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 16 

Abstract   Dynamics of bryophyte assemblages of saline grassland were studied in Hungary. 17 

A survey was carried out in two permanent plots by annual sampling of 0.25-m2 quadrats over 18 

a nine-year period. The study investigated: i) the extent of spatial and temporal dependence of 19 

the assemblages and individual species; ii) the turnover of individual species and its 20 

relationship to life-strategy types and iii) the effect of annual weather conditions on species 21 

performance. 22 

One of the plots showed succession; the frequency of some perennial species increased, while 23 

that of some short-lived species decreased; this process was independent of local weather 24 

conditions. The other plot showed a non-directional fluctuation, which was partly related to 25 

precipitation in winter and early spring. The spatial and temporal dependence of this 26 

assemblage was low; many short-lived species had a high turnover in the studied community. 27 

In stable periods, neutral dynamic processes characterize the bryophyte assemblages of the 28 

studied saline grassland and the occurrences of species were more or less independent in 29 

space and time. Short-lived species showed high fluctuations and were probably influenced 30 

by weather conditions or other factors. However, the frequency of perennial species, which 31 

were influenced by local conditions, could directionally change displacing the short-lived 32 

ones during succession. The relationships between turnover and life-strategy types were 33 

weak, both the group of colonist and shuttle species were dynamically heterogeneous. Longer 34 
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observations are needed for a clearer exploration of the relationships between vegetation 35 

changes and weather conditions.  36 

 37 

Keywords   Dynamics; Mosses; Permanent plots; Spatial dependence; Succession 38 

 39 

Introduction 40 

 41 

The most widely used approaches for the exploration of community dynamics involve 42 

chronosequences (space-for-time substitutions) and permanent plots (Pickett 1989; Prach and 43 

Walker 2011). Long-term studies of permanent plots have shown that the pattern of 44 

succession is much more complex than predicted by chronosequences (Pickett et al. 2001). 45 

Both spatially and temporally, the finer scale of the vegetation dynamics is the substitution of 46 

individuals, ramets or shoots as an inner process of communities driven by life-history 47 

characteristics of species or fine-scale disturbances. These within-community dynamics were 48 

first recognized by Watt (1947), and later studied in detail for grasslands (Herben et al. 1997; 49 

Morgan 1998). In these communities, a very high turnover of ramets was detected, while the 50 

frequency distribution of the species did not change at stand level (Herben et al. 1993ab; 51 

Palmer and Rusch 2001). In the absence of coarse-scaled disturbance, the directional changes 52 

in stand-level frequency distributions originate from modifications of these fine-scaled 53 

dynamics (Herben et al. 1993a). A neutral model, called the carousel model, was established 54 

for the substitution of ramets based on the relatively homogenous and nutrient-limited alvar 55 

grasslands (van der Maarel and Sykes 1993; van der Maarel 1996). This model does not 56 

assume that interactions occur between species; there is no niche limitation, all sites are 57 

suitable for colonization. The turnover of different species is thus determined by their life-58 

history traits (life-time of ramets, colonization ability, etc.). In more fertile sites with higher 59 

vegetation cover, the neutral carousel model is not applicable because of niche limitation and 60 

negative interspecific associations (Herben et al. 1997; Morgan 1998). Based on turnover and 61 

growth form characteristics, species can be classified into mobility types (Herben et al. 62 

1993b; van der Maarel 1996). 63 

For bryophyte assemblages, the turnover of ramets (shoots) is similar or exceeds that of 64 

vascular plants in the same community (During and ter Horst 1985; During and Lloret 1996). 65 

Like vascular plants, the life-history characteristics and growth form of bryophyte species can 66 

largely determine their dynamic intensity. Life-strategy types are determined by the life span 67 

of the gametophytes, reproductive allocation, spore size and frequency of vegetative 68 
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propagules (During 1979, 1992). Liverworts and short-lived acrocarpous mosses dispersed by 69 

airborne propagules show higher turnover and lower persistence than perennial mosses 70 

spreading by vegetative growth. Spatial pattern and frequency are influential: fine-grained 71 

pattern and low frequency are positively related to turnover (During and ter Horst 1985; 72 

Økland 1994; During and Lloret 1996). These population level characteristics can determine 73 

the community-level dynamics of the assemblages: grasslands dominated by turf-forming, 74 

short-lived acrocarpous mosses are more dynamic than forest floor or mire communities 75 

dominated by weft-forming, perennial, pleurocarpous mosses. There are three sources of 76 

bryophyte establishment during internal dynamics or regeneration after disturbances: i) 77 

vegetative growth of the surviving or neighboring shoots; ii) regeneration from the soil 78 

propagule bank (gemmae, tubers, spores, shoot fragments); iii) colonization by airborne 79 

propagules (spores, gemmae). As a rule of thumb, spores are the main sources of long-range 80 

dispersal (establishment of new populations), while gemmae and clonal growth are more 81 

important in the maintenance of local populations (During and van Tooren 1987; Rydin 82 

2009). However, the importance of these establishment types differs with species, and with 83 

communities, and in the same community the scale of disturbance is also influential. In 84 

grasslands, the gametophytes of short-lived species are permanently present on the ground 85 

floor, so the establishment of spores or vegetative propagules is a common internal process. In 86 

the bryophyte assemblages of forest floor, especially in boreal forests, the dominant species 87 

create perennial wefts and the internal dynamics are characterized by their vegetative growth 88 

(Rydgren et al. 2001, 2005). However, short-lived species are permanently present in the 89 

diaspore bank, and become prominent during regeneration after disturbances of the upper 90 

organic layer (Jonsson 1993). A considerable difference between assemblages of vascular 91 

plants and bryophytes is that the role of interspecific competition is lower for bryophytes than 92 

for vascular plants (During and van Tooren 1987; During and Lloret 2001; Rydin 2009; 93 

Michel et al. 2012). Experiments have shown a competitive hierarchy among coexisting long-94 

lived perennial mosses. However, the effect of competition was weak and it did not lead to 95 

exclusion under natural conditions (van der Hoeven 1999; Rydin and Barber 2001). While 96 

negative density dependence has been a general rule in ecology, for bryophytes a positive 97 

correlation was found between shoot density and the performance of species (During and van 98 

