUU et al. 2003). It
is often suggested that competition between vascular and non-vascular plants is strongly
asymmetric (e.g. INGERPUU et al. 2003), but empirical evidence for this is scarce and
somewhat controversial. Some studies showed that a dense cryptogam layer may inhibit
regeneration of vascular plants (DURING & VAN TOOREN 1990, VAN TOOREN 1990, ZAMFIR

2000). In general, little is known about interspecific competition among bryophytes and
lichens (DURING & VAN TOOREN 1990, RYDIN 1997).

We studied small-scale species richness patterns of vascular plants, bryophytes and lichens
in dry grasslands on the Swedish island of Öland in the Baltic Sea (Fig. 1). The island contains
the most extensive dry grasslands in Scandinavia. Furthermore, calcareous grasslands,
especially those of the Great Alvar on Öland, are known for their exceptionally high species
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richness, both on a local and regional scale (ROSÉN 1982, PÄRTEL & ZOBEL 1999, DENGLER

2005). Cryptogams form a substantial part of the species assemblage of many dry grassland
types (DENGLER & LÖBEL 2006). Dry grasslands on Öland have been used as model systems
for biodiversity research by many authors (e.g. VAN DER MAAREL & SYKES 1993, HUBER

1999, ZAMFIR et al. 1999). Studies, however, are mainly performed on the huge contiguous
dry grassland area of the Great Alvar, often within a single plant community type. In our
study, we considered all dry grassland types of southern Öland, including those occurring
both on, and outside, the Great Alvar. By doing so, we included much longer environmental
gradients than previous studies, as well as dry grassland patches of very different sizes and
degrees of isolation.

By investigating fine-scale plant species richness patterns in this study system, we aim to
test (1) the relative importance of local habitat conditions and landscape structure on species
richness, (2) whether vascular plant, bryophyte and lichen species richness are related to these
factors in different ways, and (3) whether relationships between species richness and
vegetation cover suggest that interspecific competition within and between these taxonomic
groups is important.
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Fig. 1. Investigation area with locations of all sample plots and the distribution of dry grasslands in the northern
part of southern Öland.



MATERIAL AND METHODS

Study area

Our study area comprises the northern part of southern Öland (Fig. 1). The climate of
Öland shows both continental and oceanic traits. While the temperature regime is rather
oceanic, the annual precipitation is comparatively low, with especially low values in summer
(SJÖRS 1999). The solid geology comprises sedimentary rocks of Cambrian and Ordovician
age. In most parts of the island, however, the bedrock is covered by Quaternary deposits,
although in the southern part, where the Great Alvar is located, these are thin or missing.
Lime-poor moraine soils intermix with weathered soils of varying thickness. Compared with
other limestone in northern Europe, the Ordovician limestone on Öland is hard with
horizontal layers (KRAHULEC et al. 1986, STERNER & LUNDQVIST 1986). In some places
these soils are poorly drained and thus often strongly affected by frost in winter. Glacifluvial
deposits form sandy soils along the Ölandic west coast and in the northeastern part of the
study area (STERNER & LUNDQUIST 1986). Dry grassland patches of varying size and degree
of isolation (Fig. 1) occur on all described soil types.

The island was first colonized by humans during the early Stone Age (ROSÉN 1982, ALM

KÜBLER 2001), and the current thin soils of the Great Alvar are probably the result of soil
erosion due to intensive grazing during the Bronze and Iron Ages, and the early Medieval
phase (DIERßEN 1996). Grazing, small-scale agriculture, and fire-wood cutting over many
centuries has effectively kept shrub- and woodland back (KRAHULEC et al. 1986). In contrast
to this unique land-use history, many dry grasslands outside the great Alvar occur on former
fields, close to road-verges or villages and in recreation areas. These are partly mown or
unused.

The sampled dry grassland types belong to the phytosociological classes
Festuco-Brometea BR.-BL. & TX. ex KLIKA & HADAÈ 1944 (semi-dry basiphilous
grasslands) and Koelerio-Corynephoretea KLIKA in KLIKA & V. NOVÁK 1941, including the
Sedo-Scleranthenea (BR.-BL. 1955) DENGLER in DENGLER et al. 2003 (weathered rock and
outcrop communities) and the Koelerio-Corynephorenea (KLIKA in KLIKA & NOVÁK 1941)
DENGLER in DENGLER et al. 2003 (dry grasslands on sandy soils). Altogether, 15 associations
(or equivalent units) could be distinguished and were sampled (LÖBEL 2002, DENGLER &
LÖBEL 2006).

Data collection

During the spring and summer 2001, we recorded the presence of all vascular plant,
bryophyte and lichen species (with the exception of epilithic crustose lichens) in 452 sample
plots of 2 m � 2 m. For the purposes of this study, we generally accepted infraspecific taxa as
species. Critical specimens were collected and identified using microscopy. Sample plots
were distributed throughout the whole investigation area and their exact positions determined
with a GPS (Garmin eTrex, � 5 m) (Fig. 1). We tried to select samples that represented the
whole variation of community types and sizes of dry grassland patches.

Soil depth (cm, measured with a pointed iron rod, mean value of five randomly chosen
positions), microtopography (cm, maximum height difference within the plot measured with a
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ruler), cover of bare rock (%), and the total and group-specific cover of vegetation (%) were
determined in the field. In addition, we noted whether the site was grazed, mown or not used at
all; if the management regime was not obvious in the field, we got information about the
management regime from a local expert (E. Rosén). We took a mixed soil sample of the
uppermost layer (0–10 cm) at different points of each plot. The samples were dried at 105 °C
and their pH (in distilled water) was measured.

