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Abstract
Investigating the direction of changes in functional diversity involving successional 
pathways and historical disturbances may be a promising tool for predictions of the 
effectiveness of the seminatural meadows conservation, with great emphasis on for-
mulation of more cost- effective restoration strategies. The goal of this research was 
to assess the differences in long- term shifts in the functional diversity of plant species 
in seminatural wet meadows unmanaged for the last 40 years, under the influence of 
different successional pathways and historical disturbances. Using ordination tech-
niques, linear mixed- effect models, a set of plant functional traits and parameters 
of functional diversity, we assessed the importance of habitat filtering, competition, 
and niche partitioning in shaping community assembly changes over time. The most 
dramatic shifts in functional diversity were found in the Carex acutiformis succes-
sional pathway after topsoil removal, where colonization by successional inhibitors 
was the main driver causing decreases in functional dispersion and divergence. This 
was expressed as a decrease in the importance of habitat filtering and replacement 
of specialized species by competitors with heavier seeds and higher specific leaf area. 
Regarding the C. cespitosa and Salix cinerea pathways, the magnitudes of shifts in 
functional diversity were milder and differed less between the historical topsoil re-
moval and mowing treatments, thereby maintaining a large role for niche partitioning 
in shaping the vegetation structure. The results of our study highlight the importance 
of tussock sedges and shrubs as effective buffers against the functional homogeniza-
tion of meadows driven by the decreases in functional diversity of plant species, even 
from a long- term perspective.
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1  | INTRODUC TION

From the entire spectrum of global grassland biomes, European sem-
inatural meadows are considered one of the most important plant 
species diversity hot spots (Dengler et al., 2014). Historically, the 
maintenance of outstandingly high taxonomic and functional diver-
sities of seminatural meadows was possible due to a long tradition of 
extensive use (Habel et al., 2013). However, since the middle of the 
20th century, areas covered by seminatural meadows have declined 
(Török & Dengler, 2018), making these ecosystems one of the most 
threatened worldwide (Edwards & Kučera, 2019). In Europe, during 
the last century, the area occupied by seminatural ecosystems was 
reduced to about 97% of their historical range (Sammul et al., 2008). 
One negative effect of socioeconomic transformation of mead-
ows is the replacement of specialized plant species by generalists 
(Cardinale et al., 2012). An outcome of this process is biotic homog-
enization of plant communities (Price et al., 2020), leading to sim-
plification of both taxonomical diversity and functional diversity of 
vegetation (Olden et al., 2018). This may be expressed in increasing 
compositional similarity among historically divergent plant commu-
nities (Cholewińska et al., 2020; Reinecke et al., 2014; Sonnier et al., 
2014), which in further perspective can alter the trophic net struc-
ture (Dainese et al., 2016) and reduce the capacity of ecosystems for 
provisioning of the ecosystem services (Edwards & Kučera, 2019). 
While taxonomical homogenization of plant communities was ad-
dressed by numerous earlier studies (e.g., Cholewińska et al., 2020; 
Price et al., 2020), mechanisms of functional homogenization (i.e., 
losses of functional diversity over time) are still poorly understood 
(e.g., Olden et al., 2018; Reinecke et al., 2014; Sonnier et al., 2014).

The increasing number of reports on the temporal shifts in spe-
cies composition and on effective methods of conservation of sem-
inatural meadows in relation to different gradients of disturbances 
and land use (e.g., mowing or vegetation removal) demonstrate the 
importance of this topic for ecological research over the past de-
cades (e.g., Doležal et al., 2018; Tonn et al., 2019). Apart from numer-
ous previous studies, which examined long- term shifts in taxonomic 
composition (e.g., Mangano et al., 2019), a stronger emphasis has 
been placed recently on shifts in the functional trait community 
composition of abandoned seminatural meadows (e.g., Doležal et al., 
2019; Kahmen & Poschlod, 2004; Mudrák et al., 2019; Velbert et al., 
2017). Assessments of the functional diversity of plant communities 
provide the basis for understanding shifts in species composition, 
dynamics of biodiversity, and ecosystem functioning (Díaz et al., 
2007). In this light, the examination of functional diversity enables 
the identification of the main ecological mechanisms (i.e., environ-
mental filtering, competition, and niche partitioning) that shape the 
community assembly rules (Czortek et al., 2021). The functional di-
versity approach was found to be useful in the assessments of the 
relationships between the structure of seminatural meadow eco-
systems and management practices (Engst et al., 2016). Except for 
reports that examined seasonal dynamics of functional diversity 
under the implementation of different mowing regimes (e.g., Doležal 
et al., 2019), other authors studied the mechanisms of succession on 

unmanaged, seminatural meadows (e.g., Conradi & Kollmann, 2016; 
Kahmen & Poschlod, 2004; Rosenthal, 2010). It is well known that 
the cessation of land use may lead to a decline in the overall func-
tional diversity of meadows during succession, but ranges of these 
shifts depend on historical management type (e.g., Niu et al., 2016; 
Tardella & Catorci, 2015). On the other hand, the implementation of 
moderate disturbance (e.g., rotavation- driven, vegetation removal) 
can increase functional diversity and enable the coexistence of pio-
neer and specialized plant species that follow different life strategies 
(e.g., Schnoor et al., 2015). In contrast, selective removal of dominant 
species seems to exert a relatively low impact on the temporal and 
seasonal dynamics of plant functional composition in European wet 
meadows of the temperate zone of climate (e.g., Doležal et al., 2019). 
Other authors, in turn, found a combination of mowing and moder-
ate topsoil removal to be the most efficient land- use type to main-
tain high meadow diversity (Resch et al., 2019). Velbert et al. (2017), 
for instance, reported the largest losses in overall functional diver-
sity in the early stages of succession, which were explained by the 
increasing niche separation of foliar traits connected with competi-
tive abilities, while implementation of mowing drove a divergence in 
reproductive traits. Other authors (e.g., Kahmen & Poschlod, 2004) 
demonstrated that in subsequent years of succession, nongrazed 
meadows have been dominated by plants with higher specific leaf 
area (SLA) and seed mass, thus revealing an increasing importance of 
biotic factors, but a decreasing role of habitat filters in shaping the 
community structure.

To our knowledge, there is a large lack of long- term surveys focus-
ing on shifts in the functional diversity of abandoned wet meadows, 
while simultaneously comparing the pace and course of different 
successional pathways under different types of historical distur-
bances (compare, e.g., Kahmen & Poschlod, 2004; Niu et al., 2016; 
Schnoor et al., 2015). Implementation of this approach in the conser-
vation of wet meadows may be especially important for predicting 
the roles of both abiotic and biotic factors in influencing shifts in 
community assembly (Busch et al., 2019). Therefore, it may provide 
more mechanistic insights into the responses of the individual target 
species based on their life- history traits and realized niches (Díaz 
et al., 2007). Furthermore, it can be especially relevant in the deter-
mination of the performance of the entire guilds of species. This, in 
turn, may allow experimentally based assessments of conservation 
priorities and, therefore, formulation of more cost- effective strate-
gies in the restoration of wet meadows, which are regarded as very 
rare communities in Europe (Diekmann et al., 2019). Furthermore, in 
a vast number of cases the perspectives of their recovery seem to 
be insufficient due to often small extinction debt revealed by many 
meadow target species (Otsus et al., 2014; Waldén et al., 2017).

A classical study area characterized by a long tradition of land 
use, and a long- term sequence of detailed investigations on succes-
sional dynamics, is seminatural wet meadows of the Reski Range 
(NE Poland). A previous series of long- term permanent plot sur-
veys, which were initiated in 1972 by K. Falińska, determined three 
main successional pathways prevailing in this area (Falińska, 2003). 
This created an opportunity to establish in 1995 a new, long- term 
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“inverse” experiment aiming to examine how the mechanisms of 
species turnover differ among successional pathways and types of 
historical disturbance. The main goals of the present study were 
to assess (i) long- term shifts in the importance of habitat filtering, 
competition, and niche partitioning in shaping the functional com-
position of wet unmanaged meadows, (ii) whether the magnitude of 
these shifts differs between successional pathways and between 
different types of historical disturbances, and (iii) which pathway of 
succession and historical disturbance type would be most promising 
regarding the potential restoration of abandoned wet meadows.

2  | MATERIAL S AND METHODS

2.1 | Study area

The study was conducted on unmown meadows in the Reski Range, 
with an area of approximately 15 ha. The Reski Range is located in 
the north western part of the Białowieża Glade in the Białowieża 
National Park (N 52°42′32″; E 23°50′06″) in the Narewka River val-
ley (NE Poland; 150 m a.s.l.). The Reski Range is located in the zone 
of transitional temperate climate with domination of continental in-
fluences, with mean annual temperature of about 6.8°C and mean 
annual precipitation of 633 mm (Żarnowiecki, 2008). Meadows of 
the Reski Range occupy the habitats of former ash- alder riparian for-
ests, developing on mineral and organogenic soils (peaty or clayey 
silt- laden soils; Malhzan et al., 2009). More than 200 years ago, in 
that part of the Narewka River valley, forests were cut down, and 
extensively mowed meadows were formed (Falińska, 2003). Due to 
relatively low utility values and early spring flooding, the meadows 
in the Reski Range were gradually abandoned by farmers; abandon-
ment began in the 1960s and ended in 1978, followed by sponta-
neous secondary succession. Recently, nonforest vegetation of 
the Reski Range consists of tall grass communities (dominated by 
Phragmites australis or Phalaris arundinacea), tall herb communities 
with Lysimachia vulgaris and Filipendula ulmaria, and small patches of 
wet grasslands with Cirsium rivulare (Borkowska, 2016). This created 
an opportunity to establish a long- term permanent plot experiments, 
aiming to assess the population dynamics of single plant species over 
time, as well as the mechanisms of the replacement of plants during 
secondary succession (Falińska, 1991). After approximately 20 years 
of these detailed investigations, K. Falińska identified three main 
pathways, based on life- history traits (e.g., clonal architecture, seed 
bank characteristics, and reproductive strategies) of the dominant 
species (with more than 80% of coverage in plots at the beginning 
of the experiment) and co- occurring plants (Falińska, 2003). Before 
the experiment establishment, three successional pathways studied 
differed not only in the dominant species but also in the composi-
tion of the species composition (Borkowska, 2004). The pathway 
of succession, with the participation of Carex acutiformis (hereafter 
“C. acutiformis pathway”), involves the dominance of species typical 
of rush communities. Before the beginning of the experiment, the 
dominant species there were nitro-  and hygrophilous tall herbs, that 

is, C. acutiformis, F. ulmaria, and L. vulgaris, while Carex cespitosa and 
Cirsium palustre occurred there sporadically. Salix cinerea succession 
pathway (hereafter “S. cinerea pathway”) involves a changing species 
composition according to the following scheme: meadow– tall herb 
communities– thicket– forest. Before the beginning of the experi-
ment, apart from dominance of S. cinerea in the shrub layer, a rela-
tively high abundance of S. pentandra shrub was recorded, while C. 
acutiformis and F. ulmaria were less abundant. Remaining species, for 
example, L. vulgaris, C. cespitosa, C. palustre, C. rivulare, Geum rivale, 
Viola spp., and Lotus corniculatus, occurred within this scenario only 
sporadically. In turn, the Carex cespitosa (hereafter “C. cespitosa path-
way”) pathway involves coexistence of species composition charac-
teristics of rush, tall herb, and thicket communities, with the highest 
abundance (before the beginning of the experiment) recorded for: C. 
cespitosa, C. appropinquata, F. ulmaria, C. palustre, G. rivale, Angelica 
sylvestris, and Equisetum spp. (Borkowska, 2004; Falińska, 2003).