Tooren 1987; van der Hoeven and During 1997; Rydin 2009). 99 

This study was focused on the dynamics of bryophytes in saline grassland using long-term 100 

observation of permanent plots. Because of the high proportion of short-lived species, the 101 

good colonization ability of individuals by airborne propagules and the supposed low effect of 102 
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competition, it was hypothesized that the carousel as a neutral model is a good approximation 103 

of this assemblage’s dynamics. Both spatial and temporal autocorrelation were expected to be 104 

relatively low, because of the high proportion of independent colonization events. The study 105 

aimed to address the following questions: i) are there any trends in the dynamics of bryophyte 106 

assemblages? ii) what is the extent of spatial and temporal dependence of the assemblages and 107 

individual species? iii) how different are the species dynamically, and how are these 108 

differences related to their life-strategy types? iv) are the changes of assemblages and species 109 

related to annual weather conditions? 110 

 111 

Material and Methods 112 

 113 

Study Area 114 

 115 

The study area is located in the Great Hungarian Plain, between the Danube and Tisza rivers 116 

in Kiskunság near Apaj village. Its geographical position is 47°5′ N, 19°5′ E, altitude is 100 m 117 

a.s.l. Climatically, it belongs to the forest-steppe transition zone. Mean annual temperature is 118 

10.3°C, mean temperature in January is -1.7°C, and in July 21.4°C. Annual precipitation is 119 

520 mm, and the annual vegetation growth period is 206 days (Dövényi 2010). The saline soil 120 

shows a transition from solonchak to solonetz, and soil texture is clay-loam. The groundwater 121 

depth from the surface is 1.2–2 m. In the upper 40 cm of the soil, pH is 9–10, pNa (sodicity) 122 

is 2–3. Electrical conductivity (salinity) is 0.6–1.2 mS/cm measured in 1 : 2.5 soil : distilled 123 

water suspension, and the range represents the annual variation (Tóth 2010). Maximum 124 

salinity occurs in the 30–40-cm layer (Tóth 2010). 125 

The vegetation is classified as Pannonic salt steppes and salt marshes (Natura 2000 code 126 

1530), a priority habitat under the European Union Habitats Directive (Council Directive 127 

92/43/EEC, 1992). The study was carried out in two plots, 400 m apart. Plot 1 represents the 128 

Achilleo setaceae-Festucetum pseudovinae Soó (1933) 1947 corr. Borhidi 1996 community, 129 

and plot 2 the Artemisio santonici-Festucetum pseudovinae Soó in Máthé 1933 corr. Borhidi 130 

1996 community (Borhidi 2003). In the spring of 2010, the dominant vascular cover in plot 1 131 

was 90%. Dominant species were Festuca pseudovina, Achillea setacea and Medicago 132 

lupulina. Bryophyte cover was 60%, dominated by Brachythecium albicans and 133 

Homalothecium lutescens. In plot 2, the cover of vascular plants was 40% dominated by 134 

Festuca pseudovina, Artemisia santonicum and Plantago maritima, and bryophyte cover was 135 

30% codominated by many species. In plot 2, the relative elevation is a bit lower and the 136 
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soil’s maximum salinity appears closer to the surface than in plot 1. The area is moderately 137 

grazed by sheep; the management is controlled by the Directorate of Kiskunság National 138 

Park. 139 

 140 

Data Collection 141 

 142 

The 10 m × 10 m plots were selected and permanently marked in 2002. Twenty-five 0.25-m2  143 

quadrats were placed regularly in a grid of 2-m spacing within the plots. In each quadrat, the 144 

presence of bryophyte species was recorded. The survey was repeated annually from 2002 to 145 

2010, between 20th March and 20th April, depending on the phenology of the early spring 146 

vegetation. Sampling followed the protocol for bryophyte assemblages in the Hungarian 147 

Biodiversity Monitoring System, representing 50 localities of different habitat types (Papp et 148 

al. 2005, 2006). Voucher specimens of each species occurring in quadrats of the annual 149 

surveys were deposited in the bryophyte herbarium of the Hungarian Natural History Museum 150 

in Budapest (BP). Climatic (monthly precipitation) data were collected at a climate station 151 

located 25 km from the study site. Because the time of the survey was in early April, the 152 

amount of precipitation from previous December to March was used as a potential 153 

explanatory variable. Nomenclature followed Tutin et al. (1964–93) for vascular plants and 154 

Hill et al. (2006) for bryophytes. 155 

 156 

Data Analysis 157 

 158 

Plot- and quadrat-level species richness and cumulative species richness were expressed as 159 

descriptive statistics of the assemblages. The effect of plots and years on quadrat-level species 160 

richness was analyzed using ANOVA with a hierarchical error structure as plots, quadrats and 161 

years. Between-year differences within plots were compared using Tukey-HSD multiple 162 

comparisons (Zar 1999). Plot-level species richness was compared using a paired t-test. The 163 

relationship between quadrat-level species richness and winter–early spring precipitation was 164 

measured with the Pearson correlation coefficient (Zar 1999).  165 

General structure of the assemblages in different years was explored using Principal 166 

Coordinates Analysis (PCoA) with plot-level frequency data evaluated using the Ruzicka 167 

dissimilarity index (Podani 2000).  168 

Spatial and temporal dependence of the assemblages were analyzed at quadrat level using 169 

presence/absence data of species. Jaccard dissimilarity index was calculated between quadrat-170 
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pairs, which is the binary version of the Ruzicka index, i.e., joint absences were not influential 171 

(Podani 2000). Within both plots, pairwise compositional dissimilarities between quadrats 172 

were expressed in two ways: i) within-year dissimilarities, calculating dissimilarity values 173 

among the 25 quadrats of the same year (300 quadrat-pairs per year); ii) within-quadrat 174 

dissimilarities, calculating dissimilarity values between the data of different years of the same 175 

quadrat (the design is unbalanced, for each quadrat there was one observation for 8 year 176 

differences, two observations for 7 year differences etc., altogether 36 observations per 177 

quadrat, 900 observations per plot). In both cases, spatial (and temporal) dependence were 178 

analyzed using the Mantel test, calculating correlations between the compositional 179 

dissimilarity values and spatial (or temporal) distance values (Zuur et al. 2007). The 180 

significance of the correlation was tested using Monte Carlo simulations permuting the spatial 181 

(or temporal) distance matrices, using 999 permutations. In the case of spatial analysis, all 182 

years were included for the calculation of the correlation coefficient, but instead of permuting 183 

the whole spatial dissimilarity matrix, the same permutations of the (sub)-matrices were 184 

carried out in each year separately. Similarly, for temporal analysis the same permutations 185 

were applied in the temporal distance (sub)-matrices of each quadrat separately. In this way 186 

the temporal autocorrelation was preserved in the analysis of spatial dependence and vice 187 

versa. 188 

Temporal changes of species were described by their frequency distributions in different 189 

years. Spatial dependence and quadrat-level temporal dynamics of species were studied 190 

quantitatively only in plot 2. Rare and very frequent species were excluded from the species-191 

level spatial and temporal analysis, the mean annual plot-level frequency of the studied 192 

species was between 4 and 20 out of 25. Spatial dependence of the studied species was 193 

expressed using the Geary’s C index (squared-difference coefficient) in each distance class 194 

