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Abstract
The area of semi-natural grasslands has decreased dramatically causing many grassland 
specialist species to persist in small habitat fragments. Furthermore, ecological communi-
ties once shaped by disturbances related to traditional agriculture now face the impacts of 
modern agriculture and urbanization. Many of the species have become endangered due to 
the combined effects of habitat destruction and degradation. We studied the responses of 
vascular plants and bryophytes to present and past connectivity in semi-natural grasslands, 
while accounting for the effects of local environmental conditions. We conducted vegeta-
tion surveys in 33 fragmented, unmanaged dry grasslands in Southwest Finland. A total 
of 191 vascular plant species and 60 bryophyte species were recorded. Higher vascular 
plant diversity was associated with higher historical connectivity, whereas bryophyte diver-
sity declined with increasing current connectivity. Edaphic conditions, microclimate and 
disturbances were found to structure both vascular plant and bryophyte communities, but 
the responses to individual environmental variables were very different. The contrasting 
responses could be explained by the differences between the typical life-history strategies 
in vascular plants and bryophytes as well as resource competition between the two groups. 
These results highlight the need to consider different species groups when planning con-
servation measures. Vascular plant richness may best be conserved in connected grasslands 
whereas bryophyte richness in isolated ones. The results also indicated that trampling by 
humans could result in positive disturbance and to some extent help maintain richness of 
grassland specialist species.
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Introduction

Habitat destruction is the primary driver of global biodiversity loss (Fahrig 2003; Hanski 
2011). It is especially detrimental to habitats and species that are already rare or threat-
ened. In Europe, one of the most threatened habitat groups are dry semi-natural grasslands 
(European commission 2017; Kontula and Raunio 2018). The area of dry semi-natural 
grasslands in Finland has reduced from an estimated 150 000 hectares in the 1860s to 
13,000 hectares in the 1960s and still to only 700 hectares in 2018, meaning 95% decrease 
in 60 years. (Lehtomaa et  al. 2018b). This area provides primary habitat for almost 300 
nationally endangered species in 17 taxonomic groups (such as plants, fungi, Arachnida, 
Coleoptera, Lepidoptera). In terms of plants, semi-natural grasslands provide habitat for 
30 endangered bryophyte and 62 endangered vascular species in Finland. (Hyvärinen et al. 
2019).

The semi-natural grasslands have not been under traditional management practices other 
than grazing or haymaking with scythe. However, grasslands of high conservation value 
may also develop from abandoned agricultural fields given time under some conditions 
(Ejrnæs et al. 2008). One of the primary reasons for habitat loss in dry semi-natural grass-
lands is the lack of suitable management such as grazing and the subsequent progress of 
secondary succession (Lehtomaa et al. 2018a). In semi-natural grasslands, the onset of sec-
ondary succession often leads to an increased cover of bushes and trees and at the same 
time to a decrease in species richness of vascular plants in the field layer (Lazzaro et al. 
2020). A considerable threat are also invasive alien species such as Amelanchier spicata 
and Lupinus polyphyllus (Hyvärinen et al. 2019). As those examples present a major threat 
for especially mesic meadows and freshwater meadows (Lehtomaa et al. 2018b), dry semi-
natural grasslands, particularly near city center (Štajerová et al. 2017) provide them a habi-
tat for seed dispersal to more vulnerable environments.

Based on island biogeography and metapopulation theory, conservation planning 
has traditionally aimed to protect and restore networks of large, well-connected habitats 
(Wintle et  al. 2019). Such an approach is seldom applicable in dry grassland conserva-
tion, because in most landscapes these habitats exist only as small, fragmented remnants 
of their previous extent. Despite their small size and isolation, such remnant grasslands 
may contribute to landscape-scale biodiversity by supporting communities and endangered 
species not found in other habitats (Albrecht and Haider 2013; Janišová et al. 2014; Lamp-
inen 2019). This highlights the importance of acknowledging them in conservation plan-
ning (Wintle et al. 2019). It also calls for increased understanding of how different species 
inhabiting dry grasslands respond to the abandonment, fragmentation and isolation of their 
habitats, and to the following changes in environmental conditions.