2.2 | Experimental design

An experiment was conducted in 1995– 2015, approximately 
20 years after the initial long- term research on plant demography 
during secondary succession (Falińska, 1991, 2003). To study each 
of the three successional pathways identified by K. Falińska as the 
most common in the study area, one transect consisting of 30 per-
manent plots (1 × 1 m) was established and divided into three sub-
transects, each one being 10 m in length and 1 m in width, with the 
distance 50 m between each subtransect (i.e., successional path-
way). Therefore, the total number of permanent plots for the three 
successional pathways and three treatments was 90. At the begin-
ning of the experiment, two different types of disturbances were 
applied once in each subtransect for each successional pathway. 
The first subtransect was subjected to topsoil removal disturbance 
(n = 10): The plants, including roots, and topsoil were removed to 
the depth of 25 cm. In the second subtransect (n = 10), mowing dis-
turbance was applied: The aerial parts of the plants were cut down 
with a knife/scythe. The third subtransect (n = 10) was left intact 
as a control area, without the application of any treatment. Thus, 
as each successional pathway was identified prior to application of 
different treatments, we assumed that observations within each 
subtransect were independent. Permanent plots were established 
in 1994, and the first field survey took place in 1995. Then, within 
five- year intervals (to 2015), analyses of species composition were 
carried out on each plot (1 × 1 m) within each subtransect and each 
successional pathway, and species abundance (the total number of 
ramets per species recorded) was noted. Plant species names were 
adopted after Mirek et al. (2002).

One should expect that the consideration of only one replicate 
per successional pathway is the main limitation of our study, making 
the results highly site- specific and generating pseudoreplications, 
thus affecting low transferability of the patterns revealed to other 
wet meadows of similar character. However, at the start of the veg-
etation survey in 1995, this original and unique experimental layout 
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was designed especially for the examination of long- term shifts in 
plant demography and vegetation. Thus, issues connected with the 
quality of experimental design and quality of historical data appear 
very frequently in vegetation resurvey studies, where the initial data 
were collected to achieve completely different aims compared with 
the research questions posed by recent researchers (e.g., Czortek, 
Eycott, et al., 2018). However, long- term studies conducted on per-
manent plots seem to be of greatest importance, as these data series 
constitute a unique source of information on historical vegetation. 
Therefore, these data can be used as a basis for future examination 
of shifts in species composition under the influence of anthropo-
genic drivers, such as climate warming or land- use change (Stöckli 
et al., 2011). Moreover, the application of this approach, even with a 
low number of replications, makes it possible to obtain results that 
are not biased by random factors, that is, observer errors. In our 
case, the field study, from the beginning to the end of the experi-
ment, was carried out by only one researcher, that is, highly experi-
enced in plant ecology and plants identification (LB), which is rather 
a very rare phenomenon in resurvey studies (Verheyen et al., 2018). 
In addition, despite some limitations, this experiment made it possi-
ble to omit all uncertainties connected with plot relocation, as the 
majority of resampling studies are performed on quasi-  or even non-
permanent plots (Czortek, Dyderski, et al., 2020; Kapfer et al., 2017).

2.3 | Functional traits and functional 
diversity indices

Using the LEDA database, we compiled information on seven func-
tional traits related to plant size and leaf morphology (i.e., canopy 
height [m], shoot growth form [eight categories], leaf distribution 
along stem [five categories], and specific leaf area; SLA [mm2/mg]) 
and dispersal abilities (dispersal mode [46 categories], seed mass 
[mg], and seed bank longevity [two categories]). Traits related to 
plant size and morphology describe the competitive abilities of plant 
species and provide information on strategies for the acquisition, 
usage, and distribution of resources among different organs. Traits 
related to dispersal abilities are reflections of reproductive strate-
gies, seed dispersion distances, survival, and responses of plant spe-
cies to disturbances.

One should expect that usage of plant functional traits provided 
by trait databases may not allow comparison of shifts in functional 
diversity over time between treatments and successional pathways 
in a small spatial scale, and under specific combination of microhabi-
tat conditions. Thus, the same plant species growing under different 
treatments may differ substantially in terms of particular functional 
trait values, resulting in high intraspecific trait variability. From these 
reasons, employment of trait databases in ecological research is con-
sidered as promising approach in studies conducted rather in larger 
spatial scales (e.g., Maes et al., 2019; Thonicke et al., 2020; Vanneste 
et al., 2019). Moreover, according to Paź- Dyderska et al. (2020), in-
traspecific trait variability of selected functional traits of 167 plant 
species provided by, for instance, the LEDA database (e.g., SLA, total 

leaf area, and leaf mass), is underestimated when compared to direct 
field measurements. However, the same authors explored that inter-
specific variability of functional traits (triggered by species identity) 
is bigger than intraspecific variability (an outcome of site- specific 
factors). In addition, in their study, site- specific random factors ex-
plained lower amounts of variation in traits than species identity. 
Thus, this may support the usage of plant functional traits obtained 
from trait databases as a proper tool in survey of temporal shifts in 
plant species functional diversity, even in small spatial scales. On the 
other hand, numerous previous studies conducted in small spatial 
scales found the usage of data base- derived traits highly informa-
tive in assessments of the role of different ecological mechanisms 
in shaping plants coexistence patterns (e.g., Czortek, Czortek, et al., 
2020b; Czortek & Pielech, 2020; Dyderski et al., 2016; Jagodziński 
et al., 2017) or changes in their importance over time (e.g., Czortek 
et al., 2018; Czortek, Dyderski, et al., 2020). However, as we did 
not measure intraspecific trait variability, which in our case can be 
presumably high due to high dependence of plant species composi-
tion on site- specific factors, our results should be interpreted with 
a caution. To explore temporal changes in the importance of habi-
tat filtering, as well as competition and niche partitioning in shap-
ing the community assembly, for each experimental plot (in each of 
the five- time periods of the vegetation resurvey) across each type 
of historical disturbance and successional pathway, we calculated 
(i) community- weighted means (CWMs) of functional traits, that is, 
canopy height, seed mass, and SLA; and (ii) three indices of func-
tional diversity, that is, functional richness, functional divergence, 
and functional dispersion. Functional richness and functional diver-
gence were calculated following Villéger et al. (2008), while func-
tional dispersion was calculated following Laliberté and Legendre 
(2010). These indices characterize the distribution of plant species' 
life- history traits within the plant community hyperspace (Laliberté 
& Legendre, 2010). Functional richness measures the filled niche 
size, and low values of this parameter are an expression of a low de-
gree of occupancy of the niche space by plants with different traits 
(Villéger et al., 2008). Therefore, low values of functional richness 
may indicate that habitat filtering or competition is the main mech-
anisms for shaping the plant community structure. Both functional 
divergence and functional dispersion provide information on dis-
tances between functional traits carried by different species in the 
plant community trait hyperspace (Mason et al., 2005; Villéger et al., 
2008). Functional divergence measures the average distance of each 
trait to the center of gravity (center space) of the trait space, and 
functional dispersion measures the same distance to the centroid 
(center point) of all traits (Hedberg et al., 2014). In this context, func-
tional divergence is more sensitive to species with extreme values of 
different functional traits, providing information on the importance 
of specialized species with narrow realized niches in shaping the 
community structure (Kotowski et al., 2013). High values of func-
tional divergence and functional dispersion express vast distances 
between functional traits carried by different species, suggesting 
that the richness of functional traits in the plant community trait 
hyperspace is high, which, in turn, provides information on the high 
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importance of niche partitioning in shaping community assembly 
(Carroll et al., 2011).

2.4 | Data analysis

We conducted all analyses using R software (R Core Team, 2019). To 
explore the main shifts in the species composition of meadow veg-
etation over time and between three treatments (topsoil removal, 
mowing, and control) for each of the three successional pathways, 
we performed one nonmetric multidimensional scaling ordination 
(NMDS) with pairwise Bray– Curtis dissimilarity matrices. Using a 
passive projection of vectors for each of the three successional path-
ways, we assessed the indirect relationships between species com-
position of the experimental plots and indices of functional diversity 
and CWMs of plant functional traits. Using a permutation test with 
999 iterations for each vector, we calculated the determination co-
efficient R2 and p- values.