(Geary 1954). This is a standardized semivariogram, with a range from zero to infinity; the 195 

expected value without spatial dependence is 1, with 0–1 for positive, and >1 for negative 196 

dependence. By randomly permuting the observed data, the variance of the statistics can be 197 

estimated, and the significance of the difference between the observed and the expected value 198 

was evaluated using a t-test (Rosenberg 2001). Although correlograms and variograms were 199 

used mainly in spatial analysis, it can also be extended to temporal dynamics (Herben et al. 200 

1995). In this case, spatial distance classes were substituted by “temporal distances” with 201 

different time intervals expressed in years. The values of Geary’s C at different temporal 202 

distances express the temporal dependence (stability) of the species. In the case of one-year 203 

differences, the mean annual turnover (sum of establishment and extinction events) and mean 204 
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annual frequency increment (difference between establishment and extinction events) were 205 

expressed. Because these values are influenced by frequency, they were standardized by mean 206 

annual frequency of the species. The relationship between annual frequency of the species and 207 

winter–early spring precipitation was studied using Pearson correlation analysis. 208 

SYN-TAX 2000 was used for PCoA ordination (Podani 2001), Passage 1.1 for Geary’s C 209 

calculation (Rosenberg 2001), all other analyses were carried out by R 2.14.0 (R 210 

Development Core Team 2011) using the packages “vegan” (Oksanen et al. 2011) and 211 

“multcomp” (Hothorn et al. 2008). 212 

 213 

Results 214 

 215 

Community-Level Characteristics 216 

 217 

Based on a plot-level estimation, both vascular and bryophyte cover directionally increased in 218 

plot 1 during the studied period. This increment was from 60% to 90% for vascular plants and 219 

from 20% to 60% for bryophytes. In plot 2, the estimated vascular cover (in spring) did not 220 

change (40%), while bryophyte cover fluctuated between 20% and 40%. The mean annual 221 

number of bryophyte records (summarized frequencies) in the 25 quadrats was 104±29 222 

(standard deviation) in plot 1 and 219±38 in plot 2. The relative frequency of short-lived 223 

species (including colonist, annual shuttle and short-lived shuttle strategy types) was 37% in 224 

plot 1 and 70% in plot 2.  225 

Species richness in plot 1 was lower than in plot 2, both at plot- and quadrat-level (Table 1, 226 

Fig. 1). The mean quadrat-level species richness was 4.2 in plot 1 and 8.8 in plot 2, which 227 

significantly differed (ANOVA, F(1,48)=290.04, P<0.0001). The effect of years within plots 228 

was also significant (ANOVA, F(8,384)=22.5, P<0.0001). The mean plot-level species 229 

richness values were 13.9 versus 16.0, respectively; the difference was not significant (paired 230 

t-test, t=1.12, d.f.=8, P=0.29). The larger differences in quadrat-level species richness 231 

indicated that the frequency distribution of species was more even in plot 2. In plot 1, there 232 

was a directional decrease of species richness values both at quadrat- and plot-level from 233 

2005 to 2010 (especially between 2005 and 2007), while in plot 2 the species-richness values 234 

fluctuated without any trend (Table 1). The saturation of cumulative species-richness values 235 

was relatively fast in both plots. Quadrat-level species richness values reached 90% of the 236 

cumulative species richness in the fourth survey (in 2005) in both plots. Plot-level saturation 237 

was a bit slower in plot 2; here three new species were found in the seventh survey in 2008. 238 
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In the fluctuating plot 2, the correlation coefficient between quadrat-level species richness and 239 

winter–early spring precipitation was 0.54 (P=0.13, Fig. 1). The two variables fitted well 240 

between 2006 and 2010, but this was not true for the first part of the study (2002–2003, 2004–241 

2005). In the successional plot 1, quadrat-level species richness did not show any relationship 242 

with precipitation (r=-0.30, P=0.44), especially after 2005, and the decrease of species 243 

richness and increase of bryophyte cover were uncorrelated with precipitation (Fig. 1). 244 

Based on PCoA, a succession could be observed in the species composition of plot 1 (Fig. 245 

2a). The explained variance of the first ordination axis was very high (74.9%), while the 246 

second axis had much lower importance (8.2%). Species composition changed considerably, 247 

mainly between 2004 and 2008. The frequency of Homalothecium lutescens, a perennial 248 

pleurocarpous moss, increased, while some acrocarpous, short-lived bryophytes decreased 249 

(Barbula unguiculata, Bryum dichotomum, Dicranella howei, Phascum cuspidatum, 250 

Pseudocrossidium hornschuchianum, Table 2). These processes caused the decrease of 251 

quadrat-level species richness during this period. In plot 2, the changes seem to be 252 

fluctuations rather than succession (Fig. 2b). The explained variances of the first two axes 253 

were similar (34.8% and 27.8%, respectively), and cumulatively they explained a smaller part 254 

of the total inertia than in the case of plot 1. Especially the species composition of 2003 and 255 

2007 differed from other years. In 2003, the frequency of Barbula convoluta, Bryum 256 

caespiticium and Syntrichia ruralis was considerably lower than in other years, while Bryum 257 

radiculosum had an intermediate frequency in this year, and was practically zero in other 258 

years (Table 3). In 2007, Bryum dichotomum, Microbryum davallianum and Protobryum 259 

bryoides showed lower frequency than in other years. The temporal changes of frequencies 260 

seem to be fluctuations in the case of most species, only the frequency of Abietinella abietina 261 

showed a directional decrease, while Bryum dichotomum, Pleurochaete squarrosa and 262 

Pseudocrossidium hornschuchianum increased in frequency with time.  263 

The mean within-year Jaccard dissimilarity values of quadrat pairs were 0.50±0.21(s.d.) in 264 

plot 1 and 0.42±0.16 in plot 2 (Fig. 3). The within-year dissimilarity values slightly increased 265 

with geographical distance in both plots (Fig. 3). The spatial dependence was stronger in plot 266 

2 than in plot 1. In plot 1, the correlation between Jaccard dissimilarity values and spatial 267 

distances was 0.084 (Mantel test, P<0.05); in plot 2 it was 0.138 (Mantel test, P<0.001). 268 

The mean within-quadrat dissimilarity value was 0.54±0.24(s.d.) in plot 1, which showed a 269 

significant temporal dependence; its correlation between temporal distance was 0.42 (Mantel 270 

test, P<0.001, Fig. 4). In plot 2, the mean within-quadrat dissimilarity value was 0.47±0.18 271 

and it was independent from temporal distance; the correlation was 0.15 (Mantel test, P>0.2). 272 
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 273 