Species communities assemble based on both local and landscape-scale conditions 
that filter species according to variation in the environment (Löbel et  al. 2006; Raati-
kainen et al. 2009; Frey et al. 2011; Reitalu et al. 2012). In dry grasslands, local condi-
tions are central aspects of habitat quality that define whether grassland species persist in 
a grassland (Pykälä et  al. 2005; Lampinen 2019). From the perspective of a given plant 
species, the most important local conditions comprise those related to prevailing microcli-
mate and soil properties. For example, exposure to heat and sunlight (Tinya et al. 2009), 
soil pH (Hydbom et al. 2012; Ewald 2003) and consequent nutrient availability (Bedford 
et al. 1999), the amount of living and dead biomass (Carson and Peterson 1990), and the 
amount of exposed bare rock or trampled bare ground (Jägerbrand and Alatalo 2015) in the 
habitat all covary with species occurrence. Landscape-scale conditions such as structural 
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connectivity between suitable grasslands are, in turn, central to species dispersal (Crooks 
and Sanjayan 2006; Auffret et al. 2015). Species occurrence may also depend on the inter-
action between local and landscape-scale conditions (Matter et  al. 2009): high structural 
connectivity is unlikely to increase the occurrence of a grassland species if the remaining 
grassland patches are of poor quality. Furthermore, responses to local or landscape-scale 
conditions differ between taxonomic groups. Depending on the mobility of a given species 
and dispersal distance, a grassland fragment can be perceived as highly connected or iso-
lated. Thus, planning grassland conservation based on data collected only at a single scale 
(Reitalu et al. 2012) or from a single taxonomic group may lead to unintended outcomes 
in protecting different groups of species adapted to grasslands (Takala et al. 2012, 2014; 
Zulka et al. 2014).

Despite the need to consider more than one species group, the majority of research 
underlying grassland conservation concerns vascular plants and their responses to vary-
ing local and landscape-scale conditions (e.g. Pykälä et al. 2005; Öster et al. 2007; Rei-
talu et  al. 2012). Bryophytes form an important part of the vegetation, but the patterns 
and underlying drivers of bryophyte diversity in semi-natural grasslands are insufficiently 
understood (Löbel et al. 2006; Müller et al. 2012; Takala et al. 2012; García de León et al. 
2016; Simmel et al. 2021). Yet, certain conditions important to both bryophyte and vascu-
lar plant diversity patterns have been identified. On a local scale, especially soil pH (Vir-
tanen et  al. 2000; Löbel et  al. 2006; Hydbom et  al. 2012), productivity (Haworth et  al. 
2007; Müller et  al. 2012), and disturbance (Takala et  al. 2012; Tyler et  al. 2018) are all 
associated with changes in the occurrence and species richness of bryophytes and vascular 
plants in semi-natural grasslands. Unfortunately, little is still known about the interactions 
between the two species groups in grasslands. Arguments for the existence of both facilita-
tive (e.g. Ingerpuu et al. 2005) and competitive (e.g. Virtanen et al. 2000; Peintinger and 
Bergamini 2006) interactions between bryophytes and vascular plants exist, but a consen-
sus is lacking in terms of the dominant interaction in different conditions.

At a landscape-scale, several studies have related the diversity patterns and community 
composition of vascular plants to present and past connectivity between grasslands in the 
surrounding landscape (Uroy et al. 2019) and the age of the grassland (Redhead et al 2014; 
Schmid et al. 2017; Karlík and Poschlod 2019). The richness of grassland plants in a given 
grassland often reflects the past rather than the present structural connectivity of that grass-
land to those in the surrounding landscape (e.g. Lindborg and Eriksson 2004; Helm et al. 
2006; Husáková and Münzbergová 2014; Lampinen et  al. 2018). This slow response of 
plant communities to changes in the surrounding landscape indicates that a further decline 
of vascular plant species richness may be expected in grasslands with reduced connectiv-
ity or habitat area. The responses of bryophyte species richness to connectivity have sel-
dom been studied in semi-natural grasslands and the results are contradictory. For exam-
ple, Zulka et al. (2014) suggest that the species richness of bryophytes in dry grasslands is 
positively associated with the present area of similar types of habitats in the surrounding 
landscape, while Löbel et al. (2006) report no statistically significant relationship between 
these two factors. Evidence from single-taxon studies suggest that bryophytes may respond 
to a loss of connectivity with a similar time lag as vascular plants (Snäll et al. 2004). None-
theless, we do not currently fully understand how bryophytes respond to changes in present 
or past connectivity in semi-natural grasslands, or how these landscape-scale conditions 
interact with local conditions to shape bryophyte communities in them.

Without a deeper understanding of how different groups of species interact in or respond 
to varying environmental conditions in fragmented dry grasslands, it is difficult to plan the 
restoration of the remaining grasslands in an ecologically informed manner. It is equally 
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difficult to manage the grasslands in such ways that species or groups of species prioritized 
for protection benefit from management. To fill this gap in our understanding, we explore 
the drivers behind the species richness of vascular plants and bryophytes in a network of 
fragmented dry grasslands varying in their degree of structural connectivity. We address 
the following research questions:

(1)	 What are the primary local environmental drivers of vascular plant and bryophyte 
species richness in fragmented, unmanaged dry grasslands?

(2)	 Is the current species richness of bryophytes and vascular species correlated similarly 
with present or historical structural connectivity between dry grasslands?