To assess direct shifts in values of functional diversity indices 
and CWMs of plant functional traits over time and between histor-
ical disturbance types, we used linear mixed- effect models (LMMs). 
Prior to LMMs, we checked whether the response variables repre-
sent close- to- normal distributions. For each vegetation parameter 
with respect to each successional pathway, we performed one linear 
regression model (without random factors) and one diagnostic plot 
(base::plot(lm()) function) visualizing relationship between theoretical 
quantiles and standardized residuals (Appendix S1). Visual inspec-
tion of diagnostic plots revealed rather weak deviations from ideal 
relationship (dashed gray lines; Appendix S1) in case of majority of 
response variables analyzed. This provided an evidence that major-
ity of response variables represent rather close- to- normal distribu-
tions. Despite some significant deviations reported (e.g., for: CWM 
of seed mass, or CMW of specific leaf area in “S. cinerea scenario”), 
we assumed the close- to- normal distribution for all analyzed param-
eters. We made this assumption in order to make the results com-
parable between different treatments and succession scenarios, 
as well as to minimize uncertainties in interpretation of the results, 
connected with the employment of different regression methods. 
From these reasons, in our study we emphasized more the ecolog-
ical significance of the results, by using the most parsimonious and 
joint methods, rather than more sophisticated procedures (e.g., gen-
eralized additive models; Nakagawa & Cuthill, 2007; Wasserstein & 
Lazar, 2016). Thus for each vegetation parameter with respect to 
each successional pathway, one LMM was performed. We decided 
to employ LMMs to account for random effects linked with plot- 
specific effects, that is, due to the lack of independent replications 
within a single pathway of succession, as well as to address potential 
effects of pseudoreplications (which could be produced as an out-
come of our experimental design) on the results obtained. To assess 
the fixed effects related to the year of observation and historical 
disturbance type, we calculated marginal (R2

m
) and conditional (R2

c
) co-

efficients of determination. R2
m

 indicates how much of the variance 
is explained by fixed effects only, and R2

c
 indicates the amount of 

variance explained by both fixed and random effects. Therefore, the 
difference between conditional and marginal coefficients of deter-
mination provides information on the amount of variance explained 
by the random effects only. To account for nonlinear relationships 
related to the uneven ranges among response variables, data were 
scaled (divided by the standard deviation) prior to the analyses. The 
ecological significance of the results was revealed by focusing more 
on the effect sizes and directions of relationships than on the p- 
values and R2 determination coefficients (Steel et al., 2013).

3  | RESULTS

We found significant changes in the species composition of meadow 
vegetation over the years from 1995 to 2015 (Figure 1; Table 1). The 
highest compositional dissimilarities over time and between his-
torical disturbance types we found in the “C. acutiformis pathway” 
(Figure 1a). Regarding the “S. cinerea” and “C. cespitosa” pathways, 
the magnitudes of temporal shifts in species composition, as well 
as compositional dissimilarities between historical treatments, 
were lower than those observed for the “C. acutiformis pathway” 
(Figure 1b,c). Considering plots with topsoil removal and mowing in 
the “C. acutiformis pathway,” the values of functional dispersion and 
functional richness decreased significantly in the subsequent years 
of the experimental survey. At the same time, the proportions of spe-
cies with higher canopy height, seed mass, and SLA increased signifi-
cantly over time under the conditions of both historical treatments 
(Figure 1a). In the “S. cinerea pathway” and under conditions of top-
soil removal disturbance, only the functional divergence decreased 
significantly in subsequent years of the experiment. In this pathway, 
taking into account both topsoil removal and mowing disturbances, 
we found significant increases in the proportions of species of higher 
SLA and canopy heights over time (Figure 1b). Regarding the “C. 
cespitosa pathway,” the contribution of plant species with higher SLA 
and producing heavier seeds increased significantly over the experi-
mental survey period, but this increase was mostly related to plots 
representing the topsoil- disturbance type (Figure 1c).

Regarding LMMs performed for plots representing the “C. acuti-
formis pathway,” all indices of functional diversity revealed signifi-
cant decreases over time in both types of historical disturbance, 
with the most dramatic decreases reported for functional dispersion 
(with 44% of variance explained by random effects and 71% ex-
plained by both random and fixed effects) and functional divergence 
(in topsoil removal treatment; 14% of variance explained by random 
effects, and 18% explained by both random and fixed effects). The 
contribution of species with higher canopy heights, seed mass, and 
SLA increased significantly in the subsequent years of the experi-
mental survey (approximately 14, 49, and 42% of the variance was 
explained by random effects, respectively; and 37%, 81%, and 65% 
was explained by both random and fixed effects, respectively). Only 
CWMs of seed mass and SLA revealed significant differences be-
tween treatments, where topsoil removal we identified as the treat-
ment for which we observed the most pronounced increases in the 
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proportion of plants with higher values of both functional traits over 
time (Figure 2; Table 2). Considering LMMs performed for plots rep-
resenting the “S. cinerea pathway,” only functional divergence and 
functional dispersion decreased significantly over the five periods 
of the experimental survey (approximately 30 and 7% of the vari-
ance was explained by random effects, respectively; and 43% and 

25% was explained by both random and fixed effects, respectively). 
While the magnitudes of temporal shifts in functional dispersion 
were similar in both treatments, decreases in functional divergence 
differed significantly between topsoil removal and mowing. In the 
same pathway, we found significant increases in the values of all 
CWMs of the functional traits analyzed, but only the CWM of SLA 
revealed significant differences between treatments (approximately 
31% of the variance was explained by random effects; 63% was ex-
plained by both random and fixed effects), with a somewhat larger 
shift reported for topsoil removal (Figure 3; Table 3). Regarding the 
“C. cespitosa pathway” and functional diversity indices, we revealed 
no significant shifts in the subsequent years of the experiment and 
between treatments (except functional divergence, of which values 
decreased slightly over time). Regarding the LMMs performed for 
the CWMs of the functional traits, all of them revealed significant 
increases over time. While the magnitude of temporal shifts in the 
canopy height CWM (approximately 17% of the variance was ex-
plained by random effects and 50% was explained by both random 
and fixed effects) was similar in both experimental treatments, tak-
ing into account CWMs of seed mass and SLA, we observed differ-
ent patterns. Considering the seed mass CWM (approximately 27% 
of the variance was explained by random effects and 47% was ex-
plained by both random and fixed effects), we reported the greatest 
increases in this parameter under conditions of historical topsoil re-
moval, whereas the CWM of SLA (approximately 26% of the vari-
ance was explained by random effects and 44% was explained by 
both random and fixed effects) increased faster under conditions of 
historical mowing (Figure 4; Table 4).

4  | DISCUSSION

We demonstrated that functional diversity of unmanaged wet 
meadow changed considerably over time. Regarding different 
pathways of succession, we revealed different magnitudes of com-
positional shifts. At the same time, the magnitudes of changes in 
functional diversity differed significantly between two types of his-
torical disturbance and control. However, in case of some response 
variables we found relatively high amounts of variability explained 
by random factors linked with plot identity (e.g., functional richness, 
or CWM of canopy height in “C. acutiformis scenario”). Thus, inter-
pretation of the patterns revealed should be made with a caution, 

F I G U R E  1   Results of NMDS ordinations showing changes in 
the functional composition of meadow vegetation over time (black 
isolines) and between different types of historical disturbances 
regarding the “Carex acutiformis” (a), “Salix cinerea” (b), and “Carex 
cespitosa” successional scenarios (c) with passive projection (black 
arrows) of the functional diversity parameters (Table 1): FRic— 
functional richness, FDiv— functional divergence, FDis— functional 
dispersion and CWMs (community- weighted means) of plant 
functional traits: c.height— CWM of canopy height, s. mass— CWM 
of seed mass, SLA— CWM of specific leaf area. Points represent 
plots
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bearing in mind that some of the results obtained may be biased by 
effects linked with pseudoreplications generated by our specific ex-
perimental design.

Results show that topsoil removal was a treatment in which 
temporal decreases in the values of functional diversity parameters 
(functional dispersion and functional divergence) were most pro-
nounced and most rapid. Considering historical mowing, composi-
tional shifts were gentler and of moderate magnitudes in comparison 
with topsoil removal. Similar tendencies, but with a positive direction 
of change, we found for CMWs of functional traits (seed mass and 
SLA), indicating the increasing importance of competition over time. 
This corresponds with results obtained by other authors (e.g., Niu 
et al., 2016; Schnoor et al., 2015), who found an increased propor-
tion of plants producing heavier seeds and larger leaves after grazing 
or rotavation abandonment. In addition, under conditions of histori-
cal mowing, both taxonomic diversity and functional diversity were 

the highest. This can be expressed in weaker, in comparison with 
topsoil removal, rates of functional traits turnover, thus indicating 
less extended changes in the importance of habitat filtering, com-
petition, and niche partitioning in shaping the community structure.

During the initial phase of the experiment, regardless of succes-
sional pathway, differences in the Bray– Curtis dissimilarity index 
between plots representing different treatments were the greatest. 
However, in the subsequent years of the vegetation resurvey, these 
differences decreased considerably, making the vegetation devel-
oping under topsoil removal more similar to mowing treatment and 
control. On the other hand, under topsoil removal during the initial 
phase of the experiment, we found the highest values of functional 
divergence (in the “C. acutiformis” and “S. cinerea” pathways). This 
suggests that directly after this strong disturbance had stopped, 
an area could be colonized by pioneer species, which may be ex-
pressed in large differences between extreme trait values carried by 

Parameter Abbreviation NMDS1 NMDS2 R2 p

“Carex acutiformis” succession scenario

Functional richness FRic −0.783 0.621 0.487 .001

Functional divergence FDiv −0.380 −0.924 0.306 .001

Functional dispersion FDis −0.989 0.141 0.391 .001

CWM of canopy height c.height 0.533 0.845 0.168 .001

CWM of seed mass s.mass 0.914 0.403 0.663 .001

CWM of specific leaf area SLA 0.890 0.455 0.573 .001

Year — 0.991 −0.130 0.457 .001

Historical disturbance — — — 0.207 .001

“Salix cinerea” succession scenario

Functional richness FRic 0.201 −0.979 0.418 .001

Functional divergence FDiv −0.985 −0.168 0.237 .001

Functional dispersion FDis 0.087 −0.996 0.230 .001

CWM of canopy height c.height 0.847 0.530 0.144 .001

CWM of seed mass s.mass 0.645 −0.764 0.029 .122

CWM of specific leaf area SLA 0.751 0.659 0.497 .001

Year — 0.997 0.073 0.404 .001

Historical disturbance — — — 0.226 .001

“Carex cespitosa” succession scenario

Functional richness FRic 0.903 −0.428 0.143 .001

Functional divergence FDiv 0.910 −0.413 0.087 .005

Functional dispersion FDis 0.967 0.253 0.359 .001

CWM of canopy height c.height −0.951 0.307 0.479 .001

CWM of seed mass s.mass 0.269 0.963 0.145 .001

CWM of specific leaf area SLA 0.587 0.809 0.147 .001

Year — −0.195 0.980 0.381 .001

Historical disturbance — — — 0.106 .001

Note: Apart from time (presented in Figure 1 as black isolines) and historical disturbance (presented 
in Figure 1 as different colors), remaining parameters were passively fitted as vectors (arrows) to 
the results of the NMDS ordinations (Figure 1). NMDS1 and NMDS2 are coordinates of parameters 
along first and second ordination axes. Determination coefficients R2 and p- values were estimated 
using permutation tests with 999 iterations. Significant results are in bold.