Dynamics and Pattern of Individual Species 274 

 275 

The pattern and dynamics of individual species were studied only in plot 2. In plot 1, a 276 

continuous directional change (succession) was found. The community dynamics did not 277 

show directionality in plot 2, at least not over the period of the nine-year study. Plot 2 was 278 

therefore more appropriate for the comparison of the individual inner dynamics of species 279 

than the successional plot 1. 280 

The occurrence of most species was spatially independent (Brachythecium albicans, Bryum 281 

dichotomum, B. caespiticium, Entosthodon hungaricus, Microbryum davallianum, Syntrichia 282 

ruralis), which means that their Geary’s C values did not increase with geographical distance 283 

and were not significantly lower than 1 in any spatial step in any of the nine years (data not 284 

shown). For some species, Geary’s C values were significantly below 1 in the shortest spatial 285 

step (2 m) in one or two years out of the nine, and the index increased up to 4 m; these species 286 

were Abietinella abietina, Barbula convoluta, Bryum algovicum, Homalothecium lutescens 287 

and Protobryum bryoides. Only Pleurochaete squarrosa showed a characteristic spatial 288 

dependence. Its C index was significantly below 1 in five years in the first spatial step and in 289 

two years also in the second step, its C value increased with geographical distance up to 6 m.  290 

A positive temporal dependence was observed at Abietinella abietina, Barbula convoluta, 291 

Brachythecium albicans, Bryum algovicum, Homalothecium lutescens and Pleurochaete 292 

squarrosa (Table 4). The C values of these species were significantly below 1 in one-, two- 293 

and three-year differences. For other species, only the sequential years showed positive 294 

dependences and there was no increasing trend in C values with years (Bryum dichotomum, B. 295 

caespiticium, Entosthodon hungaricus, Protobryum bryoides, Syntrichia ruralis), or the C 296 

values did not differ significantly from 1 at any temporal step (Microbyum davallianum). The 297 

gametophytes of these temporally less-dependent species were short-lived, representing 298 

colonist, annual shuttle and short-lived shuttle life-strategy types (Table 4). 299 

For describing the annual dynamics of the species, the relationship between relative annual 300 

turnover (sum of establishment and extinction events) and relative annual frequency 301 

increment was evaluated (Fig. 5). An annual increment close to zero indicates that the 302 

frequency of the species was more or less stable in the studied period. However, some short-303 

lived, acrocarpous species (Entosthodon hungaricus, Bryum caespiticium, Protobryum 304 

bryoides, Microbryum davallianum) showed a relatively high turnover, which means high 305 

fluctuations (many extinctions and colonization events) over time. The turnover of some 306 
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other, relatively long-term stable species was much lower (Syntrichia ruralis, Homalothecium 307 

lutescens, Barbula convoluta, Bryum algovicum). Bryum dichotomum and Pleurochaete 308 

squarrosa showed slight increases, while Brachythecium albicans and Abietinella abietina 309 

exhibited a decreasing trend in the studied period. 310 

Correlations between frequency and winter–early spring precipitation were significantly 311 

positive only for a few species and are explained by the relatively short observation period 312 

(Table 5). Bryum dichotomum and Pleurochaete squarrosa, two colonist species with 313 

increasing frequency trend, and the relatively stable perennial Homalothecium lutescens, had 314 

marginally significant, relatively high (>0.6) correlation with precipitation (Table 3, Table 5). 315 

Both B. dichotomum and P. squarrosa had an increasing trend in two periods: between 2002–316 

2006 and 2007–2010; precipitation had a similar trend except for the low value in 2005 317 

(Table 3, Fig. 1). Contrary to expectations, some species with increasing frequency trend 318 

showed a stronger relationship to precipitation than the fluctuating species. 319 

 320 

Discussion 321 

 322 

Mechanisms of the Dynamics of the Studied Assemblages 323 

 324 

Based on nine years of observations in plot 2, the carousel model seems to be a good 325 

qualitative approximation of the dynamics of bryophyte assemblages of saline grasslands (van 326 

der Maarel and Sykes 1993). The spatial dependence of the individual shoots was relatively 327 

low, and their temporal dependence was not significant; practically all sites were available for 328 

all species. The carousel model was developed through the long-term observation of species-329 

rich alvar vegetation, where the physical environment is homogeneous, with nutrient 330 

availability limiting the performance of the species, leading to a neutral vegetation dynamics 331 

(van der Maarel and Sykes 1993). The performance of the bryophyte populations in saline 332 

grassland in the current study is also limited by high salinity, extreme water availability 333 

variance within the year, and continuous grazing pressure (Tóth 2010). In early spring and 334 

autumn the soil is water-saturated and the surface is partially flooded, while in summer the 335 

upper layer of the soil is extremely dry. Water conditions also have considerable annual 336 

variation depending on weather conditions. 337 

However, spatial and temporal dependence of vascular assemblages of grasslands is much 338 

higher than that of bryophyte assemblages. For vascular plants it has been shown that clonal-339 

growth is the major process for the establishment of new ramets (Herben et al. 1993b). The 340 
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matrix-building species belong to the sitter and phalanx mobility types according to Herben et 341 

al. (1993b), or “constant” and “local” according to van der Maarel (1996). The gametophyte 342 

of many short-lived bryophyte species was established from the propagule bank in the 343 

assemblage of plot 2, and spatial dependence was lower in most cases than that of clonal-344 

growth. Therefore, many short-lived bryophyte species of this assemblage belonged to the 345 

“pulsating” mobility type (van der Maarel 1996), for which spatial and temporal dependence 346 

is low, and their frequency has high annual fluctuation. It is assumed that these species can 347 

occur practically everywhere in the vegetation, but their establishment (germination) is very 348 

sensitive to actual weather conditions. Therefore, a species could be a dominant member of 349 

the assemblage in one year and rare in another. Because the main period for the performance 350 

of these species is spring, when the soil surface is wet but not flooded, it was postulated that 351 

winter and early spring precipitation is limiting their occurrence. This explanatory variable 352 

was related to species richness of plot 2 in the second part of the observation period, however 353 

the length of the study was too short for a more precise judgment of this relationship. It is 354 

possible that this relationship is not linear. If this study period is drier than usual, it would 355 

lead to a limited establishment of these species; if this period is extremely wet, it would be 356 

also unfavorable.  357 

In contrast, the example of plot 1 showed that the stage of vegetation characterized by neutral 358 

dynamics, and dominance of pulsating species, is not necessarily stable for the longer term. 359 