Materials and methods

Study area and sampling

The study was conducted in the city of Turku, South-Western Finland (city center coor-
dinates in WGS 84 coordinate system: 60° 27′ 6.08″ N, 22° 16′ 0.72″ E). The city is situ-
ated on the hemiboreal vegetation zone (Kalliola 1973), and has a continental, humid 
climate of warm summers (the Dfb-type of the Köppen climate classification) (Peel et al. 
2007). The geological rock classes consist mainly of metamorphic rock (sedimentary pro-
tolith-composition-texture) and microcline granite  (Geological Survey of Finland (2017)
[please, update the link between list and text]). During the 30-year period 1991–2020 in 
Turku, the monthly temperature average varied between − 4.5 °C (February) and + 17.5 °C 
(July), and the annual average was + 5.8 °C. Monthly precipitation average varied between 
32 mm (April) and 74 mm (July), and the average annual precipitation was 684 mm (Joki-
nen et al. 2021).

Due to the 4000 years of agriculture in the surrounding region (Cramp et al. 2014), there 
are several hundred fragments of ancient dry grassland in the city as remnants of historical, 
open agricultural landscapes preceding urban development. The majority of the fragments 
are rocky with shallow soil indicating grazing rather than haymaking as the historical mode 
of management. Indeed, the most recent records of agricultural management in the stud-
ied grasslands, grazing by cattle, date to the 1950’s (Lampinen and Koskela 2016). The 
grasslands used in this study were sampled from a GIS-dataset depicting the distribution of 
these remnant fragments in an area of 8 × 9 km surrounding the center of the city (Fig. 1). 
All sampled grasslands were interpreted as ancient, i.e. sharing a history related to early 
onset of habitation and agriculture in the surrounding region, and contemporary grasslands 
such as those developed in road verges or abandoned cultivated fields were omitted from 
the sampling. The habitat types of all mapped fragments vary from rocky meadows to low 
herb-rich dry meadows and Avenula pubescens dry meadows (as described by Lehtomaa 
et al. 2018b). According to a vegetation survey conducted in similar grassland fragments in 
the surrounding countryside, common dry grassland specialist species in similar fragments 
include Galium verum, Filipendula vulgaris, Helictochloa pratensis, Helictotrichon pube-
scens, Silene nutans and Luzula campestris (Lampinen 2017). On average, the mapped 
grassland fragments are 0.07 ha in size and the sampled grassland fragments 0.05 ha in 
size.

To decide which grassland fragment to sample, we first created a preliminary clas-
sification of structural connectivity of each fragment. First, we calculated the average 
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geographical distance of each grassland to ten nearest grasslands. We then divided the 
grasslands into three categories based on this distance: grasslands with the lowest 
(< 695  m), intermediate (700–935  m) and highest average distances (> 940  m) to other 
grasslands, respectively. We randomly sampled 11 dry grasslands from each category 
resulting in a total of 33 study sites varying in their geographical distance (i.e. current 
structural connectivity) to other dry grasslands.

Data collection and types of data

The data consist of counts of vascular plant and bryophyte species richness and of envi-
ronmental variables describing the local conditions and structural connectivity of each 
grassland (Table 1). The data collection began by preliminary field visits to each sampled 
grassland in early summer 2018. During these visits each grassland was delineated on aer-
ial images (Map data © 2015 Google) based on the presence of vegetation and structural 
features typical to dry grasslands in the study region (Lehtomaa et al. 2018b). The grass-
land boundaries were digitized into GIS-format for further data collection (QGIS version 
2.18.26).

After the preliminary field visits to the sampled grasslands, both the species richness 
and environmental data were collected between 4.6. and 17.8.2018 at three different scales: 

Fig. 1   Historical (grey) and current (black) dry grasslands in the city of Turku, south-western Finland. 
Encircled polygons depict grassland fragments included in this study (n = 33), exemplified by photographs 
of three grassland fragments with corresponding numbers in the map. Background map © OpenStreetMap 
contributors
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some variables were measured at the scale of 1 m2 study plots established in each grass-
land, some at the scale of individual grasslands, and some at the scale of the surrounding 
landscape (Table 1). The 1 m2 study plots (five in each grassland) were laid evenly with 
one-meter intervals along a 10-m-long transect established in each grassland. The transect 
crossed the grassland in the middle and was oriented parallel to the slope of the grassland.

Species richness data

The species richness data were collected both at the scale of plots and individual grass-
lands. At the scale of plots, the data described the richness of all vascular plant and bryo-
phyte species observed in the study plots. At the scale of individual grasslands, the data 
described the richness of vascular plant species observed during a standardized 10-min 
survey of each grassland. The survey enabled gathering data of the most common species 
as well as grassland specialist species at the site. At both plot and grassland scales, the 
species were identified on site or, especially in case of bryophytes, later in the laboratory 
under a microscope.