TA B L E  1   Significance of vegetation 
parameters describing temporal shifts 
in species composition and functional 
diversity of plants among three 
successional scenarios
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different species. On the one hand, this may indicate high role of ran-
dom factors (linked with dispersal of propagules from surroundings) 
in shaping the colonization patterns in early successional stages, as 
well as hinting at important role for habitat filtering in shaping the 
structure of the vegetation (Tardella & Catorci, 2015; Waldén et al., 
2017). This is in line with observations provided by other authors 
(e.g., Klimkowska et al., 2010; Resch et al., 2019), who found that 
after implementation of strong disturbances, more pioneer and/
or specialized species can be promoted (Ludvíková et al., 2014; 
Schnoor et al., 2015). However, the group of pioneers can be rapidly 
replaced by plants with higher competitive abilities, characterized 
by higher SLA and seed mass CWMs (Niu et al., 2016; Waldén et al., 
2017). In our case, values of these two functional traits revealed the 
most rapid increases in terms of topsoil removal. Similar tendencies 
were reported by Tardella and Catorci (2015), who found strong de-
creases in functional diversity after meadow abandonment, which 
was driven by an increase in the relative importance of competitive 
traits (e.g., canopy height and seed mass) in shaping the structure of 
plant communities.

After 20 years of the experimental survey, plant functional 
diversity of plots representing topsoil removal or mowing treat-
ments became more similar to each other and to the control 
plots. These patterns may be evidence of functional homogeniza-
tion (Cholewińska et al., 2020; Price et al., 2020; Reinecke et al., 
2014; Sonnier et al., 2014), in our case expressed by simplification 
of plant functional diversity over time (O’Gorman et al., 2011). In 
this context, decreases in functional diversity could be linked with 
a decreasing number and abundance of specific combinations of 
functional traits carrying by different species (Mason et al., 2005). 
This may be indicated by increasing proportion of smaller number of 
more competitive plant species, with bigger aboveground biomass 

production and photosynthetic abilities, expressed, for instance, by 
temporal increases in the SLA CWM (Wright et al., 2004). Therefore, 
the observed signals of functional homogenization may be explained 
as a decreasing importance of habitat filtering and niche partitioning 
in species- poor or species- rich, but trait- rich plots, and increasing 
the role of competition in shaping the community assembly (Graham 
& Fine, 2008; Webb et al., 2002). Thus, high number of pioneer and/
or specialist species with unique combinations of functional traits 
(high trait divergence) may be replaced by low number of species 
with convergent traits. This loss of functional diversity may be ex-
pressed also by increasing functional redundancy (Sonnier et al., 
2014),which in further perspective may exert key impacts on func-
tioning of meadows, as well as alterations in ecosystem services pro-
visioning (Cholewińska et al., 2020; O’Gorman et al., 2011; van der 
Plas et al., 2016).

When comparing different pathways of succession, we observed 
the largest and fastest decreases in functional dispersion and func-
tional divergence in the “C. acutiformis pathway.” While the high-
est rate of decreases we reported for functional divergence under 
topsoil removal, in case of functional dispersion this decline was 
similar among both topsoil and mowing treatments. This provides 
evidence that plant species differing in the context of life strategies, 
of which existence in meadows may be determined by a large va-
riety of specific microhabitats, could be eliminated by highly com-
petitive species in subsequent years of the experiment. Therefore, 
the importance of niche partitioning in shaping the structure of veg-
etation could decrease, while the role of interspecific competition 
could increase over time (Rosenthal, 2010; Waldén et al., 2017). An 
explanation supporting this pattern may be a significant increase in 
the values of SLA and seed mass CWMs over time (Niu et al., 2016), 
suggesting rapid colonization by plant generalists from surrounding. 

F I G U R E  2   Visualization of linear 
mixed- effect models showing changes in 
the functional composition of meadow 
vegetation over time and between 
different types of historical disturbances 
in the “Carex acutiformis” successional 
pathway. Gray backgrounds are standard 
errors. Note that data were scaled prior to 
the analyses. Points represent plots. For 
model parameters, see Table 2
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TA B L E  2   Parameters of linear mixed- effect models showing changes in plant species functional diversity parameters (functional richness, 
divergence, and dispersion) and community- weighted means (CWMs) of plant functional traits over time, and depending on historical 
disturbance type (fixed effects), with plot number adopted as a random factor, regarding the “Carex acutiformis” successional scenario: 
SD— standard deviation; SE— standard error; t— t- statistics value; R2

m
— marginal coefficient of determination (the amount of variance explained 

by fixed effects only); R2
c
— conditional coefficient of determination (the amount of variance explained by both fixed and random effects). 

Significant results are in bold

Functional richness Random effects Variance SD Mixed model parameters — 

— Plot number 0.379 0.616 R2
m

.193

— Residuals 0.491 0.700 R2
c

.545

— Fixed effects Estimate SE t Pr(>|t|)

— (Intercept) 107.227 20.725 5.174 <.001

— Historical disturbance −0.324 0.089 −3.624 <.001

— Year −0.052 0.010 −5.081 <.001

Functional divergence Random effects Variance SD Mixed model parameters — 

— Plot number 0.044 0.209 R2
m

.144

— Residuals 0.828 0.910 R2
c

.187

— Fixed effects Estimate SE t Pr(>|t|)

— (Intercept) 97.053 21.523 4.509 <.001

— Historical disturbance −0.234 0.092 −2.521 .012

— Year −0.046 0.010 −4.364 <.001

Functional dispersion Random effects Variance SD Mixed model parameters — 

— Plot number 0.292 0.540 R2
m

.441

— Residuals 0.300 0.548 R2
c

.716

— Fixed effects Estimate SE t Pr(>|t|)

— (Intercept) 175.702 17.001 10.335 <.001

— Historical disturbance −0.379 0.073 −5.165 <.001

— Year −0.085 0.008 −10.131 <.001

CWM of canopy height Random effects Variance SD Mixed model parameters — 

— Plot number 0.240 0.490 R2
m

.141

— Residuals 0.666 0.816 R2
c

.368

— Fixed effects Estimate SE t Pr(>|t|)

— (Intercept) −99.758 21.504 −4.639 <.001

— Historical disturbance −0.032 0.092 −0.346 .730

— Year 0.054 0.010 5.060 <.001

CWM of seed mass Random effects Variance SD Mixed model parameters — 

— Plot number 0.343 0.586 R2
m

.487

— Residuals 0.205 0.452 R2
c

.808

— Fixed effects Estimate SE t Pr(>|t|)

— (Intercept) −170.003 16.133 −10.537 <.001

— Historical disturbance 0.470 0.069 6.756 <.001

— Year 0.085 0.008 10.687 <.001

CWM of SLA Random effects Variance SD Mixed model parameters — 

— Plot number 0.233 0.483 R2
m

.423

— Residuals 0.372 0.610 R2
c

.645

— Fixed effects Estimate SE t Pr(>|t|)

— (Intercept) −142.741 17.372 −8.216 <.001

— Historical disturbance 0.505 0.075 6.733 <.001

— Year 0.073 0.008 8.503 <.001
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One of example of such plant species may be C. acutiformis, which 
produces stolons with long internodes, which after three years 
of growth can reach approximately 200 meters of longevity, and 
produce over a thousand of ramets (Borkowska, 2004). This form 
of growth results in rapid, but diffuse occupation of large areas 
(Bernard, 1990). However, other authors reported the opposite ten-
dency, demonstrating that seed mass was positively correlated with 
the implementation of mowing. This may be explained by trade- offs 
connected with a larger allocation of resources used to increase 
seed mass than to investment in competitive traits under mow-
ing, thereby diminishing competitive abilities (Otsus et al., 2014). 
Regarding functional richness, decreases in values of this parameter 
over time were less pronounced, but with similar rates of decreases 
among topsoil removal and mowing treatments, which may be ad-
ditional evidence of the increased importance of the “competitive 
exclusion mechanism” in shaping the vegetation structure (Bernard- 
Verdier et al., 2012). In this context, throughout the duration of the 
experiment, the degree of occupancy of the niche space by plants 
was relatively similar, which was probably linked with high species 
and functional trait turnover (Hedberg et al., 2014). Apart from C. 
acutiformis, the functional group of so- called “competitive exclud-
ers” contained other tall graminoids or tall herbs with similarly high 
values of SLA and seed mass as C. acutiformis, as well as represent-
ing the guerrilla form of growth (Rosenthal, 2010). This strategy may 
enable fast colonization of highly disturbed habitat, dominance in 
biomass, and monopolization of the capacity for ecosystem services 
provisioning, which is in line with the “inhibition model” of succes-
sion (sensu Connel & Slatyer, 1977). This, in turn, may prevent the 
habitat from colonization by late- successional species, at the same 
time driving large losses in the diversity of meadow target species 
(Waldén et al., 2017).

The “C. cespitosa pathway” we identified as the successional 
scenario with the least pronounced shifts in functional diversity, of 
which rates of changes were similar among topsoil removal, mowing, 
and control. This provides clear evidence that despite 20 years of 
secondary succession, niche partitioning could still be an important 
mechanism in shaping community assembly regarding the C. cespi-
tosa pathway of succession (Carroll et al., 2011). The maintenance 
of a large diversity of different resource- use strategies realized by 
a large number of “competitively inferior” species could be possi-
ble because of the potentially high variety of specific microhabitats 
created by C. cespitosa. This sedge represents the phalanx form of 
growth (Brzosko, 1999), and its large and old tussocks may consti-
tute safe places for germination and growth of meadow specialists 
and pioneers. In this context, tussocks of C. cespitosa may play a role 
of nurse plants for the target meadow species. This may be achieved 
by provision of improved moisture and fertility conditions, as well as 
creation of sheltered microsites with presumably lower fluctuations 
of microclimatic conditions (Ballantyne & Pickering, 2015). Similar 
facilitating abilities were demonstrated for numerous shrub and 
tussocks species occurring, for instance, in extreme environments 
of alpine or arid zones (e.g., Navarro- Cano et al., 2019). Under such 
microhabitat conditions, target meadow species can successively re-
generate from this nonsoil seed bank deposited in the necromass 
formed by C. cespitosa (Borkowska, 2014). Similar tendencies were 
reported by Wang et al. (2019), who showed that old tussocks may 
be suitable microhabitats, where the probability of meadow species 
regeneration is high. On the other hand, the phalanx form of growth 
is characterized by ramets, which are located sufficiently close to-
gether. This, in turn, allows strong overlap of the resource depletion 
zones, but focussed on only one point in the patch (Harper, 1986). 
Therefore, remaining spaces between the tussocks of this sedge can 

F I G U R E  3   Visualization of linear 
mixed- effect models showing changes in 
the functional composition of meadow 
vegetation over time and between 
different types of historical disturbances 
in the “Salix cinerea” successional pathway. 
Gray backgrounds are standard errors. 
Note that data were scaled prior to the 
analyses. Points represent plots. For 
model parameters, see Table 3
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TA B L E  3   Parameters of linear mixed- effect models showing changes in plant species functional diversity parameters (functional 
richness, divergence, and dispersion) and community- weighted means (CWMs) of plant functional traits over time and depending on 
historical disturbance type (fixed effects), with plot number adopted as a random factor, regarding the “Salix cinerea” successional scenario: 
SD— standard deviation; SE— standard error; t— t- statistics value; R2

m
— marginal coefficient of determination (the amount of variance explained 

by fixed effects only); R2
c
— conditional coefficient of determination (the amount of variance explained by both fixed and random effects). 