Perennial pleurocarpous mosses, such as Homalothecium lutescens in this case, could extend 360 

by intensive clonal growth, thus displacing the short-lived acrocarpous species. The reason for 361 

this expansion is not clear. It is possible that the grazing pressure decreased in this plot and 362 

led to the accumulation of vascular litter and cover. These conditions are more favorable for 363 

perennial pleurocarpous mosses than for the short-lived acrocarpous ones, which prefer more 364 

open vegetation. Contrary to the fluctuations of plot 2, this trend-like successional change was 365 

independent from annual weather conditions. A potential mechanism behind the changes 366 

observed in plot 1 is interspecific competition. It is not obvious whether Homalothecium 367 

extension, litter accumulation or the combination of these two factors caused a decline in 368 

short-lived acrocarpous mosses. Most studies investigating the effect of interspecific 369 

competition between bryophytes emphasize that its role is less important in community 370 

organization than in the case of vascular plants (During and van Tooren 1987; van der 371 

Hoeven and During 1997; During and Lloret 2001; Rydin 2009). However, most of these 372 

experimental studies compared species of similar life strategy and growth forms, mostly 373 

perennial pleurocarpous bryophytes or peat mosses (van der Hoeven et al. 1998; Malson and 374 
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Rydin 2009). In communities where perennial and short-lived bryophytes coexist, short-lived 375 

species are restricted to special microsites, open patches and disturbed areas (Jonsson and 376 

Esseen 1990; During and Lloret 1996; Rydgren et al. 2005). Short-lived mosses become 377 

dominant only in those assemblages (as in plot 2) in which abiotic conditions or disturbance 378 

pressure limits the performance of weft-forming species (Jonsson and Esseen 1990; Esposito 379 

et al. 1999). The negative effect of vascular plant cover and litter on bryophyte cover and 380 

species richness has been proven in many woodless habitats (mainly for meadows and 381 

grasslands, Bergamini et al. 2001; Aude and Erjnaes 2005), while in the understory of forests, 382 

positive interactions are also found between bryophyte and vascular layers (Márialigeti et al. 383 

2009). 384 

 385 

Relationships between Dynamics and Life-Strategy Types of Species 386 

 387 

In many terrestrial bryophyte assemblages, the species turnover is related to their pattern and 388 

frequency: subordinate or rare species showed higher turnover (dynamic intensity) than 389 

dominant ones and species occurring in a fine-grained spatial pattern had higher turnover than 390 

bryophytes that form large mono-dominant patches (Økland 1994; During and Lloret 1996; 391 

Pénzes-Kónya 2006). This study partly supports this observation. The dynamics of individual 392 

species of plot 2 was related to their pattern. Species showing the highest turnover 393 

(Entosthodon hungaricus, Bryum caespiticium, Protobryum bryoides, Microbryum 394 

davallianum) did not have spatial and temporal dependence, their pattern was fine-grained 395 

with small isolated patches (shoots). However, this investigation’s spatial scale was coarser 396 

than most other bryological studies that focused on species pattern (During and Lloret 1996, 397 

Pénzes-Kónya 2006). The relationship between turnover and frequency is not obvious. These 398 

species were frequent (except Entosthodon hungaricus), they occurred in more than half of 399 

the quadrats. However, their frequency had extremely high annual variance: in some years 400 

they disappeared, in other years they occurred in almost all quadrats. The negative 401 

relationship between frequency and turnover is characteristic only in those communities 402 

where the dominant (matrix) species are weft building long-lived perennials and where the 403 

occurrence of short-lived species is related to special microsites or disturbed patches (Økland 404 

1994; During and Lloret 1996). 405 

A strong connection was expected between life-strategy type and turnover of the species 406 

because these categories also characterize their dynamics: perennial stayers have low 407 

reproductive allocation and high gametophyte longevity, which result in low turnover, while 408 
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colonists and short-lived shuttle species are characterized by the opposite life-history 409 

variables (During 1979, 1992). In plot 2, perennial stayers (Abietinella abietina, 410 

Brachythecium albicans, Homalothecium lutescens) fulfilled these expectations: they had 411 

relatively lower turnover and stronger spatial and temporal dependence than other species of 412 

the assemblage. However, the results of plot 1 revealed their high dynamic ability by 413 

vegetative growth expansion, which resulted in a directional change in the vegetation. The 414 

higher turnover of colonist and short-lived shuttle life-strategy types are ambiguous. Most of 415 

these species showed the expected results, but not Pleurochaete squarrosa, Barbula 416 

convoluta and Bryum algovicum. These species had relatively low turnover and considerable 417 

temporal (and for Pleurochaete also spatial) dependence. It is suggested that gametophyte 418 

longevity of these species is greater than 2–4 years, which is characteristic of these strategy 419 

types. Population biological studies have necessitated the revision of life-strategy categories 420 

in some species, e.g., the annual shuttle category should be modified to short-lived shuttle for 421 

Phascum cuspidatum because of the greater longevity of the gametophyte (Roads and 422 

Longton 2003).  423 

 424 

Practical Considerations 425 

 426 

Based on the present nine-year investigation, plot 1 showed succession while plot 2 showed 427 

fluctuation. However, it is not certain if these dynamic processes are valid in the longer term. 428 

It could be that the trend-like changes of plot 1 are also just fluctuations, but its cyclic period 429 

is longer than the duration of the study. It is difficult to determine, based on this study, 430 

whether the expansion of Homalothecium, resulting in the deterioration of the assemblage, 431 

was a rare event with a long-term effect, or an occasional event (every 10–30 yr) occurring as 432 

a longer term fluctuation. The recognition of trends and succession in communities dominated 433 

by fluctuating species, which follows annual weather conditions, seems to be more difficult 434 

than in communities dominated by more stable, perennial plants. The ambiguous recognition 435 

of directional processes in ecosystems characterized by species of high turnover and 436 

fluctuations should be taken into account when interpreting data from short-term monitoring 437 

studies. 438 

 439 

Acknowledgements   We thank the managing editor (Petr Šmilauer), two anonymous 440 

reviewers and János Podani for their comments to improve an earlier version of the 441 

manuscript and Neil Lockhart for linguistic revision. 442 



 14

The study was financed by the Hungarian Biodiversity Monitoring System (Ministry of Rural 443 

Development, Hungary). P.Ó. was supported by Hungarian Science Foundation (OTKA 444 

68218), and the Bolyai Scholarship of the Hungarian Academy of Sciences. The authors are 445 

grateful to the Directorate of Kiskunság National Parks for permissions and data support. 446 