In addition to the species richness of all observed vascular plant species, the richness of 
grassland specialist vascular plant species was recorded at the scale of plots and individ-
ual grasslands. We defined grassland specialist species as those shown to occur both his-
torically and currently primarily in semi-natural grasslands following the classification of 
Pykälä (2001), Pykälä et al. (2005). The classification of specialist species includes species 
that are shown to benefit from traditional agriculture such as grazing and excludes those 
that may suffer from it to some extent even when they may be commonly met at meadows 
(Pykälä 2001).

Environmental data

The local environmental data collected in the study plots consisted of visual estimates of 
the percentage cover of trampled or bare ground, of bare rock, and of plant litter (dead and 
decomposing plant material) in each plot. The ground was interpreted as trampled when it 
was located on a path and or was bare and when the vegetation in the field layer was clearly 
stomped. The rock or ground was defined as bare when it had no living or decaying vegeta-
tion. The local environmental data collected from the surrounding grassland described the 
area, slope, aspect, soil acidity and successional stage of each grassland. The area of each 
grassland, delineated during the preliminary surveys, was calculated with QGIS (QGIS 
Development Team 2018). The slope was visually estimated in degrees of declination. The 
aspect was counted as a deviation from exact South by subtracting the cardinal direction of 
the slope in compass degrees from 180. Soil pH was measured in five 50–100 ml soil sam-
ples collected from the center of each study plot a few centimeters below the soil surface 
or less when the soil surface was thin. The soil samples were stored in individual plastic 
bags and analyzed in December 2018 and January 2019, when they were filtered through 
a 5 mm sieve and mixed in 90 ml of tap water with a soil:water ratio of 1:5. The acidity 
of the suspension was measured after 11 h in the shaker (Heidolph Unimax 1010) with a 
calibrated pH meter (VWF pH1000H). As semi-natural grasslands undergo a successional 
shift towards woody vegetation types in the absence of disturbance, we also estimated the 
extent to which such a shift had progressed in each grassland. To achieve this, we used 
open-access, LIDAR-derived vegetation canopy height model raster with 1 m2 resolution 
from the year 2017 (Finnish Forest Center 2021), overlaid with the GIS lineations of the 
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sampled grassland. We considered areas in each grassland covered by vegetation lower 
than 1 m not to have undergone a successional shift and areas with vegetation higher than 
1 m as in active state of successional shift. The extent of successional shift in each grass-
land was estimated as the proportional cover of trees and bushes higher than 1  m. The 
larger the proportion of each fragment covered by trees and bushes higher than 1 m, and 
the higher those trees and bushes across the grassland, the higher the estimated extent of 
successional shift.

The structural connectivity of each grassland was measured at the scale of the sur-
rounding landscape and described the present and historical cover (in ha) of each stud-
ied grassland to others within a 250-m-wide buffer. While the present connectivity was 
calculated with the same dataset from which the studied grasslands were sampled, the 
historical connectivity was calculated based on digitized Senate maps, a nineteenth cen-
tury series of 1:21 000 maps depicting the land use and land cover in southern Finland 
(National Archives Service of Finland 2022; Lampinen et al. 2015, 2018). In these maps, 
grasslands are depicted as three distinct types: mesic grasslands, wet grasslands and non-
forested dry grasslands and pastures (Lampinen et  al. 2015). The last of these has been 
identified as linking to current species richness patterns of species adapted to semi-natural 
grasslands (Lampinen et al. 2018). Because of this, we calculated the historical connectiv-
ity data based on the cover of dry grasslands and pastures, but also included the total cover 
of all aforementioned historical grassland types as an additional measure of the historical 
landscape configuration surrounding each grassland. The buffer zone was set to 250 m to 
avoid redundancy in the structural connectivity data: the grasslands available for the study 
are located in an area less than eight kilometers in diameter, and wider buffers would have 
overlapped with those surrounding other sampled grasslands. For further description of the 
data used in the study, see Table 1.

Statistical analyses

We explored the responses of vascular plant and bryophyte species richness to the environ-
mental variables with exploratory hierarchical partitioning (HP), generalized linear models 
(GLM), and generalized linear mixed models (GLMM) utilizing Poisson distribution and 
a log-linear link function. We used HP models to explore how much variation each of the 
environmental variables explains independently of others in the species richness data of 
the studied species groups. We then used univariate GLMs to explain the species-richness 
of the studied species groups at the scale of grasslands (n = 33), and univariate GLMMs 
to explain it at the scale of individual vegetation plots (n = 165) to develop a more precise 
understanding of the strength and direction of each relationship between the environmental 
and species richness variables.