We determined the size of all sampled dry grassland patches and the spatial isolation of
sample plots by digitizing all dry grasslands within the investigation area from a detailed
vegetation map (METRIA 2000) in a geographical information system (ArcGis 9.0) (Fig. 1).
We thoroughly checked the descriptions of all vegetation types delimited on the vegetation
map (METRIA 2000) before deciding which stands constitute dry grassland patches in our
sense. We chose the proportion of dry grasslands within a circle of the radius r around the
respective sample plot as an inverse isolation measure. We tested five different radii,
r = 100 m, 250 m, 500 m, 1 km and 2.5 km. We also considered other isolation measures, e.g.
the edge-to-edge distance to the nearest different dry grassland patch and the connectivity
index (HANSKI 1999), combining the distance to, and the size of surrounding dry grassland
patches. These, however, were problematic given the large differences in size of the sampled
dry grassland patches and the large number of plots which were located on the Great Alvar.

Statistical analysis
Local environmental variables, dry grassland patch size and isolation

We tested the effects of the local environmental variables on patterns of total species
richness and species richness of the different taxonomic groups by fitting generalized linear
mixed models (GLMM) with a Poisson error distribution and a log-link function. We applied
a function (glmmPQL in the MASS library; VENABLES & RIPLEY 1999) that uses penalized
quasi-likelihood for parameter estimation, and therefore, F-tests were applied for significance
tests. The local environmental variables were treated as fixed factors, while the dry grassland
patch within which a sample plot was located constituted a random factor. To account for
spatial autocorrelation, we tested whether inclusion of an exponential spatial correlation
structure (PINHEIRO & BATES 2000) for the within-group errors gave a better fit than the
independent errors model.

Multiple starting models were built using the local environmental variables as predictors.
We included two-way interactions and squared terms of continuous variables to account for
non-linearities. The models were simplified by manual backward elimination until only
significant terms were left; the criterion for inclusion was P = 0.05 in F-tests. We then
extended the described models. We tested whether the size (ha) or degree of isolation of the
dry grassland patch within which a sample plot was located significantly improved the model.
We also tested the interaction among these two variables. The significance of the spatial
autocorrelation structure was assessed using likelihood ratio tests (AZZALINI 1996).

Biotic interaction effects

We used different approaches to assess the effects of interspecific competition on species
richness. First, we related species richness to the total vegetation cover, to the cover of the
different taxonomic groups, and to the species richness of the respective other taxonomic
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groups by fitting GLMM in the same way as described above. We tested whether adding
a squared term significantly improved the models. Since these relationships may mirror
differences in habitat requirements among the taxonomic groups rather than competition
effects, we further modelled the residuals of the GLMM (with the local environmental
variables and dry grassland patch size and isolation as predictors) as a function of vegetation
cover and species richness of the respective other taxonomic groups. In that way, we tested
whether the vegetation cover explains further variation in species richness that could not be
assigned to environmental effects. In this case, we used GLMM with a Gaussian error
structure and an identity link because our response variables (residuals) were continuous. The
spatial correlation structure was modelled as before.

We used the free software R 1.8.1 (R DEVELOPMENT CORE TEAM 2004) with the add-on
libraries geoR version 1.4-5 (RIBEIRO Jr. & DIGGLE 2001) and MASS version 7.1-13
(VENABLES & RIPLEY 1999) for the statistical analyses.

RESULTS

We recorded a total of 300 vascular plant, 153 bryophyte and 84 lichen species. Means,
standard deviations and ranges of the species numbers per plot (4 m2) and of the independent
variables are given in Table 1. Out of the total 452 plots, 341 were grazed, 23 mown, 72 not
used, and 16 road-side.

Local environmental variables

Species richness of all three taxonomic groups was best predicted by the soil pH (Table 2).
Whereas bryophyte and lichen species richness linearly increased with increasing pH, the
squared term (negative sign) explained most variation in vascular plant species richness
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Table 1. Means, medians, standard deviations (s.d.), minima and maxima of species numbers (per 4 m2 plot),
vegetation cover degrees, and the independent variables.

Variable Mean s.d. Median Minimum Maximum

Total species number 40.4 13.6 39 7 80
Number of vascular plants 23.6 8.2 24 4 49
Number of bryophytes 11.4 8.8 8 0 40
Number of lichens 5.4 5.3 4 0 24

Total vegetation cover (%) 81.9 20.1 90 15 100
Cover vascular plants (%) 69.1 23.6 75 4 100
Cover bryophytes (%) 32.1 19.8 30 0 85
Cover lichens (%) 10.9 14.2 5 0 75

Soil pH 6.3 1.2 6.5 3.5 8.1
Soil depth (cm) 17.6 16.7 12 0 60
Cover bare rock (%) 3.6 10.6 0 0 80
Microtopography (cm) 2.0 4.2 0 0 30

Size of dry grassland patch (ha) 6 989 6 661 13 550 0.05 13 550
Proportion of dry grasslands

within 500 m distance (%) 59.3 38.8 46.6 0.3 100.0



(Fig. 2). Bryophyte and lichen species richness
increased with decreasing soil depth, but
slightly decreased again on extremely shallow
soils. Vascular plant species richness was
negatively affected by the cover of bare rock,
whereas bryophyte and lichen species richness
showed a unimodal response. Microtopography
enhanced species richness of vascular plants
and bryophytes. In contrast, lichen species
richness was highest at intermediate levels of
microtopography. Interaction effects of soil pH
with the cover of bare rock and
microtopography were significant in vascular
plants, but not in bryophytes and lichens
(Fig. 2). The type of management regime was
not significant and therefore not included in any
of the models. Total species richness was
mainly explained by the same variables as
bryophyte and lichen species richness.