The field survey was carried out by B.P., P.Ó. and E.S. B.P. was the leader of the monitoring, 447 

she was responsible for species determination. P.Ó. was responsible for writing and data 448 

analysis, E.S. and Z.B.-D. contributed to data analysis. 449 

 450 

References 451 

 452 

Aude E, Ejrnaes R (2005) Bryophyte colonisation in experimental microcosms: the role of 453 

nutrients, defoliation and vascular vegetation. Oikos 109:323–330 454 

Bergamini A, Pauli D, Peintinger M, Schmid B (2001) Relationships between productivity, 455 

number of shoots and number of species in bryophytes and vascular plants. J Ecol 456 

89:920–929 457 

Borhidi A (2003) Magyarország növénytársulásai (Hungarian plant communities). 458 

Akadémiai Kiadó, Budapest 459 

Council Directive (1992) Council Directive 92/43/EEC of 21 May 1992 on the conservation 460 

of natural habitats and of wild fauna and flora. The Council of the European 461 

Communities 462 

Dövényi Z (2010) Magyarország Kistájainak katasztere (Cadastre of Hungarian regions). 463 

MTA Földrajztudományi Kutatóintézet, Budapest 464 

During HJ (1979) Life strategies of bryophytes: a preliminary review. Lindbergia 5:2–18 465 

During HJ (1992) Ecological classifications of bryophytes and lichens. In Bates JW (ed) 466 

Bryophytes and lichens in a changing environment. Clarendon Press, Oxford, pp 1–31 467 

During HJ, Lloret F (1996) Permanent grid studies in bryophyte communities 1. Pattern and 468 

dynamics of individual species. J Hattori Bot Lab 79:1–41 469 



 15

During HJ, Lloret F (2001) The species-pool hypothesis from a bryological perspective. Folia 470 

Geobot 36:63–70 471 

During HJ, ter Horst B (1985) Life span, mortality and establishment of bryophytes in two 472 

contrasting habitats. Abstr Bot 9:145–158 473 

During HJ, van Tooren BF (1987) Recent developments in bryophyte population ecology. 474 

Trends Ecol Evol 2:89–93 475 

Esposito A, Mazzoleni S, Strumia S (1999) Post–fire bryophyte dynamics in Mediterranean 476 

vegetation. J Veg Sci 10:261–268 477 

Geary RC (1954) The contiguity ratio and statistical mapping. Incorporated Statistician 478 

5:115–145 479 

Herben T, During HJ, Krahulec F (1995) Spatiotemporal dynamics in mountain grasslands: 480 

species autocorrelations in space and time. Folia Geobot 30:185–196 481 

Herben T, Krahulec F, Hadincová V, Kovářová M (1993b) Small-scale spatial dynamics of 482 

plant species in a grassland community over six years. J Veg Sci 4:171–178 483 

Herben T, Krahulec F, Hadincová V, Skálová H (1993a) Small-scale variability as a 484 

mechanism for large-scale stability in mountain grasslands. J Veg Sci 4:163–170 485 

Herben T, Krahulec F, Hadincová V, Pecháčková S, Kovářová M (1997) Fine-scale spatio-486 

temporal patterns in a mountain grassland: do species replace each other in a regular 487 

fashion? J Veg Sci 8:217–224 488 

Hill MO, Bell N, Bruggeman-Nannaenga MA, Brugues M, Cano MJ, Enroth J, Flatberg KI, 489 

Frahm JP, Gallego MT, Gariletti R, Guerra J, Hedenas L, Holyoak DT, Hyvönen J, 490 

Ignatov MS, Lara F, Mazimpaka V, Munoz J, Söderström L (2006) An annotated 491 

checklist of the mosses of Europe and Macaronesia. J Bryol 28:198–267 492 

Hothorn T, Bretz F, Westfall P (2008) Simultaneous inference in general parametric models. 493 

Biometr J 50:346–363. 494 



 16

Jonsson BG (1993) The bryophyte diaspore bank and its role after small-scale disturbance in a 495 

boreal forest. J Veg Sci 4:819–826 496 

Jonsson BG, Esseen P-A (1990) Treefall disturbance maintains high bryophyte diversity in a 497 

boreal spruce forest. J Ecol 78:924–936 498 

Malson K, Rydin H (2009) Competitive hierarchy, but no competitive exclusions in 499 

experiments with rich fen bryophytes. J Bryol 31:41–45 500 

Márialigeti S, Németh B, Tinya F, Ódor P (2009) The effects of stand structure on ground-501 

floor bryophyte assemblages in temperate mixed forests. Biodivers & Conservation 502 

18:2223–2241 503 

Michel P, Lee WG, During HJ, Cornelissen JHC (2012) Species traits and their non-additive 504 

interactions control the water economy of bryophyte cushions. J Ecol 100: 222-231 505 

Morgan J (1998) Small-scale plant dynamics in temperate Themeda triandra grasslands of 506 

southeastern Australia. J Veg Sci 9:347–360 507 

Økland RH (1994) Bryophyte and lichen persistence patterns in a Norwegian boreal 508 

coniferous forest. Lindbergia 19:50–62 509 

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’Hara RB, Simpson GL, 510 

Solymos P, Henry M, Stevens H, Wagner H (2011) Vegan: Community Ecology 511 

Package. R package version 2.0-1. Available at: http://CRAN.R-512 

project.org/package=vegan 513 

Palmer MW, Rusch GM (2001) How fast is the carousel? direct indices of species mobility 514 

with examples from an Oklahoma grassland. J Veg Sci 12:305–318 515 

Papp B, Ódor P, Szurdoki E (2005) Methodological overview and a case study of the 516 

Hungarian Bryophyte Monitoring Program. Boletín de la Sociedad Espańola de 517 

Briología 26–27:23–32 518 



 17

Papp B, Ódor P, Szurdoki E (2006) A mohák monitorozásának eredményei (Results of 519 

bryophyte monitoring). In Török K, Fodor L (eds) A nemzeti biodiverzitás-monitorozó 520 

rendszer eredményei (The results of the national biodiversity monitoring system). 521 

KvVM, Budapest, pp 99–151 522 

Pénzes-Kónya E (2006) Fine-scale spatial and temporal changes in the population structure of 523 

terricolous bryophyte species in forest communities. Acta Bot Hung 48:381–397 524 

Pickett STA (1989) Space-for-time substitution as an alternative to long-term studies. In 525 

Likens GE (ed) Long-term studies in ecology: Approaches and alternatives. Springer, 526 

New York, pp 110–135 527 

Pickett STA, Cadenasso ML, Bartha S (2001) Implication from the Buell-Small succession 528 

study for vegetation restoration. Appl Veg Sci 4:41–52 529 

Podani J (2000) Introduction to the exploration of multivariate biological data. Backhuys 530 

Publishers, Leiden 531 

Podani J (2001) SYN-TAX 2000. Computer programs for data analysis in ecology and 532 

systematics. User’s manual. Scientia Publishing, Budapest 533 

Prach K, Walker LR (2011) Four opportunities for studies of ecological succession. Trends 534 