Significant results are in bold

Functional richness Random effects Variance SD Mixed model parameters — 

— Plot number 0.404 0.635 R2
m

.009

— Residuals 0.700 0.836 R2
c

.372

— Fixed effects Estimate SE t Pr(>|t|)

— (Intercept) −0.152 23.476 −0.007 .995

— Historical disturbance 0.080 0.104 0.770 .443

— Year <0.001 0.011 0.078 .938

Functional divergence Random effects Variance SD Mixed model parameters — 

— Plot number 0.142 0.377 R2
m

.302

— Residuals 0.599 0.774 R2
c

.436

— Fixed effects Estimate SE t Pr(>|t|)

— (Intercept) 107.990 19.704 5.480 <.001

— Historical disturbance −0.502 0.087 −5.735 <.001

— Year −0.051 0.009 −5.274 <.001

Functional dispersion Random effects Variance SD Mixed model parameters — 

— Plot number 0.188 0.434 R2
m

.072

— Residuals 0.783 0.885 R2
c

.252

— Fixed effects Estimate SE t Pr(>|t|)

— (Intercept) 72.181 22.578 3.197 <.01

— Historical disturbance 0.148 0.097 1.522 .130

— Year −0.034 0.011 −3.062 <.01

CWM of canopy height Random effects Variance SD Mixed model parameters — 

— Plot number 0.527 0.726 R2
m

.134

— Residuals 0.439 0.663 R2
c

.606

— Fixed effects Estimate SE t Pr(>|t|)

— (Intercept) −95.685 21.729 −4.403 <.001

— Historical disturbance 0.167 0.093 1.791 .075

— Year 0.050 0.010 4.622 <.001

CWM of seed mass Random effects Variance SD Mixed model parameters — 

— Plot number 0.106 0.326 R2
m

.073

— Residuals 0.850 0.922 R2
c

.176

— Fixed effects Estimate SE t Pr(>|t|)

— (Intercept) −74.027 22.576 −3.279 <.01

— Historical disturbance −0.074 0.097 −0.763 .446

— Year 0.037 0.011 3.346 <.01

CWM of SLA Random effects Variance SD Mixed model parameters — 

— Plot number 0.340 0.583 R2
m

.311

— Residuals 0.395 0.628 R2
c

.630

— Fixed effects Estimate SE t Pr(>|t|)

— (Intercept) −110.873 19.147 −5.791 <.001

— Historical disturbance 0.515 0.082 6.246 <.001

— Year 0.056 0.009 5.941 <.001
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constitute specific “light windows,” where the resource pool can still 
be high, and competition with guerrilla species from the surround-
ings may be of lower importance (Rosenthal, 2010). This is expressed 
by lower, in comparison to the “C. acutiformis pathway,” rates of tem-
poral increases in the values of seed mass and SLA CWMs. At the 
same time, rates of these increases were relatively similar among 
treatments and control, revealing that regardless the historical dis-
turbance type implementation, colonization of these patches by 
generalists of higher competitive abilities may be limited. On the 
other hand, it is likely that, in regard to the “C. cespitosa pathway,” 
extinction debt related to target meadow species could still not be 
paid, as specialist species can still exist in unmanaged meadows due 
to the high availability of efficient regeneration places (Otsus et al., 
2014; Raatikainen et al., 2018).

Salix cinerea may play a similar nursing role for meadow target 
species as tussocks of C. cespitosa. This has been demonstrated for 
other shrub species, but occurring in more extreme environments of 
alpine or arid zones (e.g., Navarro- Cano et al., 2019). However, the 
importance of S. cinerea for the creation of safe places for the regen-
eration and growth of meadow specialists may be lower than that 
of C. cespitosa. This may be linked with a significant increase in the 
proportion of species with higher SLA values and the production of 
heavier seeds, especially in terms of topsoil removal treatment. On 
the other hand, it may be connected with the encroachment of late- 
successional species, that is, tall herbs or plants typical of forest un-
derstories (Kahmen & Poschlod, 2004). Another explanation of the 
patterns described above may be the fact that, in regard to the “S. ci-
nerea pathway,” only the functional divergence revealed pronounced 
decreases over time, with the highest rate of decrease observed for 
topsoil removal. At the same time, functional dispersion decreased 
only slightly, reaching still relatively similar values in both treatments, 
comparing to control. Therefore, more specialized plants could de-
crease significantly in number and abundance (Kotowski et al., 2013), 

while the species for which the functional differences were smaller 
(Laliberté & Legendre, 2010) did not demonstrate strong negative 
responses over time. It is likely that this group of species contained 
plants typical of seminatural meadows, but that they were more 
like meadow generalists with presumably higher competitive abili-
ties. This could prevent patches of vegetation developing under the 
canopies of S. cinerea from colonization by C. acutiformis and other 
inhibitors of succession, thereby buffering their negative impacts on 
functional diversity (Danet et al., 2018).

5  | CONCLUSIONS

Our long- term experimental survey contributed to a better under-
standing of the long- term changes in the importance of ecological 
mechanisms in shaping the structure of unmanaged wet seminat-
ural meadows in regard to different successional pathways and 
under different types of historical usage. We found that the imple-
mentation of both topsoil removal and mowing could promote the 
occurrence of both pioneer species and meadow specialists, thus 
maintaining the high importance of niche partitioning in shaping 
the community structure, especially in the “C. cespitosa pathway.” 
Therefore, the restoration of wet seminatural meadows in a scale of 
the studied region should focus more on the patches of vegetation 
that are dominated by tussock plants representing the phalanx form 
of growth or shrub (“C. cespitosa and S. cinerea pathways”), rather 
than sites where guerrilla species prevail (“C. acutiformis pathway”). 
Due to the potentially large role of nursing species, which may fa-
cilitate the maintenance and regeneration of meadow specialists, 
as well as buffer decreases in functional diversity (and thus prevent 
high niche partitioning), the potential restoration of meadows aban-
doned a long time ago may provide positive results, even regarding 
small spatial scales. Therefore, during the formulation of regional 

F I G U R E  4   Visualization of linear 
mixed- effect models showing changes in 
the functional composition of meadow 
vegetation over time and between 
different types of historical disturbances 
in the “Carex cespitosa” successional 
pathway. Gray backgrounds are standard 
errors. Note that data were scaled prior to 
the analyses. Points represent plots. For 
model parameters, see Table 4
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TA B L E  4   Parameters of linear mixed- effect models showing changes in plant species functional diversity parameters (functional richness, 
divergence, and dispersion) and community- weighted means (CWMs) of plant functional traits over time and depending on historical 
disturbance type (fixed effects), with plot number adopted as a random factor, regarding the “Carex cespitosa” successional scenario: 
SD— standard deviation; SE— standard error; t— t- statistics value; R2

m
— marginal coefficient of determination (the amount of variance explained 

by fixed effects only); R2
c
— conditional coefficient of determination (the amount of variance explained by both fixed and random effects). 

Significant results are in bold

Functional richness Random effects Variance SD Mixed model parameters — 

— Plot number 0.292 0.540 R2
m

.005

— Residuals 0.800 0.894 R2
c

.271

— Fixed effects Estimate SE t Pr(>|t|)

— (Intercept) 22.137 23.672 0.935 .351

— Historical disturbance −0.103 0.110 −0.937 .351

— Year −0.009 0.011 −0.827 .410

Functional divergence Random effects Variance SD Mixed model parameters — 

— Plot number 0.132 0.363 R2
m

.150

— Residuals 0.768 0.876 R2
c

.275

— Fixed effects Estimate SE t Pr(>|t|)

— (Intercept) 109.980 22.186 4.957 <.001

— Historical disturbance 0.086 0.103 0.839 .403

— Year −0.053 0.011 −4.825 <.001

Functional dispersion Random effects Variance SD Mixed model parameters — 

— Plot number 0.213 0.461 R2
m

.050

— Residuals 0.777 0.881 R2
c

.254

— Fixed effects Estimate SE t Pr(>|t|)

— (Intercept) −37.942 23.146 −1.639 .103

— Historical disturbance 0.205 0.104 1.969 .051

— Year 0.020 0.011 1.748 .082

CWM of canopy height Random effects Variance SD Mixed model parameters — 

— Plot number 0.354 0.595 R2
m

.173

— Residuals 0.537 0.732 R2
c

.502

— Fixed effects Estimate SE t Pr(>|t|)

— (Intercept) −90.814 21.592 −4.206 <.001

— Historical disturbance −0.341 0.094 −3.598 <.001

— Year 0.047 0.010 4.426 <.001

CWM of seed mass Random effects Variance SD Mixed model parameters — 

— Plot number 0.175 0.418 R2
m

.269

— Residuals 0.471 0.686 R2
c

.467

— Fixed effects Estimate SE t Pr(>|t|)

— (Intercept) −122.101 18.495 −6.602 <.001

— Historical disturbance 0.231 0.081 2.841 <.01

— Year 0.061 0.009 6.688 <.001

CWM of SLA Random effects Variance SD Mixed model parameters — 

— Plot number 0.086 0.293 R2
m

.260

— Residuals 0.259 0.509 R2
c

.444

— Fixed effects Estimate SE t Pr(>|t|)

— (Intercept) −85.130 13.506 −6.303 <.001

— Historical disturbance 0.174 0.059 2.941 <.01

— Year 0.043 0.006 6.401 <.001
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restoration plans of wet seminatural meadows, conserved in the 
Natura 2000 program, selecting these vegetation patches with 
implementation of a combination of mowing and topsoil removal, 
may substantially increase the probability of recovering most tar-
get species. At the same time, the application of this strategy may 
constitute a relatively fast and cost- efficient method of meadow 
ecosystem restoration.