Dry grassland patch size and degree of
isolation, spatial autocorrelation

The size of the dry grassland patch within
which a sample plot was located significantly
enhanced total, bryophyte, and lichen species
richness (Table 2). In contrast, it was not
important for vascular plant species richness.
Total and lichen species richness further
increased with the proportion of dry grasslands
within a circle around the sample plot;
the best fit was given for a circle with the
radius r = 500 m. Species richness of all
tested taxonomic groups showed spatial
autocorrelation.

Relationships between species richness
patterns and vegetation cover

For vascular plants, species richness linearly
increased with cover of vascular plants (Fig. 3).
However, when using residuals of the GLMM
of vascular plant species richness as a response
variable, a slight decrease at high cover was
visible (Table 3). The relationship between
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vascular plant species richness and bryophyte cover was unimodal, but we did not observe any
relationships between the residuals of the GLMM of vascular plant species richness and
bryophyte cover. In contrast, we observed a positive relationship between vascular plant
species richness and lichen cover in both models. Vascular plant species richness was
negatively related to bryophyte and lichen species richness, but when using residuals of the
GLMM of vascular plant species richness as a response variable, we did not observe any
relationships.
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Table 3. Generalized linear mixed models predicting species richness and residuals of the generalized mixed
linear models with the environmental variables and landscape structure as predictors as a function of vegetation
cover, respectively. Vegetation cover variables were treated as fixed factors and tested one by one separately.
Coefficient signs, F-statistics and P-values are presented. The dry grassland patch within which a sample plot
was located constituted a random factor. Models included an exponential spatial correlation structure for the
within-group errors. The total number of observations was n = 452, the number of independent groups was
nG = 107.

Variable Species richness Residuals GLMM
Sign F P Sign F P

Total plant species richness
Total vegetation cover + 4.5 0.034 + 23.3 < 0.001
(Total vegetation cover)2 - 17.2 < 0.001 - 3.9 0.048

Vascular plant species richness
Cover vascular plants + 157.2 < 0.001 + 33.3 < 0.001
(Cover vascular plants)2 n.s. - 5.0 0.026
Cover bryophytes + 9.2 0.003 n.s.
(Cover bryophytes)2 - 5.6 0.019 n.s.
Cover lichens + 5.9 0.015 + 4.2 0.040
(Cover lichens)2 n.s. n.s.
Species richness bryophytes - 12.2 < 0.001 n.s.
Species richness lichens - 8.2 0.003 n.s.

Bryophyte species richness
Cover bryophytes + 6.6 0.010 + 4.4 0.038
(Cover bryophytes)2 - 4.6 0.033 - 3.4 0.064
Cover vascular plants - 82.4 < 0.001 n.s.
(Cover vascular plants)2 n.s. n.s.
Cover lichens + 7.9 0.005 + 8.0 0.005
(Cover lichens)2 - 18.6 0.001 - 12.2 < 0.001
Species richness vascular plants - 10.0 0.002 + 6.5 0.011
Species richness lichens + 192.7 < 0.001 + 27.7 < 0.001

Lichen species richness
Cover lichens + 189.1 < 0.001 + 252.1 < 0.001
(Cover lichens)2 - 79.9 < 0.001 - 42.8 < 0.001
Cover vascular plants - 131.5 < 0.001 + 13.6 < 0.001
(Cover vascular plants)2 - 5.1 0.024 - 25.1 < 0.001
Cover bryophytes + 6.2 0.013 + 1.1 0.287
(Cover bryophytes)2 - 16.8 < 0.001 - 9.5 0.002
Species richness vascular plants - 6.6 0.011 n.s.
Species richness bryophytes + 190.1 < 0.001 + 16.7 < 0.001



We observed a unimodal relationship
between bryophyte species richness and
bryophyte cover. Bryophyte species
richness was negatively related to the
cover of vascular plants, but residuals of
the GLMM of bryophytes species
richness were not related to the latter
(Fig. 4). Bryophyte species richness
showed a unimodal response to lichen
cover in both models. Bryophyte
species richness was negatively related
to species richness of vascular plants. In
contrast, residuals of the GLMM of
bryophyte species richness were
positively related to the latter. Both
bryophyte species richness and

residuals of the GLMM were positively related to lichen species richness.
We observed a unimodal relationship between lichen species richness and lichen cover.

Lichen species richness was negatively related to the cover of vascular plants, but residuals of
the GLMM of lichen species richness showed a unimodal response. However, the negative
effect of the squared term was still strong compared to the positive effect of the linear term.
The same was true for the unimodal relationship between lichen species richness and
bryophyte cover. Lichen species richness was negatively related to vascular plant species
richness, but positively to that of bryophytes.