Ecol Evol 2 6:119–123 535 

R Development Core Team (2011) R: A language and environment for statistical computing. 536 

R Foundation for Statistical Computing, Vienna. Available at: http://www.R-537 

project.org/ 538 

Roads E, Longton RE (2003) Reproductive biology and population studies in two annual 539 

shuttle mosses. J Hattori Bot Labor 93:305–318 540 

Rosenberg MS (2001) PASSAGE. Pattern analysis, spatial statistics, and geographic 541 

exegesis. Version 1.1. Department of Biology, Arizona State University, Tempe 542 



 18

Rydgren K, Økland RH, Hestmark G (2005) Disturbance severity and community resilience 543 

in a boreal forest. Ecology 85:1906–1915 544 

Rydgren K, De Kroon H, Økland RH, van Groenendael J (2001) Effects of fine scale 545 

disturbances on the demography and population dynamics of the clonal moss 546 

Hylocomium splendens. J Ecol 89:395–404 547 

Rydin H (2009) Population and community ecology of bryophytes. In Goffinet B, Shaw AJ 548 

(eds) Bryophyte biology. Cambridge University Press, Cambridge, pp 393–444 549 

Rydin H, Barber KE (2001) Long-term and fine scale coexistence of closely related species. 550 

Folia Geobot 36:53–61 551 

Tóth T (2010) Medium-term vegetation dynamics and their association with edaphic 552 

conditions in two Hungarian saline grassland communities. Grassland Sci 56:13–18 553 

Tutin TG, Heywood VH, Burges NA, Moore DM, Valentine DH, Walters SM, Webb DA 554 

(1964–93) Flora Europea. Cambridge University Press, Cambridge 555 

van der Hoeven EC (1999) Reciprocal transplantations of three chalk grassland bryophytes in 556 

the field. Lindbergia 24:23–28 557 

van der Hoeven EC, During HJ (1997) Positive and negative interactions in bryophyte 558 

populations. In De Kroon H, van Groenendael J (eds) The ecology and evolution of 559 

clonal plants. Backhuys Publishers, Leiden, pp 291–310 560 

van der Hoeven EC, Korporaal M, van Gestel E (1998) Effects of simulated shade on growth, 561 

morphology and competitive interactions in two pleurocarpous mosses. J Bryol 20:301–562 

310 563 

van der Maarel E (1996) Pattern and process in the plant community: fifty years after A.S. 564 

Watt. J Veg Sci 7:19–27 565 



 19

van der Maarel E, Sykes MT (1993) Small-scale plant species turnover in a limestone 566 

grassland: the carousel model and some comments on the niche concept. J Veg Sci 567 

4:179–188 568 

Watt AS (1947) Pattern and process in plant community. J Ecol 35:1–22 569 

Zar JH (1999) Biostatistical analysis. Prentice Hall, New Jersey 570 

Zuur AF, Ieno EN, Smith G (2007) Analysing ecological data. Springer Verlag, New York571 



 20

 
Table 1 Plot- (100 m2) and quadrat- (0.25 m2) level species richness and cumulative species 

richness values in different years. Quadrat-level species richness values significantly differed 

between years, letters representing pairwise differences. At quadrat level, mean species richness 

± standard deviation are indicated 

 
Plot 1  Plot-level Plot-level cumulative Quadrat-level Quadrat-level cumulative 
 species richness species richness species richness species richness 
2002 16 16 4.5±1.5b 4.5 

2003 18 22 4.7±1.7b 5.7 

2004 21 25 5.0±2.2bc 7.2 

2005 20 27 6.5±2.6c 9.0 

2006 13 27 4.3±1.6ab 9.5 

2007 11 28 3.1±1.2ab 9.6 

2008 10 28 3.2±1.4ab 9.8 

2009 9 28 3.2±1.2ab 10.1 

2010 7 28 3.0±1.0a 10.2 

Mean 13.9  4.2±2.0  

 

Plot 2 Plot-level Plot-level cumulative Quadrat-level Quadrat-level cumulative 
 species richness species richness species richness species richness 
2002 16 16 8.3±1.9b 8.3 

2003 17 20 6.6±2.4a 10.7 

2004 16 20 9.5±2.9bc 12.6 

2005 15 20 10.2±1.4c 13.5 

2006 18 21 10.9±1.0c 14.1 

2007 12 21 6.4±1.7a 14.2 

2008 19 24 8.1±2.2ab 14.6 

2009 13 24 9.3±1.6bc 14.8 

2010 18 24 9.6±1.7bc 15.2 

Mean 16.0  8.8±2.4  
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Table 2 Frequency (maximum value is 25) of different bryophyte species in plot 1 

 
 2002 2003 2004 2005 2006 2007 2008 2009 2010 mean 
Abietinella abietina 2 2 4 2 3 3 5 8 8 4.1 
Acaulon muticum 0 0 1 0 0 0 0 0 0 0.1 
Barbula unguiculata 20 19 18 19 15 1 4 1 1 10.9 
Brachythecium albicans 23 22 22 23 25 25 24 25 25 23.8 
Bryum algovicum 0 2 2 0 0 1 0 0 0 0.6 
Bryum caespiticium 1 0 1 1 1 0 0 0 0 0.4 
Bryum capillare 1 0 1 0 0 0 0 0 0 0.2 
Bryum dichotomum 6 3 3 7 2 0 1 0 0 2.4 
Bryum radiculosum 2 4 1 0 1 0 0 0 0 0.9 
Bryum ruderale 0 0 4 4 1 0 0 0 0 1.0 
Dicranella howei 4 2 3 3 0 0 0 0 0 1.3 
Didymodon vinealis 0 0 0 4 0 0 0 0 0 0.4 
Drepanocladus aduncus 23 24 24 24 22 16 14 14 13 19.3 
Entosthodon hungaricus 1 0 2 7 0 0 1 1 0 1.3 
Homalothecium lutescens 8 4 7 18 20 19 24 24 20 16.0 
Microbryum curvicollum 0 1 0 0 0 0 0 0 0 0.1 
Microbryum davallianum 0 2 1 0 0 0 0 0 0 0.3 
Microbryum floerkeanum 0 2 0 6 0 0 0 0 0 0.9 
Phascum cuspidatum 5 14 11 16 5 0 1 0 0 5.8 
Pleurochaete squarrosa 0 0 1 1 0 1 0 0 0 0.3 
Protobryum bryoides 2 0 2 3 0 0 0 0 0 0.8 
Pseudocrossidium 

hornschuchianum 
12 12 14 13 5 2 3 1 0 6.9 

Pterygoneurum ovatum 0 1 1 0 0 0 0 0 0 0.2 
Rhynchostegium 

megapolitanum 
0 1 0 6 4 5 3 3 4 2.9 

Syntrichia ruralis 2 1 3 3 4 3 0 3 4 2.6 
Tortula lanceola 1 1 0 1 0 0 0 0 0 0.3 
Tortula modica 0 0 0 0 0 1 0 0 0 0.1 
Weisia longifolia 0 0 0 1 0 0 0 0 0 0.1 
 