ACKNOWLEDG MENTS
We would like to thank the students from the Ciconia Environmental 
Science Students’ Club for research assistance. The authors did not 
receive financial support from any organization for the submitted 
work. We got appropriate permissions to conduct the study in pro-
tected areas of the Białowieża National Park.

CONFLIC T OF INTERE S T
The authors declare that they have no conflicts of interest.

AUTHOR CONTRIBUTIONS
Patryk Czortek: Conceptualization (equal); Data curation (lead); 
Methodology (equal); Visualization (lead); Writing- original draft 
(lead). Lidia Borkowska: Conceptualization (equal); Investigation 
(equal); Methodology (equal); Writing- original draft (supporting). 
Marlena Lembicz: Conceptualization (equal); Investigation (equal); 
Methodology (equal); Writing- original draft (supporting).

DATA AVAIL ABILIT Y S TATEMENT
The dataset analyzed in this study is accessible on the Dryad reposi-
tory, https://doi.org/10.5061/dryad.d7wm3 7q13.

ORCID
Patryk Czortek  https://orcid.org/0000-0002-4909-8032 

R E FE R E N C E S
Ballantyne, M., & Pickering, C. M. (2015). Shrub facilitation is an import-

ant driver of alpine plant community diversity and functional com-
position. Biodiversity and Conservation, 24, 1859– 1875. https://doi.
org/10.1007/s1053 1- 015- 0910- z

Bernard, J. M. (1990). Life history and vegetative reproduction in Carex. 
Canadian Journal of Botany, 68, 1441– 1448.

Bernard- Verdier, M., Navas, M.- L., Vellend, M., Violle, C., Fayolle, A., & 
Garnier, E. (2012). Community assembly along a soil depth gradi-
ent: Contrasting patterns of plant trait convergence and divergence 
in a Mediterranean rangeland. Journal of Ecology, 100, 1422– 1433. 
https://doi.org/10.1111/1365- 2745.12003

Borkowska, L. (2004). Patterns of seedling recruitment in experimental 
gaps on mosaic vegetation of abandoned meadows. Acta Societatis 
Botanicorum Poloniae, 73, 343– 350.

Borkowska, L. (2014). A seed bank inside a clonal plant: The case of the 
sedge Carex cespitosa on an unmowed grassland. Plant Ecology, 215, 
1423– 1432. https://doi.org/10.1007/s1125 8- 014- 0399- 7

Borkowska, L. (2016). Changes in the spatial structure of vegetation 
on unmown meadowland in the Reski Range within Białowieża 
National Park. In M. Karczewska & L. Kucharski (Eds.), The non- 
forest land ecosystems of Białowieża National Park (pp. 141– 162). 
Białowieski Park Narodowy.

Brzosko, E. (1999). The life history of Carex cespitosa: Consequences for 
population dynamics and vegetation succession. Polish Botanical 
Studies, 14, 3– 51.

Busch, V., Klaus, V. H., Schäfer, D., Prati, D., Boch, S., Müller, J., Chisté, 
M., Mody, K., Blüthgen, N., Fischer, M., Hölzel, N., & Kleinebecker, 
T. (2019). Will I stay or will I go? Plant species- specific response 
and tolerance to high land- use intensity in temperate grassland 
ecosystems. Journal of Vegetation Science, 30, 674– 686. https://doi.
org/10.1111/jvs.12749

Cardinale, B. J., Duffy, J. E., Gonzalez, A., Hooper, D. U., Perrings, C., 
Venail, P., Narwani, A., Mace, G. M., Tilman, D., Wardle, D. A., 
Kinzig, A. P., Daily, G. C., Loreau, M., Grace, J. B., Larigauderie, 
A., Srivastava, D. S., & Naeem, S. (2012). Biodiversity loss and its 
impact on humanity. Nature, 486, 59– 67. https://doi.org/10.1038/
Natur e11148

Carroll, I. T., Cardinale, B. J., & Nisbet, R. M. (2011). Niche and fitness dif-
ferences relate the maintenance of diversity to ecosystem function. 
Ecology, 92, 1157– 1165. https://doi.org/10.2307/23213778

Cholewińska, O., Adamowski, W., & Jaroszewicz, B. (2020). 
Homogenization of temperate mixed deciduous forests in 
Białowieża Forest: Similar communities are becoming more similar. 
Forests, 11, 545. https://doi.org/10.3390/f1105 0545

Connel, J. H., & Slatyer, R. O. (1977). Mechanisms of succession in natural 
communities and their role in community stability and organization. 
The American Naturalist, 111(982), 1119– 1144.

Conradi, T., & Kollmann, J. (2016). Species pools and environmental sort-
ing control different aspects of plant diversity and functional trait 
composition in recovering grasslands. Journal of Ecology, 104, 1314– 
1325. https://doi.org/10.1111/1365- 2745.12617

Czortek, P., Delimat, A., Dyderski, M. K., Zięba, A., Jagodziński, A. M., 
& Jaroszewicz, B. (2018). Climate change, tourism and histor-
ical grazing influence the distribution of Carex lachenalii Schkuhr 
–  A rare arctic- alpine species in the Tatra Mts. Science of the Total 
Environment, 618, 1628– 1637. https://doi.org/10.1016/j.scito 
tenv.2017.10.001

Czortek, P., Dyderski, M. K., & Jagodziński, A. M. (2020). River regulation 
drives shifts in urban riparian vegetation over three decades. Urban 
Forestry & Urban Greening, 47, 126524. https://doi.org/10.1016/j.
ufug.2019.126524

Czortek, P., Eycott, A. E., Grytnes, J.- A., Delimat, A., Kapfer, J., & 
Jaroszewicz, B. (2018). Effects of grazing abandonment and cli-
mate change on mountain summits flora: A case study in the Tatra 
Mts. Plant Ecology, 219, 261– 276. https://doi.org/10.1007/s1125 
8- 018- 0794- 6

Czortek, P., Królak, E., Borkowska, L., & Bielecka, A. (2020). Impacts 
of soil properties and functional diversity on the performance of 
invasive plant species Solidago canadensis L. on post- agricultural 
wastelands. Science of the Total Environment, 729, 139077. https://
doi.org/10.1016/j.scito tenv.2020.139077

Czortek, P., Orczewska, A., & Dyderski, M. K. (2021). Niche differen-
tiation, competition or habitat filtering? Mechanisms explaining 
co- occurrence of plant species on wet meadows of high conser-
vation value. Journal of Vegetation Science, 32, e12983. https://doi.
org/10.1111/jvs.12983

Czortek, P., & Pielech, R. (2020). Surrounding landscape influences 
functional diversity of plant species in urban parks. Urban 
Forestry & Urban Greening, 47, 126525. https://doi.org/10.1016/j.
ufug.2019.126525

Dainese, M., Isaac, N. J. B., Powney, G. D., Bommarco, R., Öckinger, E., 
Kuussaari, M., Pöyry, J., Benton, T. G., Gabriel, D., Hodgson, J. A., 
Kunin, W. E., Lindborg, R., Sait, S. M., & Marini, L. (2016). Landscape 
simplification weakens the association between terrestrial pro-
ducer and consumer diversity in Europe. Global Change Biology, 23, 
3040– 3051. https://doi.org/10.1111/gcb.13601

https://doi.org/10.5061/dryad.d7wm37q13
https://orcid.org/0000-0002-4909-8032
https://orcid.org/0000-0002-4909-8032
https://doi.org/10.1007/s10531-015-0910-z
https://doi.org/10.1007/s10531-015-0910-z
https://doi.org/10.1111/1365-2745.12003
https://doi.org/10.1007/s11258-014-0399-7
https://doi.org/10.1111/jvs.12749
https://doi.org/10.1111/jvs.12749
https://doi.org/10.1038/Nature11148
https://doi.org/10.1038/Nature11148
https://doi.org/10.2307/23213778
https://doi.org/10.3390/f11050545
https://doi.org/10.1111/1365-2745.12617
https://doi.org/10.1016/j.scitotenv.2017.10.001
https://doi.org/10.1016/j.scitotenv.2017.10.001
https://doi.org/10.1016/j.ufug.2019.126524
https://doi.org/10.1016/j.ufug.2019.126524
https://doi.org/10.1007/s11258-018-0794-6
https://doi.org/10.1007/s11258-018-0794-6
https://doi.org/10.1016/j.scitotenv.2020.139077
https://doi.org/10.1016/j.scitotenv.2020.139077
https://doi.org/10.1111/jvs.12983
https://doi.org/10.1111/jvs.12983
https://doi.org/10.1016/j.ufug.2019.126525
https://doi.org/10.1016/j.ufug.2019.126525
https://doi.org/10.1111/gcb.13601


15044  |     CZORTEK ET al.