DISCUSSION

Local environmental conditions

Our results suggest differences in habitat requirements between vascular plants and
cryptogams. The effects of habitat quality on species richness were strong compared with
those of landscape structure. This confirms the hypothesis of DUPRÉ & EHRLÉN (2002) that
with an increasing environmental gradient among sampling units, habitat quality is likely to
increase, whereas habitat configuration is likely to decrease in importance. However, soil pH
proved to be the best predictor of habitat quality for plant species richness whereas the effect
of other environmental variables often was rather low, and in many cases lower than that of
the size of the dry grassland patch and/or isolation. For deciduous forests, DUPRÉ & EHRLÉN

(2002) similarly found that soil pH was most closely correlated to species incidence within
patches, whereas other soil parameters were rather unimportant. Several authors suggest that
in Europe, the number of species adapted to base-rich substrates is distinctly higher than that
adapted to acidic substrates (GRUBB 1977, GRIME 1979, TYLER 1996, EWALD 2003). We
observed a strong effect of soil pH on species richness of vascular plants, bryophytes, and
lichens. The relationship, however, was linear in cryptogams, but hump-back in vascular
plants. In fact, a hump-back relationship between vascular plant species richness and soil pH
is found by most other authors studying sufficient long pH gradients (TYLER 1996, DUPRÉ et
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al. 2002, SCHUSTER & DIEKMANN 2003). In contrast, when studying small pH gradients,
linear relationships are more likely (GOULD & WALKER 1999, DUPRÉ et al. 2002).
Furthermore, our results show that the response of vascular plant species richness to soil pH
also depends on other environmental factors (Fig. 2): At high cover degrees of bare rock,
vascular plant species richness showed a linear rather than unimodal response to soil pH.
Bryophyte and lichen species richness increased with soil pH. In contrast, GOULD & WALKER

(1999) record a negative effect of the soil pH on lichen species richness in different habitats in
Canada. The optimum curve of lichen species richness and the cover of bare rock partly may
be a sampling effect because we did not include epilithic crustose lichens in our study.

Positive effects of microtopography on vascular plant and bryophyte species richness
support the hypothesis that spatial heterogeneity facilitates the coexistence of species through
niche differentiation and thus enhances species richness (GRUBB 1977, TILMAN 1982,
TILMAN & PACALA 1993, PALMER 1994). Environmental conditions differed distinctly
between “hummocks” and “hollows” with rather moist, loamy soils in “hollows”, and dry,
sandy soils on “hummocks”. In a recent study, LUNDHOLM & LARSON (2003) similarly show
positive relationships between within-plot heterogeneity and species richness in Canadian
alvar grasslands. A pronounced microtopography, as mostly caused by frost action on poorly
drained sites (ROSÉN 1982, KRAHULEC et al. 1986), probably also indicates those sites that
are particularly wet in winter and thus do not only have a large spatial but also an extreme
temporal heterogeneity in water supply. This may account for the co-existence of many
species on small scales that otherwise would exclude each other (DENGLER & LÖBEL 2006).
Instability of sites with high microtopography may explain microtopography negative effect,
on species richness of lichens, which often are very slowly growing.

It is surprising that we did not observe a significant effect of the type of management
regime on species richness. Grazing and mowing are important forms of disturbance in
grasslands, and disturbance is commonly considered a key factor for high local plant species
richness (CONNELL 1975, GRUBB 1977, GRACE 1999). Many authors consider a moderate
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disturbance regime necessary for the preservation of dry grasslands (BOBBINK & WILLEMS

1988, WILLEMS 2001, POSCHLOD & WALLISDEVRIES 2002). A possible explanation may be
the low number of mown compared with grazed plots included in our study (Table 1). Other
studies show that vascular plant (DUPRÉ & DIEKMANN 2001) and bryophyte species richness
(DURING & WILLEMS 1984, VAN TOOREN et al. 1990) of moderately grazed grasslands and
wetlands is higher than those of mown sites. Another possible explanation could be that we –
besides semi-dry grasslands as in most of the mentioned studies – also included a high number
of Sedo-Scleranthenea stands. These are even less productive, and hence the management
regime may have less distinctive effects on species richness. Instead, disturbance from frost
and flooding may be the most important force in these kinds of habitats. In addition, in our
classification of management regimes, we did not account for differences in grazing
intensities, which also have been shown to be important (e.g. MCINTYRE & LAVOREL 1994
for grasslands, DUPRÉ & DIEKMANN 2001 for dry grasslands and coastal meadows).

Landscape structure and dispersal limitation

Neither the size of individual dry grassland patches nor the degree of isolation of sample
plots could explain the significant spatial autocorrelation in vascular plant species richness.
Possibly, the past landscape structure (about which we had no information), rather than the
present distribution of dry grasslands, may have caused this spatial aggregation pattern.
Different studies reveal a strong effect of site history on vascular plant species richness
(PÄRTEL & ZOBEL 1999, BRUUN et al. 2001, COUSINS & ERIKSSON 2001). However,
experimental data on the effect of dispersal limitation on vascular plant species richness of
alvar grasslands are far from conclusive, with significant effects observed in some cases
(ZOBEL et al. 2000), but not in others (PÄRTEL et al. 1998). ZOBEL et al. (2000) suggest that
the effects of dispersal limitation depend on whether the local species pool is already
impoverished or not. In southern Öland, dry grasslands are the most extensive in Scandinavia;
in more fragmented landscapes, the effect of dispersal limitation on species richness of dry
grasslands may be much more important (cf. KRAUSS et al. 2004). Furthermore, the relative
importance of site availability and diaspore availability is scale dependent (MÜNZBERGOVÁ

2004), and effects of dispersal limitation may be first visible at larger scales, e.g. hundreds of
square meters. Matrix effects may provide an additional explanation for the low effects of the
size of individual dry grassland patches on vascular plant species richness (COOK et al. 2002).
Adjacent vegetation types (mesophilous grasslands, fens, woodlands) are often quite rich in
vascular plants but less rich in cryptogams. Thus, source-sink dynamics (PULLIAM 1988) may
enhance small-scale vascular plant species richness at small dry grassland patches, and
thereby counteract the impoverishment of small dry grassland patches in habitat specialists.