As the HP algorithm can process only nine variables (Nally and Walsh 2004), cer-
tain variables presumed to be correlated with others were omitted from the exploratory 
models. For example, only the historical connectivity to all grasslands was included in 
the analysis due to its correlation with the historical cover of dry grasslands, the latter 
being a subset of the former. In each HP model, we tested the statistical significance 
of the proportion of explained variance with 1000 permutations. On the contrary, the 
explanatory variables in the univariate grassland-scale GLMs included all environmen-
tal variables measured at the scale of grasslands and those measured on the plot-scale, 
with the latter averaged over all five plots placed in each grassland. The explanatory 
variables in the univariate plot-scale GLMMs included all environmental variables 
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measured at the scale of individual study plots and those measured at the scale of each 
grassland. The GLMM model for bryophyte species richness also included the total 
cover of all vascular plants in the plot. As each grassland included a total of five veg-
etation plots, we included grassland identity as a random variable in each GLMM.

We checked the residuals of the explanatory variables for normality with the Sha-
piro–Wilk -test in GLMs and GLMMs. This resulted in the exclusion of the plant lit-
ter variable from the models due to a non-normal distribution and lack of variation 
between the grasslands. To test spatial autocorrelation in the data, we calculated and 
compared the expected and observed Moran’s I of the species richness of each stud-
ied species group across the sampled grasslands. This revealed no evidence of spatial 
autocorrelation in the species richness data (Online Appendix 1). Finally, the p-values 
in the models were corrected against false discovery rate (Verhoeven et al. 2005). All 
analyses were conducted with R software (Version 1.1.463) and the associated pack-
ages stats (R Core Team 2020), hier.part (Nally and Walsh 2004), Hmisc (Harrell and 
Dupont 2019), ape (Paradis and Schliep 2018) and lme4 (Bates et al. 2015).

Results

We observed in total 191 vascular plant species and 60 bryophyte species in the stud-
ied grasslands. Of the former, 25 species are classified as grassland specialists in 
the study region (Pykälä 2001, 2005) (Table  2). On average, one grassland/plot sup-
ported 38/8 vascular plant species, 6/1.5 vascular grassland specialist plant species and 
9–10/3.3 bryophyte species (Table 1). Six of the observed vascular plant species, all 
of them grassland specialists, are currently considered either near threatened (NT) or 
nationally threatened in Finland (VU, CR) (Ryttäri et al. 2012; Hyvärinen et al. 2019) 
(Table 2). The woody species Crataegus monogyna and Fraxinus excelsior are both in 
their very northern limits of distribution in the present study area and they are rare and 
not competitively strong. In the study area, they indicate traditional land use (moder-
ate grazing) as without that they would not be competitive. Of the 191 vascular plants 
identified, 23 belonged to alien taxa in Finland (Table 2). All the observed bryophyte 
species have current conservation status of least concern (LC).

The average size of the grasslands sampled for this study is 0.05 ha, minimum size 
was 16 m2 and maximum size 0.23 ha. The range in each measured environmental vari-
able among the grassland fragments sampled in this study are shown in Table 1. Initial 
inspections of the correlations between grassland area and species richness patterns 
revealed only moderate positive or negative correlations, for example between area and 
number of grassland specialist species the correlation coefficient was 0.25 and as for 
number of bryophyte species it was -0.23.

The grasslands were situated on moderate slopes of 17° and at an aspect of 167°. 
The soil in the grasslands was moderately acidic with an average pH 5.6. Bare rock 
covered on average 8.5%, plant litter 88.7% and trampled ground 39.5% of each grass-
land. The present structural connectivity of each studied grassland (i.e. the cover in 
hectares of present dry grasslands within a buffer 250 m in diameter) was low, on aver-
age below 0.01 ha. Historical structural connectivity was higher, totaling on average 
3.7 ha (Fig. 1).



148	 Biodiversity and Conservation (2023) 32:139–162

1 3

Vascular plant species richness

According to the HP model, only historical connectivity to other grasslands contributed 
significantly and independently to the species richness of all vascular plants at the scale of 
grasslands (Fig. 2a), and the same was evident in GLMs (Tables 3, 5). At the scale of indi-
vidual plots, HP model indicated again that the historical connectivity to other grasslands, 
but also the current connectivity, grassland area, cover of bare rock and cover of trampled 
ground contributed significantly and independently to the species richness of all vascular 
plants (Fig. 2b). In the GLMMs, historical connectivity had a significant positive relation-
ship with the species richness of all vascular plants, while the cover of bare rock had a 
negative relationship with it (Tables 4, 5). The results were somewhat similar regarding 
grassland specialist plant species richness: at the grassland scale, only the cover of tram-
pled ground had a significant independent contribution to the species richness of grassland 
specialists according to both HP models and GLMs (Fig. 2a, Tables 3, 5). At the plot scale, 
also current connectivity, grassland area, cover of bare rock and slope steepness emerged in 
HP model as significant independent contributors to the species richness of grassland spe-
cialist vascular plants (Fig. 2b), while in the GLMMs, only the cover of bare rock and the 
degree of successional shift had significant and negative relationships with it (Tables 4, 5).