Danet, A., Anthelme, F., Gross, N., & Kéfi, S. (2018). Effects of indirect 
facilitation on functional diversity, dominance and niche differen-
tiation in tropical alpine communities. Journal of Vegetation Science, 
29, 835– 846. https://doi.org/10.1111/jvs.12667

Dengler, J., Janišová, M., Török, P., & Wellstein, C. (2014). Biodiversity 
of Palaearctic grasslands: A synthesis. Agriculture, Ecosystems & 
Environment, 82, 1– 14. https://doi.org/10.1016/j.agee.2013.12.015

Díaz, S., Lavorel, S., McINTYRE, S., Falczuk, V., Casanoves, F., Milchunas, 
D. G., Skarpe, C., Rusch, G., Sternberg, M., Noy- meir, I., Landsberg, 
J., Zhang, W., Clark, H., & Campbell, B. D. (2007). Plant trait re-
sponses to grazing –  A global synthesis. Global Change Biology, 12, 
1– 29. https://doi.org/10.1111/j.1365- 2486.2006.01288.x

Diekmann, M., Andres, C., Becker, T., Bennie, J., Blüml, V., Bullock, J. 
M., Culmsee, H., Fanigliulo, M., Hahn, A., Heinken, T., Leuschner, 
C., Luka, S., Meißner, J., Müller, J., Newton, A., Peppler- Lisbach, 
C., Rosenthal, G., van den Berg, L. J. L., Vergeer, P., & Wesche, K. 
(2019). Patterns of long- term vegetation change vary between 
different types of semi- natural grasslands in Western and Central 
Europe. Journal of Vegetation Science, 30, 187– 202. https://doi.
org/10.1111/jvs.12727

Doležal, J., Lanta, V., Mudrák, O., & Lepš, J. (2018). Seasonality pro-
motes grassland diversity: Interactions with mowing, fertilization 
and removal of dominant species. Journal of Ecology, 107, 203– 215. 
https://doi.org/10.1111/1365- 2745.13007

Doležal, J., Lanta, V., Mudrák, O., & Lepš, J. (2019). Seasonality promotes 
grassland diversity: Interactions with mowing, fertilization and 
removal of dominant species. Journal of Ecology, 107(1), 203– 215. 
https://doi.org/10.1111/1365- 2745.13007

Dyderski, M. K., Czapiewska, N., Zajdler, M., Tyborski, J., & Jagodziński, 
A. M. (2016). Functional diversity, succession, and human- 
mediated disturbances in raised bog vegetation. Science of the 
Total Environment, 562, 648– 657. https://doi.org/10.1016/j.scito 
tenv.2016.04.102

Edwards, K. R., & Kučera, T. (2019). Management effects on plant spe-
cies composition and ecosystem processes and services in a nutri-
ent poor wet grassland. Plant Ecology, 220, 1009– 1020. https://doi.
org/10.1007/s1125 8- 019- 00970 - 9

Engst, K., Baasch, A., Erfmeier, A., Jandt, U., May, K., Schmiede, R., & 
Bruelheide, H. (2016). Functional community ecology meets resto-
ration ecology: Assessing the restoration success of alluvial flood-
plain meadows with functional traits. Journal of Applied Ecology, 53, 
751– 764. https://doi.org/10.1111/1365- 2664.12623

Falińska, K. (1991). Plant demography in vegetation succession. In H. 
Lieth & H. A. Mooney (Eds.), Task for vegetation science (pp. 1– 210). 
Kluwer Academic Publishers.

Falińska, K. (2003) Alternative pathways of succession: Species turn-
over patterns in meadows abandoned for 30- years. Phytocoenosis 
15 (N. S.) Archivum Geobotanicum, 9, 1−104.

Graham, C. H., & Fine, P. V. A. (2008). Phylogenetic beta diver-
sity: Linking ecological and evolutionary processes across 
space in time. Ecology Letters, 11, 1265– 1277. https://doi.
org/10.1111/j.1461- 0248.2008.01256.x

Habel, J. C., Dengler, J., Janišová, M., Török, P., Wellstein, C., & Wiezik, 
M. (2013). European grassland ecosystems: Threatened hotspots of 
biodiversity. Biodiversity and Conservation, 22, 2131– 2138. https://
doi.org/10.1007/s1053 1- 013- 0537- x

Harper, J. L. (1986) Preface to “Modular organisms: Case studies of 
growth and form. Papers relating to a discussion meeting on growth 
and form in modular organisms”. Proceedings of the Royal Society B: 
Biological Sciences, 228, 111.

Hedberg, P., Kozub, Ł., & Kotowski, W. (2014). Functional diversity 
analysis helps to identify filters affecting community assembly 
after fen restoration by top- soil removal and hay transfer. Journal 
for Nature Conservation, 22, 50– 58. https://doi.org/10.1016/j.
jnc.2013.08.004

Jagodziński, A. M., Horodecki, P., Rawlik, K., & Dyderski, M. K. (2017). 
Do understorey or overstorey traits drive tree encroachment 
on a drained raised bog? Plant Biology, 19, 571– 583. https://doi.
org/10.1111/plb.12569

Kahmen, S., & Poschlod, P. (2004). Plant functional trait responses 
to grassland succession over 25 years. Journal of Vegetation 
Science, 15, 21– 32. https://doi.org/10.1111/j.1654- 1103.2004.
tb022 33.x

Kapfer, J., Hédl, R., Jurasinski, G., Kopecký, M., Schei, F. H., & Grytnes, 
J.- A. (2017). Resurveying historical vegetation data –  opportunities 
and challenges. Applied Vegetation Science, 20, 164– 171. https://
doi.org/10.1111/avsc.12269

Klimkowska, A., Kotowski, W., Van Diggelen, R., Grootjans, 
A. P., Dzierża, P., & Brzezińska, K. (2010). Vegetation re- 
development after fen meadow restoration by topsoil removal 
and hay transfer. Restoration Ecology, 18, 924– 933. https://doi.
org/10.1111/j.1526- 100X.2009.00554.x

Kotowski, W., Jabłońska, E., & Bartoszuk, H. (2013). Conservation 
management in fens: Do large tracked mowers impact functional 
plant diversity? Biological Conservation, 167, 292– 297. https://doi.
org/10.1016/j.biocon.2013.08.021

Laliberté, E., & Legendre, P. (2010). A distance- based framework for 
measuring functional diversity from multiple traits. Ecology, 91, 
299– 305. https://doi.org/10.1890/08- 2244.1

Ludvíková, V., Pavlů, V. V., Gaisler, J., Hejcman, M., & Pavlů, L. (2014). 
Long term defoliation by cattle grazing with and without tram-
pling differently affects soil penetration resistance and plant 
species composition in Agrostis capillaris grassland. Agriculture, 
Ecosystems & Environment, 197, 204– 211. https://doi.org/10.1016/j.
agee.2014.07.017

Maes, S. L., Blondeel, H., Perring, M. P., Depauw, L., Brūmelis, G., Brunet, 
J., Decocq, G., den Ouden, J., Härdtle, W., Hédl, R., Heinken, T., 
Heinrichs, S., Jaroszewicz, B., Kirby, K., Kopecký, M., Máliš, F., Wulf, 
M., & Verheyen, K. (2019). Litter quality, land- use history, and ni-
trogen deposition effects on topsoil conditions across European 
temperate deciduous forests. Forest Ecology and Management, 433, 
405– 418. https://doi.org/10.1016/j.foreco.2018.10.056

Magnano, A. L., Krug, P., Casa, V., & Quintana, R. D. (2019). Changes in 
vegetation composition and structure following livestock exclusion 
in a temperate fluvial wetland. Applied Vegetation Science, 22, 484– 
493. https://doi.org/10.1111/avsc.12453

Malhzan, E., Kwiatkowski, W., & Pierzgalski, E. (2009). Inanimate nature. 
In C. Okołów, M. Karaś, & A. Bołbot (Eds.), Białowieża National 
Park: Know it, understand it, protect it (pp. 17– 36). Białowieski Park 
Narodowy.

Mason, N. W. H., Mouillot, D., Lee, W. G., & Wilson, J. B. (2005). 
Functional richness, functional evenness and functional diver-
gence: The primary components of functional diversity. Oikos, 111, 
112– 118. https://doi.org/10.1111/j.0030- 1299.2005.13886.x

Mirek, Z., Piękoś- Mirkowa, H., Zając, A., & Zając, M. (2002). Flowering 
plants and pteriodophytes of Poland. A checklist. W. Szafer Institute 
of Botany, Polish Academy of Sciences.

Mudrák, O., Doležal, J., Vítová, A., & Lepš, J. (2019). Variation in 
plant functional traits is best explained by the species identity: 
Stability of trait- based species ranking across meadow man-
agement regimes. Functional Ecology, 33, 746– 755. https://doi.
org/10.1111/1365- 2435.13287

Nakagawa, S., & Cuthill, I. C. (2007). Effect size, confidence interval and 
statistical significance: A practical guide for biologists. Biological 
Reviews, 82, 591– 605. https://doi.org/10.1111/ j.1469- 185X. 2007. 
00027.x

Navarro- Cano, J. A., Horner, B., Goberna, M., & Verdú, M. (2019). 
Additive effects of nurse and facilitated plants on ecosystem func-
tions. Journal of Ecology, 107, 2587– 2597. https://doi.org/10.1111/ 
1365- 2745.13224

https://doi.org/10.1111/jvs.12667
https://doi.org/10.1016/j.agee.2013.12.015
https://doi.org/10.1111/j.1365-2486.2006.01288.x
https://doi.org/10.1111/jvs.12727
https://doi.org/10.1111/jvs.12727
https://doi.org/10.1111/1365-2745.13007
https://doi.org/10.1111/1365-2745.13007
https://doi.org/10.1016/j.scitotenv.2016.04.102
https://doi.org/10.1016/j.scitotenv.2016.04.102
https://doi.org/10.1007/s11258-019-00970-9
https://doi.org/10.1007/s11258-019-00970-9
https://doi.org/10.1111/1365-2664.12623
https://doi.org/10.1111/j.1461-0248.2008.01256.x
https://doi.org/10.1111/j.1461-0248.2008.01256.x
https://doi.org/10.1007/s10531-013-0537-x
https://doi.org/10.1007/s10531-013-0537-x
https://doi.org/10.1016/j.jnc.2013.08.004
https://doi.org/10.1016/j.jnc.2013.08.004
https://doi.org/10.1111/plb.12569
https://doi.org/10.1111/plb.12569
https://doi.org/10.1111/j.1654-1103.2004.tb02233.x
https://doi.org/10.1111/j.1654-1103.2004.tb02233.x
https://doi.org/10.1111/avsc.12269
https://doi.org/10.1111/avsc.12269
https://doi.org/10.1111/j.1526-100X.2009.00554.x
https://doi.org/10.1111/j.1526-100X.2009.00554.x
https://doi.org/10.1016/j.biocon.2013.08.021
https://doi.org/10.1016/j.biocon.2013.08.021
https://doi.org/10.1890/08-2244.1
https://doi.org/10.1016/j.agee.2014.07.017
https://doi.org/10.1016/j.agee.2014.07.017
https://doi.org/10.1016/j.foreco.2018.10.056
https://doi.org/10.1111/avsc.12453
https://doi.org/10.1111/j.0030-1299.2005.13886.x
https://doi.org/10.1111/1365-2435.13287
https://doi.org/10.1111/1365-2435.13287
https://doi.org/10.1111/j.1469-185X.2007.00027.x
https://doi.org/10.1111/j.1469-185X.2007.00027.x
https://doi.org/10.1111/1365-2745.13224
https://doi.org/10.1111/1365-2745.13224


     |  15045CZORTEK ET al.