Although high dispersal abilities of cryptogams are generally assumed, our data suggest
that this need not necessarily be the case. Similarly, several studies (SÖDERSTRÖM &
JONSSON 1989, KIMMERER 1991, SUNDBERG 2005) show that a large proportion of
bryophyte spores are deposited within a few meters from the source. Predominantly short
distance dispersal is also reported for lichen soredia (ARMSTRONG 1987). From restoration
projects of calcareous grasslands, different authors report that many typical bryophyte and
lichen species do not invade the community (e.g. VAN TOOREN et al. 1990). In particular,
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pleurocarpous mosses, which often are asexually dispersed, seem to have rather low dispersal
abilities and are often missing in diaspore banks (VAN TOOREN 1988, DURING 1997, 2001).
Furthermore, gametophyte establishment rates from spores often are quite low (MILES &
LONGTON 1990). Obviously, experimental studies on the effects of dispersal and
establishment limitation in cryptogams confined to dry grasslands are needed.

Relationships between species richness patterns and vegetation cover

Relationships between species richness and vegetation cover suggest that interspecific
competition is important both within and between taxonomic groups. However, negative
relationships among taxonomic groups are often less obvious after correcting for the effects of
environmental factors (Fig. 4). Thus, using raw species richness data may lead to an
overestimation of the importance of interspecific competition in this type of study.

For all groups together as well as for vascular plants, bryophytes and lichens separately, we
observed the typically assumed hump-back relationship (GRIME 1979, GRACE 1999) between
vegetation cover and species richness of the taxonomic group in focus, at least in the residual
analysis. This may indicate effects of interspecific competition. Alternative explanations are
sampling effects due to a lower number of individuals per area, larger plant sizes on
nutrient-rich sites (OKSANEN 1996, GOTELLI & COLWELL 2001) or smaller species pool sizes
of nutrient-rich sites (TAYLOR et al. 1990). However, the hump-back relationship was even
more pronounced after correction for environmental effects, and thus may indeed indicate
effects of competition.

In vascular plants, the decrease in species richness with vegetation cover was only weak
(Fig. 3). This could be because even the most productive sites of dry grasslands have so low
biomass that competition does not play a major role in this type of habitat. Studying a longer
nutrient gradient, e.g. by including mesophilous and eutrophic grasslands, probably would
reveal a stronger hump-back relationship between vascular plant species richness and cover.
Several studies suggest low competition among vascular plants in alvar grasslands (HUBER

1994, 1999). Our study supports this hypothesis. VAN DER MAAREL & SYKES (1993) explain
this by the high tempo-spatial mobility of many short-lived alvar species allowing coexistence
of a high number of ecologically equivalent species. WILSON et al. (2000) suggest that
interspecific competition in semi-dry grasslands limits the biomass of each vascular plant
species, but does not cause competitive exclusion.

A hump-back relationship between bryophyte richness and cover was also observed by
INGERPUU et al. (2003), and RYDIN (1997) concluded in his review of competition studies
among bryophytes that there is no indication that competition is less relevant in bryophytes
than in vascular plants. Contrastingly, ØKLAND (1994) suggested positive interaction effects
among bryophytes in coniferous forests. Similarly, analyzing permanent data from different
habitats, e.g. earth banks and chalk grasslands, DURING & LLORET (2001) suggested that
competitive exclusion rarely occurs in bryophyte communities. This apparent absence of
competitive exclusion, however, may not be due to the lack of competition, but to a balance
between competition and facilitation (DURING & LLORET 2001).

Our study suggests that competition between vascular plants and lichens is rather
asymmetric. Dispersal limitation, low competitive ability, and an often very close association
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with certain habitat conditions, indicate that lichens are especially sensitive to the ongoing
landscape alteration. Bryophytes seem to tolerate competition from vascular plants better than
lichens. Furthermore, bryophytes may display a different phenological pattern than vascular
plants, with increasing abundance of bryophytes with the moist, cool conditions of spring and
autumn (AL-MUFTI et al. 1977). The positive effects of a dense ground layer on the
establishment of vascular plants (VAN TOOREN 1988, RYSER 1993) may explain the positive
relationship between vascular plant species richness and the cover of cryptogams. However,
the effects of bryophyte cover are only weak and may depend on the dry grassland type. For
example, OTSUS & ZOBEL (2002) record that a dense bryophyte layer has negative effects on
the establishment of vascular plant seedlings in mesophytic basiphilous grasslands.

To conclude, plant species richness in dry grasslands is a complex phenomenon, influenced
by numerous abiotic and biotic environmental factors. Our study shows that responses of
species richness to single environmental factors depend both on the taxonomic group and on
the combination of abiotic and biotic factors on a whole. Understanding the co-action of these
factors is central while seeking for generalities in species richness patterns and to formulate
guidelines for nature conservation applicable to a larger range of dry grassland types.