Bryophyte species richness

According to the HP model, the cover of litter, the cover of bare rock and the steepness of 
slope contributed significantly and independently to the variation in the richness of bryo-
phyte species at the scale of grasslands (Fig. 2a). As for univariate GLMs, the species rich-
ness of bryophytes related positively with the cover of bare rock, and negatively with the 
grassland area, slope steepness, cover of vascular plants and current connectivity to other 
dry grasslands (Tables 3, 5).

At the plot scale, current connectivity to other grasslands, and again the cover of litter, 
the cover of bare rock and the steepness of slope contributed significantly and  indepen-
dently to the variation in the richness of bryophyte species according to the HP models 
(Fig. 2b). In the univariate GLMMs, the species richness of bryophytes had a significant 
positive relationship with the cover of bare rock, and a negative relationship with slope 
steepness and cover of vascular plants (Tables 4, 5).

Discussion

Conservation measures intended to maintain or increase species richness of indigenous 
species and protect endangered species usually aim at creating and sustaining a network of 
conservation areas with habitat conditions suitable for the species in question (e.g. Wintle 
et al. 2019; Correa Ayram et al. 2016). The present study shows that such attempts, when 
based on data from a single species group, may result in different outcomes regarding the 
species richness in other species groups. We observed that the most important determi-
nants of species richness of vascular plants and bryophytes in dry grasslands are primarily 
different and when these drivers overlap their effect on the studied groups may be oppo-
site. For example, the species richness of vascular plants in a given grassland fragment 
depended strongly on historical connectivity but had no significant relationship with cur-
rent connectivity. In contrast, there was no strong evidence that the species richness of 
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bryophytes responded to historical context, but it did respond negatively to current habitat 
connectivity. These results show how the requirements in terms of habitat quality of two 
distinct lineages of plants, both common in semi-natural grasslands, do not always align. It 
has been shown previously that alien species inhabit dry grasslands in urban environments 
(Boscutti et al. 2022; Štajerová et al. 2017). In the present case, 12% of the vascular species 
richness was composed of alien species, which is higher than the global average of 3.9% 
(Kleunen et al. 2015), but lower than in e.g. the 20% in NW Poland (Popiela et al 2015). To 
prohibit the distribution to even more vulnerable environments, conservation measures in 
grasslands should always include the removal of alien and invasive alien species.

Contrasting responses of vascular plants and bryophytes to structural connectivity 
in dry grasslands

While we observed current structural connectivity to explain a small, but significant frac-
tion of the variation in the species richness in all studied species groups, the effect of histor-
ical connectivity was significant only in vascular plants. Further, the relationship between 
current connectivity and bryophyte species richness was negative, while that between his-
torical connectivity and vascular plant species richness was positive. We attribute these 
results to differences in life-history traits between the studied species groups, as dispersal, 
propagule production rate, and seed and spore bank persistence all influence the responses 
of species to habitat fragmentation (Kolb and Diekmann 2005) and include important dif-
ferences between the studied species groups.

Many studies report a positive relationship between the species richness patterns of vas-
cular plants in grasslands and past structural habitat connectivity (e.g. Lindborg and Eriks-
son 2004; Lampinen et al. 2018). The strength of these relationships has been attributed to 
life history traits (Lindborg 2007). Well-connected habitats may be expected to accumulate 
more species with time than isolated ones, and local extinctions in isolated habitats may 
lead to more long-lasting or even permanent declines in species richness as dispersal from 
nearby communities is not possible (Helm et al. 2006). Due to time lags at which the spe-
cies richness of plant communities responds to habitat loss or connectivity, current com-
munities often reflect the past rather than the present habitat configuration in the system 
in question (Helm et al. 2006). We interpret the observed vascular plant communities to 
be currently in the process of reaching an equilibrium with the habitat configuration in the 
network of grasslands in question, as both historical and current connectivity were identi-
fied as significant independent contributors to their species richness. This may translate to 
future declines in species richness, because the proportion of variance explained by histori-
cal connectivity (50%) was by far larger than that explained by current connectivity (10%).