 



 22

 

Table 3 Frequency (maximum value is 25) of different bryophyte species in plot 2 
 

  2002 2003 2004 2005 2006 2007 2008 2009 2010 mean 
Abietinella abietina 18 21 17 17 21 6 5 5 4 12.7 
Barbula convoluta 18 7 21 18 22 15 22 24 18 18.3 
Brachythecium albicans 22 7 17 17 18 11 13 6 7 13.1 
Bryum algovicum 19 14 19 25 25 19 20 24 13 19.8 
Bryum argenteum 0 0 0 0 0 0 2 0 0 0.2 
Bryum caespiticium 18 1 17 13 13 24 7 20 23 15.1 
Bryum capillare 0 0 0 0 0 0 1 0 2 0.3 
Bryum dichotomum 6 2 16 15 19 3 24 24 25 14.9 
Bryum radiculosum 0 10 0 0 1 0 0 0 2 1.4 
Bryum ruderale 0 0 0 0 1 0 1 0 0 0.2 
Didymodon vinealis 24 18 24 24 25 24 24 25 25 23.7 
Drepanocladus aduncus 21 25 21 19 24 23 21 25 22 22.3 
Entosthodon hungaricus 1 0 7 17 13 0 2 0 1 4.6 
Homalothecium lutescens 13 23 16 16 19 18 17 20 21 18.1 
Hypnum cupressiforme 0 3 0 0 0 0 0 0 0 0.3 
Microbryum curvicollum 0 1 0 0 0 0 0 0 0 0.1 
Microbryum davallianum 14 17 17 23 20 0 12 14 22 15.4 
Microbryum floerkeanum 2 0 0 0 0 0 0 0 0 0.2 
Phascum cuspidatum 1 0 1 0 1 0 0 0 0 0.3 
Pleurochaete squarrosa 1 1 1 4 6 3 6 6 9 4.1 
Protobryum bryoides 11 10 19 24 21 1 8 11 14 13.2 
Pseudocrossidium hornschuchianum0 2 5 1 2 0 3 9 12 3.8 
Syntrichia ruralis 18 3 20 21 21 13 14 20 19 16.6 
Tortella inclinata 0 0 0 0 0 0 1 0 1 0.2 
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Table 4 Temporal dependence of different species in plot 2 expressed as Geary’s C values in different time 

intervals (temporal distances) in year. Significance levels from the expected value of independence (1.00) are * – 

P<0.05, ** – P<0.01, *** – P<0.001. Sample size in different time intervals was 200, 175, 150, 125, 100, 75, 50, 

25, respectively. “ST” means life-strategy types according to During (1979, 1992), as P – perennial stayer, C – 

colonist, AS – annual shuttle, SL – short-lived shuttle 

 
 

  Time interval (year) 
Species ST 1 2 3 4 5 6 7 8
Abietinella abietina P 0.70*** 0.68*** 0.77** 1.07 1.05 1.22 1.19 1.15
Barbula convoluta C 0.76** 0.71*** 0.75** 0.79* 0.84 1.02 1.07 0.81
Brachythecium albicans P 0.73*** 0.75** 0.74** 0.86 1.04 0.85 1.12 1.35
Bryum algovicum SL 0.87 0.82* 0.74** 0.94 0.99 1.08 0.96 1.2
Bryum dichotomum C 0.84* 0.93 1.14 0.64*** 1.01 1.35** 1.69*** 1.57**
Bryum caespiticium C 1.17* 0.90 0.80* 1.18* 0.77* 1.11 1.33* 0.58*
Entosthodon hungaricus SL 0.77** 1.14 1.44*** 1.33*** 0.87 0.49*** 0.13*** 0.27**
Homalothecium lutescens P 0.87 0.75** 0.73** 0.83 0.80* 1.0 0.75 1.0
Microbryum davallianum AS 0.97 1.04 1.10 0.99 0.82 0.90 0.80 0.67
Pleurochaete squarrosa C 0.54*** 0.51*** 0.67*** 0.72** 0.69** 0.97 1.09 1.15
Protobryum bryoides AS 0.83* 0.98 1.24** 0.96 0.92 0.88 0.96 0.88
Syntrichia ruralis C 0.76** 0.91 0.89 0.75** 0.66*** 0.83 0.97 0.44**
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Table 5 Correlation between the frequency of bryophytes in plot 2 and annual winter–early 

spring precipitation (from December to March) and associated significance values 

 
Species r P 

Abietinella abietina -0.17 0.662 
Barbula convoluta 0.34 0.365 
Brachythecium albicans -0.44 0.240 
Bryum algovicum -0.04 0.915 
Bryum dichotomum 0.69 0.039 
Bryum caespiticium 0.06 0.884 
Entosthodon hungaricus 0.09 0.813 
Homalothecium lutescens 0.61 0.082 
Microbryum davallianum 0.46 0.215 
Pleurochaete squarrosa 0.64 0.065 
Protobryum bryoides 0.34 0.363 
Syntrichia ruralis 0.26 0.501 
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Fig. 1 Temporal changes of quadrat-level mean species richness (plot 1 open circles, plot 2 

filled circles) and winter–early spring precipitation (crosses) 
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Fig. 2 Principal coordinates analysis (PCoA) of temporal changes in species composition for 

plot 1 a and plot 2 b. Explained variances in percentages are indicated below the axes, major 

annual transitions are indicated by trajectories 
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Fig. 3 Spatial dependence of species composition expressed as the mean Jaccard dissimilarity 

between quadrat-pairs at different spatial distances in the same year. Plot 1 is indicated by 

empty, plot 2 by filled circles, whiskers mean standard error 
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Fig. 4 Temporal dependence of species composition expressed as mean Jaccard dissimilarity 

between quadrat-pairs at different temporal intervals in the same geographical position. Plot 1 

is indicated by empty, plot 2 by filled circles, whiskers mean standard error 
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Fig. 5 Relationship between relative annual turnover (sum of annual establishment and 

extinction events divided by mean annual frequency) and relative annual frequency increment 

(difference between annual establishment and extinction events divided by mean annual 

frequency) of different species in plot 2. The species were abbreviated by the first three letters 

of the genus and the species names 
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