Acknowledgements: We thank Lennart Ågren and Eje Rosén for providing useful information during the field
work; Eddy van der Maarel gave important information when we started to plan this study. Thomas Becker,
Werner Härdtle, and Håkan Rydin gave useful comments on the manuscript, and Bill Meek improved the
English language. The field work was supported by a grant of the Universitätsgesellschaft Lüneburg.

REFERENCES

ALM KÜBLER K. (2001): Holocene environmental change of Southern Öland, Sweden. Acta Univ. Upsal. 28:
1–183.

AL-MUFTI M.M., SYDES C.L., FURNESS S.B., GRIME J.P. & BRAND S.R. (1977): A quantitative analysis of
shoot phenology and dominance in herbaceous vegetation. J. Ecol. 65: 759–791.

ARMSTRONG R.A. (1987): Dispersal in a population of the lichen Hypogymnia physodes. Environ. Exp. Bot. 27:
357–363.

AZZALINI A. (1996): Statistical inference based on the likelihood. Chapman and Hall, London.
BOBBINK R. & WILLEMS J.H. (1988): Effects of management and nutrient availability on vegetation structure of

chalk grasslands. In: DURING J.H., WERGER M.J.A. & WILLEMS J.H. (eds.), Diversity and pattern in plant
communities, SPB Academic Publishing, The Hague, pp. 183–193.

BRUUN H.H., FRITZBÖGER B., RINDEL P.O. & HANSEN U.L. (2001): Plant species richness in grasslands: the
relative importance of contemporary environment and land-use history since the Iron Age. Ecography 24:
569–578.

CONNELL J.H. (1975): Some mechanisms producing structure in natural communities: A model and evidence
from field experiments. In: CODY M.L. & DIAMOND J. (eds.), Ecology and evolution of communities,
Harvard University Press, Cambridge, pp. 460–490.

COOK W.M., LANE K.T., FOSTER B.L. & HOLT R.D. (2002): Island theory, matrix effects and species richness
patterns in habitat fragments. Ecol. Letters 5: 619–623.

COUSINS S.A.O. & ERIKSSON O. (2001): Plant species occurrences in a rural hemiboreal landscape: effects of
remnant habitats, site history, topography and soil. Ecography 24: 461–469.

DENGLER J. (2005): Zwischen Estland und Portugal – Gemeinsamkeiten und Unterschiede in den
Phytodiversitätsmustern europäischer Trockenrasen. Tuexenia 25: 387–405.

DENGLER J. & LÖBEL S. (2006): The basiphilous dry grasslands of shallow, skeletal soils (Alysso-Sedetalia) on
the island of Öland (Sweden), in the context of North and Central Europe. Phytocoenologia 36 (in press).

DIERßEN K. (1996): Vegetation Nordeuropas. Ulmer, Stuttgart.

390 S. Löbel et al.



DUPRÉ C. & DIEKMANN M. (2001): Differences in species richness and life-history traits between grazed and
abandoned grasslands in southern Sweden. Ecography 24: 275–286.

DUPRÉ C. & EHRLÉN J. (2002): Habitat configuration, species traits and plant distributions. J. Ecol. 90:
769–805.

DUPRÉ C., WESSBERG C. & DIEKMANN D. (2002): Species richness in deciduous forests: effects of species
pools and environmental factors. J. Veg. Sci. 13: 505–516.

DURING H.J. (1997): Bryophyte diaspore banks. Advances Bryol. 6: 103–134.
DURING H.J. (2001): Diaspore banks. Bryologist 104: 92–97.
DURING H.J. & VAN TOOREN B.F. (1990): Bryophyte interactions with other plants. Biol. J. Linn. Soc. 104:

79–98.
DURING H.J. & WILLEMS J.H. (1984): Diversity models applied to a chalk grassland. Vegetatio 57: 103–114.
DURING H.J. & LLORET F. (2001): The species-pool hypothesis from a bryological perspective. Folia Geobot.

36: 63–70.
ERIKSSON O., COUSINS S.A.O. & BRUUN H.H. (2002): Land-use history and fragmentation of traditionally

managed grasslands in Scandinavia. J. Veg. Sci. 13: 743–748.
EWALD J. (2003): The calcareous riddle: why are there so many calciphilous species in the Central European

flora? Folia Geobot. 38: 357–366.
GOTELLI N.J. & COLWELL R.K. (2001): Quantifying biodiversity: procedures and pitfalls in the measurement

and comparison of species richness. Ecol. Letters 4: 379–391.
GOULD W.A. & WALKER M.D. (1999): Plant communities and landscape diversity along a Canadian Arctic

river. J. Veg. Sci. 10: 537–548.
GRACE J.P. (1999): The factors controlling species density in herbaceous plant communities: an assessment.