Efforts to link bryophyte diversity patterns with measures of past landscape, whether 
related to functional or structural connectivity, disturbance, or management, are much rarer 
than those concerning vascular plants. Furthermore, the studies primarily focus on epi-
phyte species prior to the present work. Similarly to our study, Király et al. (2013) found 
no relationship between the amount of historical habitat and current species richness of 
epiphytic bryophytes in forests. On the other hand, McCune et al. (2021) showed that the 
species richness of perennial forest bryophyte communities is affected by road density sev-
eral decades earlier, a proxy for habitat availability. We suggest that the observed lack of 
significant relationships between current bryophyte species richness and historical connec-
tivity stems from the specific ecology and life-history traits of bryophytes as a plant group. 
Firstly, although there are very few studies on bryophyte spore longevity, the bryophyte 
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spore-bank may not be as persistent as the seed bank of vascular plants, and the longev-
ity of bryophyte spores most likely varies according to the taxa and habitat in question 
(Glime 2017). For example, Sphagnum spores may remain viable in peatlands for hun-
dreds of years (Bu et al. 2017), while the spores of epiphytic and epilithic bryophytes may 
remain viable only a few years (Glime 2017). Another possible explanation for the lack of 
relationship between bryophyte species richness and historical connectivity is the readi-
ness at which bryophytes spores disperse across long distances (Barbé et al. 2016). As a 
consequence, despite the declining habitat area and quality during the preceding decades 
in the grassland system in this study, dispersal ability may not have limited bryophytes 
to the same extent as vascular plants. This would have led the present species richness of 
bryophytes to be determined mainly by current site characteristics rather than historical 
connectivity.

Furthermore, in contrast to theories predicting positive relationships between plant spe-
cies richness and habitat connectivity, we discovered a negative relationship between bryo-
phyte species richness and current connectivity. A possible explanation is that the closer 
the remaining grassland fragments are, i.e. the more structurally connected they are, the 
easier it is for competitive species to colonize the fragments and outcompete the more spe-
cialist and less competitive bryophyte species. As a form of biotic homogenization (Clavel 
et al. 2010) this process could contribute to the decline in bryophyte species richness as a 
function of current structural connectivity. However, more studies are needed to quantify 
the importance of past and present phenomena in explaining current variation in bryophyte 
communities.

Edaphic conditions, microclimate and disturbance structure both vascular plant 
and bryophyte communities in dry grasslands

We discovered that measures related to edaphic conditions and microclimate such as the 
cover of bare rock or the steepness of slope translated to strong changes in the species rich-
ness of either vascular plants, bryophytes, or both. The effect of bushes, cover of bare rock 
and the cover of trees on vascular plant species richness were significant only at plot level. 
This may be partly due to the higher number of plots (165) compared to grasslands (33) but 
it may also demonstrate the importance of scale. Some of factors may only be noticed at an 
appropriate scale.

Variation in both slope steepness and the cover of bare rock indicate differences in soil 
moisture that species inhabiting a given grassland experience. In grasslands with steep 
topography and rocky and shallow soils, periods of extreme drought may contribute to 
some species facing periodic extinctions (Tilman and Haddi 1992), but they may also help 
resist successional shift by colonizing woody vegetation (Li et al. 2020). This is because 
grasslands on productive, moist soils undergo changes in physiognomy and community 
composition upon abandonment faster than those on dry, steep slopes (Bohner et al. 2012). 
In addition, the cover of bare rock surfaces reflects variation in habitat availability. Bare 
rock surfaces are a habitat suitable only for species with no need for soil and no roots, and 
thus increasing cover of bare rock results in decreases in the richness of vascular plant spe-
cies but not necessarily in that of bryophytes. On the other hand, we discovered bryophyte 
species richness to decline the steeper the slope indicating possibly too extreme environ-
mental conditions for a rich bryophyte species community. The excessive dryness on the 
steep slope may be the main explanatory factor (Tilman and Haddi 1992). The recreational 
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use of the grasslands may on its part intensify the erosion of shallow soil and peel off bryo-
phytes from rock surface (Jägerbrand and Alatalo 2015).

Fig. 2   Variance in the species richness of the studied species groups partitioned into proportions explained 
independently by each of the listed environmental variables at the scale of a grasslands (n = 33) and b veg-
etation plots (n = 165). Asterisks denote statistically significant effects after 1000 permutations. Historical 
connectivity here refers to all grassland types ranging from dry to mesic
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Soil parent material affects soil pH (Vestin et al. 2006), but bare rock may be less acidic 
than the adjacent soil as decomposition of organic matter may lower soil pH (Johnston 
et  al. 1986). Soil pH is often reported as a key determinant for the diversity patterns of 
both vascular plants (Gheza et al. 2018; Ewald 2003) and bryophytes (Virtanen et al. 2000; 
Löbel et  al. 2006; Oldén et  al. 2016). Soil pH affects the solubility of nutrients (Palpu-
rina et al. 2017) and thus the realized edaphic conditions that species inhabiting a given 
grassland experience. In this study, neither vascular plants nor bryophytes had significant 
relationships with soil pH, although it did explain as much as 30–40% of the variation in 
the species richness of the bryophytes. We attribute the apparent lack of relationship to the 
relatively low variation in soil pH in the studied grasslands and to the low amount of neu-
tral bedrock in the study region, which may have resulted in few species adapted to such 
conditions in the regional species pool.