Perspect. Pl. Ecol. Evol. Syst. 2: 1–28.
GRIME J.P. (1979): Plant strategies and vegetation processes. Wiley, Chichester.
GRUBB P.J. (1977): The maintenance of species-richness in plant communities: the importance of the

regeneration niche. Biol. Rev. 52: 107–145.
GUSTAFSSON L. & ERIKSSON I. (1995): Factors of importance for the epiphytic vegetation of aspen Populus

tremula with special emphasis on bark chemistry and soil chemistry. J. Appl. Ecol. 32: 412–424.
HANSKI I. (1999): Metapopulation ecology. Oxford University Press, Oxford.
HERBEN T. (1987): Bryophytes in grassland vegetation sample plots: what is their correlation with vascular

plants? Folia Geobot. Phytotax. 22: 35–41.
HOUSTON M. (1979): A general hypothesis of species diversity. Amer. Naturalist 113: 81–101.
HUBER R. (1994): Changes in plant species richness in a calcareous grassland following changes in

environmental conditions. Folia Geobot. Phytotax. 29: 469–482.
HUBER R. (1999): Patterns of species richness in a limestone grassland under different treatments in relation to

spatial scale. Appl. Veg. Sci. 2: 257–266.
INGERPUU N., KULL K. & VELLAK K. (1998): Bryophyte vegetation in a woodland meadow: relationships with

phanaerogam diversity and responses to fertilisation. Pl. Ecol. 134: 163–171.
INGERPUU N., VELLAK K., LIIRA J. & PÄRTEL M. (2003): Relationships between species richness patterns in

deciduous forests at the north Estonian limestone pavement. J. Veg. Sci. 14 : 773–780.
KIMMERER R.W. (1991): Reproductive ecology of Tetraphis pellucida II. Differential fitness of sexual and

asexual propagules. Bryologist 94: 284–288.
KOLB A. & DIEKMANN M. (2004): Effects of environment, habitat configuration and forest continuity on the

distribution of forest plant species. J. Veg. Sci. 15: 199–208.
KRAHULEC F., ROSÉN E. & VAN DER MAAREL E. (1986): Preliminary classification and ecology of dry

grassland communities on Ölands Stora Alvar (Sweden). Nordic J. Bot. 6: 797–809.
KRAUSS J., KLEIN A.-M., STEFFAN-DEWENTER I. & TSCHARNKE T. (2004): Effects of habitat area, isolation,

and landscape diversity on plant species richness of calcareous grasslands. Biodivers. & Conservation 13:
1427–1439.

LÖBEL S. (2002): Trockenrasen auf Öland: Syntaxonomie – Ökologie – Biodiversität. Diploma thesis, Institute
of Ecology and Environmental Chemistry, Faculty of Environmental Sciences, University of Lüneburg,
Lüneburg.

Plant species richness in dry grasslands 391



LOREAU M., NAEEM S., INCHAUSTI P., BENGTSSON J., GRIME J.P., HECTOR A., HOOPER D.U., HUSTON M.A.,
RAFFAELLI D., SCHMID B., TILMAN D. & WARDLE D.A. (2001): Biodiversity and ecosystem functioning:
Current knowledge and future challenges. Science 294: 804–808.

LUNDHOLM J.T. & LARSON D.W. (2003): Relationships between spatial environmental heterogeneity and plant
species diversity on a limestone pavement. Ecography 26: 715–722.

MCINTYRE S. & LAVOREL S. (1994): How environmental and disturbance factors influence species
composition in temperate Australian grasslands. J. Veg. Sci. 5: 373–384.

METRIA (2000): Vegetationskarta över Öland (Vegetation map of the island of Öland). Miljöanalys, Stockholm.
MILES C.J. & LONGTON R.E. (1990): The role of spores in reproduction of mosses. Bot. J. Linn. Soc. 104:

149–173.
MÜNZBERGOVÁ Z. (2004): Effects of spatial scale on factors limiting species distributions in dry grassland

fragments. J. Ecol. 92: 854–867.
ØKLAND R.H. (1994): Patterns of bryophyte associations at different scales in a Norwegian boreal spruce forest.

J. Veg. Sci. 5: 127–138.
OKSANEN J. (1996): Is the humped relationship between species richness and biomass an artifact due to plot

size? J. Ecol. 84: 293–295.
OTSUS M. & ZOBEL M. (2002): Small-scale turnover in a calcareous grassland, its pattern and components.

J. Veg. Sci. 13: 199–206.
PALMER M.W. (1994): Variation in species richness: towards a unification of hypotheses. Folia Geobot.

Phytotax. 29: 511–530.
PÄRTEL M. (2002): Local plant diversity patterns and evolutionary history at the regional scale. Ecology 83:

2361–2366.
PÄRTEL M., KALAMEES R., ZOBEL M. & ROSÉN E. (1998): Restoration of species-rich limestone grassland

communities from overgrown land: the importance of propagule availability. Ecol. Engineering 10:
275–286.

PÄRTEL M. & ZOBEL M. (1999): Small-scale species richness in calcareous grasslands determined by the
species pool, community age and shoot density. Ecography 22: 153–159.

PÄRTEL M., ZOBEL M., LIIRA J. & ZOBEL K. (2000): Species richness limitations in productive and oligotrophic
plant communities. Oikos 90: 191–193.

PÄRTEL M., ZOBEL M., ZOBEL K. & VAN DER MAAREL E. (1996): The species pool and its relation to species
richness: evidence from Estonian plant communities. Oikos 75: 111–117.

PAUSAS J.G. (1994): Species richness patterns in the understory of Pyrenean Pinus sylvestris forest. J. Veg. Sci.
5: 517–524.

PHARO E.J., BEATTIE A.J. & BINNS D. (1999): Vascular plant diversity as a surrogate for bryophyte and lichen
diversity. Conservation Biol. 13: 282–289.

PINHEIRO J.C. & BATES D.M. (2000): Mixed-effects models in S and S-PLUS. Springer, New York.
POSCHLOD P. & WALLISDEVRIES M.F. (2002): The historical and socioeconomic perspective of calcareous

grasslands – lessons from the distant and recent past. Biol. Conservation 104: 361–376.
PULLIAM H.R. (1988): Sources, sinks, and population regulation. Amer. Naturalist 132: 652–661.
R DEVELOPMENT CORE TEAM (2004): R: A language and environment for statistical computing. R Foundation

for Statistical Computing, Vienna.
RIBEIRO P.J. jr. & DIGGLE P.J. (2001): geoR: A package for geostatistical analysis. R-News 1: 15–18.
ROSÉN E. (1982): Vegetation development and sheep grazing in limestone grasslands of south Öland, Sweden.

Acta Phytogeogr. Suec. 72: 1–108.
ROSENZWEIG M.L. (1995): Species diversity in space and time. Cambridge University Press, Cambridge.
RYDIN H. (1997): Competition among bryophytes. Advances Bryol. 6: 135–168.
RYSER P. (1993): Influences of neighbouring plants on seedling establishment in limestone grasslands. J. Veg.

Sci. 4: 195–202.
SCHUSTER B. & DIEKMANN M. (2003): Changes in species density along the soil pH gradient – evidence from

German plant communities. Folia Geobot. 38: 367–379.
SJÖRS H. (1999): The background: Geology, climate and zonation. In: RYDIN H., SNOEIJS P. & DIEKMANN M.

(eds.), Swedish plant geography – Dedicated to Eddy van der Maarel on his 65th birthday. Acta Phytogeogr.
Suec. 84: 5–14.

392 S. Löbel et al.



SÖDERSTRÖM L. & JONSSON B.G. (1989): Spatial pattern and dispersal in the leafy hepatic Ptilidium
pulcherrimum. J. Bryol. 15: 793–802.

STERNER R. & LUNDQVIST A. (1986): Ölands kärlväxtflora (Flora of vascular plants on the island of Öland).
2nd ed., Förlagstjänsten, Stockholm.

SUNDBERG S. (2005): Larger capsules enhance short-range spore dispersal in Sphagnum, but what happens
further away? Oikos 108: 115–124.

TAYLOR D.R., AARSSEN L.W. & LOEHLE C. (1990): On the relationship between r/K selection and
environmental carrying capacity: a new habitat templet for plant life history strategies. Oikos 58: 239–250.

TILMAN D. (1982): Resource competition and community structure. Princeton University Press, Princeton.
TILMAN D. (2000): Causes, consequences and ethics of biodiversity. Nature 405: 208–211.
TILMAN D. & PACALA S. (1993): The maintenance of species richness in plant communities. In: RICKLEFS R.E.

& SCHLUTER D. (eds.), Species diversity in ecological communities, University of Chicago Press, Chicago,
pp. 13–25.

TYLER G. (1996): Soil chemistry and plant distibutions in rock habitats of southern Sweden. Nord. J. Bot. 16:
609–635.

VAN DER MAAREL E. & SYKES M.T. (1993): Small-scale plant species turnover in a limestone grassland: the
carousel model and some comments on the niche concept. J. Veg. Sci. 4: 179–188.

VAN TOOREN B.F. (1988): The fate of seeds after dispersal in chalk grassland: the role of the bryophyte layer.
Oikos 53: 41–48.

VAN TOOREN B.F. (1990): Effects of a bryophyte layer on the emergence of seedlings of chalk grassland species.
Acta Oecol. 11: 155–163.

VAN TOOREN B.F., ODÉ B., DURING H.J. & BOBBINK R. (1990): Regeneration of species richness in the
bryophyte layer of Dutch chalk grasslands. Lindbergia 16: 153–160.

VENABLES W.N. & RIPLEY B.D. (1999): Modern applied statistics with S-PLUS. Springer, Berlin.
WAIDE R.B., WILLIG M.R., STEINER C.F., MITTELBACH G., GOUGH L., DODSON S.I., JUDAY G.P. &

PARMENTER R. (1999): The relationship between productivity and species richness. Annual Rev. Ecol. Syst.
30: 257–300.

WEIBULL H. & RYDIN H. (2005): Bryophyte species richness on boulders: relationship to area, habitat diversity
and canopy tree. Biol. Conservation 122: 71–79.

WILLEMS J.H. (2001): Problems, approaches and results in restoration of Dutch calcareous grassland during the
last 30 years. Restoration Ecol. 9: 147–154.

WILSON J.B., STEEL J.B., NEWMAN J.E. & KING W.M. (2000): Quantitative aspects of community structure
examined in a semi-arid grassland. J. Ecol. 88: 749–756.

ZAMFIR M., DAI X. & VAN DER MAAREL E. (1999): Bryophytes, lichens and phanaerogams in an alvar
grassland: relationship at different scales and contribution to plant community pattern. Ecography 22: 40–52.

ZAMFIR M. (2000): Effects of bryophytes and lichens on seedling emergence of alvar plants: evidence from
greenhouse experiments. Oikos 88: 603–612.

ZOBEL M. (1992): Plant species coexistence – the role of historical, evolutionary and ecological factors. Oikos
65: 314–320.

ZOBEL M., OTSUS M., LIIRA J., MOORA M. & MÖLS T. (2000): Is small-scale species richness limited by seed
availability or microsite availability? Ecology 81: 3274–3282.

Received 3 June 2005, revision received and accepted 19 December 2005

Plant species richness in dry grasslands 393



394