We observed no effects by the extent of successional shift and trampling on the spe-
cies richness of bryophytes and vascular plants in general. However, the cover of tram-
pled ground had a positive effect, and the extent of successional change had a negative 
effect on the richness of grassland specialist vascular plants. Grassland specialist species 

Table 5   Graphical representation of the statistically significant or near-significant relationships between the 
species richness of the studied species groups and environmental conditions at the scale of individual grass-
lands (n = 33) and vegetation plots (n = 165)

Species group Scale Environmental variable Effect

All vascular plants Grassland Historical connectivity; all grassland types
 

Historical connectivity; Pastures and dry grasslands
 

Plot Cover of bare rock
 

Historical connectivity; all grassland types
 

Grassland specialist plants Grassland Cover of trampled ground
 

Plot Cover of bare rock
 

Cover of trees and bushes
 

Bryophytes Grassland Grassland area
 

Slope steepness
 

Cover of bare rock
 

Cover of vascular plants
 

Current connectivity to grasslands
 

Plot Slope steepness
 

Cover of bare rock
 

Cover of vascular plants
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are defined as species that occur primarily in grasslands (Pykälä 2001; Pykälä et al. 2005). 
The negative relationship between grassland species richness and the extent of succes-
sional shift highlights the sensitivity of these species to specific successional stages in 
grasslands. These specialist species depend on disturbance to deter the progress of sec-
ondary succession, usually in the form of traditional dry grassland management such as 
grazing (Raatikainen et al. 2009). Together with previous studies (Burden and Randerson 
1972; Lampinen 2019), our results suggest that trampling may function as a suitable dis-
turbance and benefit grassland specialist vascular plant species in grasslands that are under 
no other management or disturbance regime. Although we found no evidence of trampling 
affecting the species richness of bryophytes, they have been shown to respond positively 
to moderate trampling in other studies. For example, Takala et al. (2012, 2014) observed 
that the species richness of bryophytes is positively linked with grazing and proposed that 
the effect is mediated through the decreased dominance of vascular plants in the field layer. 
Intense trampling, on the other hand, may be directly deleterious for some bryophyte spe-
cies (Hamberg et al. 2008).

The lack of significant relationships between successional stage shift and the species 
richness in the other studied species groups likely relates to two alternative explanations. 
There may be relatively little variation in terms of successional stages between the grass-
land fragments included in the study. All of them have remained unmanaged for decades. 
Alternatively, plant species richness is not generally related to the succession stages in 
the mid-successional range of secondary succession (Lebrija-Trejos et al. 2010). Because 
the grassland specialist species responded to the succession stage shift, we find the latter 
explanation more likely. The species pool of the vascular plants in the landscape is likely to 
facilitate turnover of species in grasslands undergoing successional changes not depicted in 
species richness.

We found strong negative relationships between increasing cover of vascular plant 
species and the species richness of bryophytes both at the scale of grasslands and indi-
vidual study plots. These results agree with similar findings by Virtanen et  al. (2000), 
Peintinger and Bergamini (2006) and Takala et al. (2014) and can be attributed to asym-
metrical resource competition between different species groups inhabiting grassland. In the 
absence of disturbance, secondary succession progresses and tall-growing vascular plants 
with greater biomass can outcompete the low-growing, small-statured bryophytes (Takala 
et  al. 2014). The speed of the secondary succession and subsequent competitive exclu-
sion depends on the environmental context and is possibly the faster the more productive 
the soil is (Bohner et al. 2012). In addition, the local species pool may also affect which 
species colonize grassland fragments and how fast the colonization takes place follow-
ing abandonment (Brändle et al. 2003). This may explain why antagonistic relationships 
between vascular plants and bryophytes are not always found in the resource poor, dry 
semi-natural grasslands where succession may proceed slower than in grasslands on more 
productive soils (Bohner et al. 2012). For example, Gheza et al. (2018) found no evidence 
of antagonism between bryophytes and vascular plants in dry grasslands.

Conclusions and implications for practice

According to the present study, vascular plants and bryophytes may respond somewhat 
differently to the changes in environmental conditions, whether local or landscape-scale, 
which follow the abandonment and loss of dry grassland habitats. Despite these differ-
ences, certain implications are apparent. First, the positive relationship between the species 
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richness of vascular plants and historical structural connectivity indicates that even if the 
current area of these habitats no longer deteriorates, the species richness of vascular plants 
may decrease in the future at the grassland scale. Second, reinstated management regimes 
in grasslands currently optimal for vascular plants and bryophytes and increased restora-
tion efforts in those currently suboptimal for them could counteract decreases in species 
richness. Third, the restoration of currently suboptimal grasslands would favor especially 
bryophytes, because they decline in species richness upon increasing cover of vascular 
plants. Viable methods for restoring and managing dry grasslands include low intensity 
grazing by e.g. sheep (Dostálek and Frantík 2008; Lehmair et al. 2020). Our results suggest 
that in the absence of grazing or other restoration measures, moderate trampling may help 
deter the decline in species richness of at least grassland specialist plants.
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