Niu, K., He, J.- S., Zhang, S., & Lechowicz, M. J. (2016). Grazing increases 
functional richness but not functional divergence in Tibetan al-
pine meadow plant communities. Biodiversity and Conservation, 25, 
2441– 2452. https://doi.org/10.1007/s1053 1- 015- 0960- 2

O’Gorman, E. J., Yearsley, J. M., Crowe, T. P., Emmerson, M. C., Jacob, 
U., & Petchey, O. L. (2011). Loss of functionally unique species may 
gradually undermine ecosystems. Proceedings of the Royal Society 
B: Biological Science, 278, 1886– 1893. https://doi.org/10.5167/
uzh- 51323

Olden, J. D., Comte, L., & Giam, X. (2018). The Homogocene: A research 
prospectus for the study of biotic homogenisation. NeoBiota, 37, 
23– 36. https://doi.org/10.3897/neobi ota.37.22552

Otsus, M., Kukk, D., Kattai, K., & Sammul, M. (2014). Clonal ability, height 
and growth form explain species’ response to habitat deterioration 
in Fennoscandian wooded meadows. Plant Ecology, 215, 953– 962. 
https://doi.org/10.1007/s1125 8- 014- 0347- 6

Paź- Dyderska, S., Dyderski, M. K., Szwaczka, P., Brzezicha, M., Bigos, 
K., & Jagodziński, A. M. (2020). Leaf traits and aboveground bio-
mass variability of forest understory herbaceous plant species. 
Ecosystems, 23, 555– 569. https://doi.org/10.1007/s1002 1- 019- 
00421 - 6

Price, E. P. F., Spyreas, G., & Matthews, J. W. (2020). Biotic homogeni-
zation of wetland vegetation in the conterminous United States 
driven by Phalaris arundinacea and anthropogenic disturbance. 
Landscape Ecology, 35, 779– 792. https://doi.org/10.1007/s1098 0- 
020- 00978 - x

R Core Team. (2019). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Raatikainen, K. J., Oldén, A., Käyhkö, N., Mönkkönen, M., & Halme, P. 
(2018). Contemporary spatial and environmental factors determine 
vascular plant species richness on highly fragmented meadows in 
Central Finland. Landscape Ecology, 33, 2169– 2187. https://doi.
org/10.1007/s1098 0- 018- 0731- z

Reinecke, J., Klemm, G., & Heinken, T. (2014). Vegetation change and 
homogenization of species composition in temperate nutrient de-
ficient Scots pine forests after 45 yr. Journal of Vegetation Science, 
25(1), 113– 121. https://doi.org/10.1111/jvs.12069

Resch, M. C., Schütz, M., Graf, U., Wagenaar, R., Putten, W. H., & Risch, 
A. C. (2019). Does topsoil removal in grassland restoration bene-
fit both soil nematode and plant communities? Journal of Applied 
Ecology, 56, 1782– 1793. https://doi.org/10.1111/1365- 2664.13400

Rosenthal, G. (2010). Secondary succession in a fallow central European 
wet grassland. Flora, 205, 153– 160. https://doi.org/10.1016/j.
flora.2009.02.003

Sammul, M., Kull, T., Lanno, K., Otsus, M., Mägi, M., & Kana, S. (2008). 
Habitat preferences and distribution characteristics are indicative 
of species long- term persistence in the Estonian flora. Biodiversity 
and Conservation, 17, 3531– 3550. https://doi.org/10.1007/s1053 
1- 008- 9393- 5

Schnoor, T., Bruun, H. H., & Olsson, P. A. (2015). Soil disturbance as a 
grassland restoration measure –  Effects on plant species composi-
tion and plant functional traits. PLoS One, 10(4), e0123698. https://
doi.org/10.1371/journ al.pone.0123698

Sonnier, G., Johnson, S. E., Amatangelo, K. L., Rogers, D. A., & Waller, 
D. M. (2014). Is taxonomic homogenization linked to functional ho-
mogenization in temperate forests? Global Ecology and Biogeography, 
23(8), 894– 902. https://doi.org/10.1111/geb.12164

Steel, E. A., Kennedy, M. C., Cunningham, P. G., & Stanovick, J. S. (2013). 
Applied statistics in ecology: Common pitfalls and simple solutions. 
Ecosphere, 4, art115. https://doi.org/10.1890/ES13- 00160.1

Stöckli, V., Wipf, S., Nilsson, C., & Rixen, C. (2011). Using historical 
plant surveys to track biodiversity on mountain summits. Plant 
Ecology & Diversity, 4, 415– 425. https://doi.org/10.1080/17550 
874.2011.651504

Tardella, F. M., & Catorci, A. (2015). Context- dependent effects of aban-
donment vs. grazing on functional composition and diversity of 
sub- Mediterranean grasslands. Community Ecology, 16, 254– 266. 
https://doi.org/10.1556/168.2015.16.2.13

Thonicke, K., Billing, M., Bloh, W., Sakschewski, B., Niinemets, Ü., 
Peñuelas, J., Cornelissen, J. H. C., Onoda, Y., Bodegom, P., 
Schaepman, M. E., Schneider, F. D., & Walz, A. (2020). Simulating 
functional diversity of European natural forests along climatic 
gradients. Journal of Biogeography, 47, 1069– 1085. https://doi.
org/10.1111/jbi.13809

Tonn, B., Densing, E. M., Gabler, J., & Isselstein, J. (2019). Grazing- 
induced patchiness, not grazing intensity, drives plant diversity in 
European low- input pastures. Journal of Applied Ecology, 56, 1624– 
1636. https://doi.org/10.1111/1365- 2664.13416

Török, P., Dengler, J. (2018). Palaearctic grasslands in transition: 
Overarching patterns and future prospects. In V. R. Squires, J. 
Dengler, & H. Feng (Eds.), Grasslands of the world: Diversity, manage-
ment and conservation (pp. 15– 26). CRC Press.

van der Plas, F., Manning, P., Soliveres, S., Allan, E., Scherer- Lorenzen, 
M., Verheyen, K., Wirth, C., Zavala, M. A., Ampoorter, E., Baeten, 
L., Barbaro, L., Bauhus, J., Benavides, R., Benneter, A., Bonal, D., 
Bouriaud, O., Bruelheide, H., Bussotti, F., Carnol, M., … Fischer, 
M. (2016). Biotic homogenization can decrease landscape- scale 
forest multifunctionality. Proceedings of the National Academy of 
Sciences of the United States of America, 113, 3557– 3562. https://
doi.org/10.1073/pnas.15179 03113

Vanneste, T., Valdés, A., Verheyen, K., Perring, M. P., Bernhardt- 
Römermann, M., Andrieu, E., Brunet, J., Cousins, S. A. O., 
Deconchat, M., De Smedt, P., Diekmann, M., Ehrmann, S., Heinken, 
T., Hermy, M., Kolb, A., Lenoir, J., Liira, J., Naaf, T., Paal, T., … De 
Frenne, P. (2019). Functional trait variation of forest understorey 
plant communities across Europe. Basic and Applied Ecology, 34, 1– 
14. https://doi.org/10.1016/j.baae.2018.09.004

Velbert, F., Kleinebecker, T., Mudrák, O., Schwartze, P., & Hölzel, N. 
(2017). Time lags in functional response to management regimes 
–  Evidence from a 26- year field experiment in wet meadows. 
Journal of Vegetation Science, 28, 313– 324. https://doi.org/10.1111/
jvs.12497

Verheyen, K., Bažány, M., Chećko, E., Chudomelová, M., Closset- Kopp, 
D., Czortek, P., Decocq, G., De Frenne, P., De Keersmaeker, L., 
Enríquez García, C., Fabšičová, M., Grytnes, J.- A., Hederová, L., 
Hédl, R., Heinken, T., Schei, F. H., Horváth, S., Jaroszewicz, B., 
Jermakowicz, E., … Baeten, L. (2018). Observer and relocation er-
rors matter in resurveys of historical vegetation plots. Journal of 
Vegetation Science, 29, 812– 823. https://doi.org/10.1111/jvs.12673

Villéger, S., Mason, N. W., & Mouillot, D. (2008). New multidimen-
sional functional diversity indices for a multifaceted frame-
work in functional ecology. Ecology, 89, 2290– 2301. https://doi.
org/10.1890/07- 1206.1

Waldén, E., Öckinger, E., Winsa, M., & Lindborg, R. (2017). Effects of 
landscape composition, species pool and time on grassland spe-
cialists in restored semi- natural grasslands. Biological Conservation, 
214, 176– 183. https://doi.org/10.1016/j.biocon.2017.07.037

Wang, M., Wang, S., Wang, G., & Jiang, M. (2019). Importance of tus-
socks in supporting plant diversity in Carex schmidtii Meinsh. wet-
lands. Marine and Freshwater Research, 70, 807– 815. https://doi.
org/10.1071/MF18237

Wasserstein, R. L., & Lazar, N. A. (2016). The ASA Statement on p- Values: 
Context, process and purpose. American Statistician, 70, 129– 133. 
https://doi.org/10.1080/00031 305.2016.1154108

Webb, C. O., Ackerly, D. D., McPeek, M. A., & Donoghue, M. J. (2002). 
Phylogenies and community ecology. Annual Review of Ecology and 
Systematics, 33, 475– 505. https://doi.org/10.1146/annur ev.ecols 
ys.33.010802.150448

https://doi.org/10.1007/s10531-015-0960-2
https://doi.org/10.5167/uzh-51323
https://doi.org/10.5167/uzh-51323
https://doi.org/10.3897/neobiota.37.22552
https://doi.org/10.1007/s11258-014-0347-6
https://doi.org/10.1007/s10021-019-00421-6
https://doi.org/10.1007/s10021-019-00421-6
https://doi.org/10.1007/s10980-020-00978-x
https://doi.org/10.1007/s10980-020-00978-x
https://doi.org/10.1007/s10980-018-0731-z
https://doi.org/10.1007/s10980-018-0731-z
https://doi.org/10.1111/jvs.12069
https://doi.org/10.1111/1365-2664.13400
https://doi.org/10.1016/j.flora.2009.02.003
https://doi.org/10.1016/j.flora.2009.02.003
https://doi.org/10.1007/s10531-008-9393-5
https://doi.org/10.1007/s10531-008-9393-5
https://doi.org/10.1371/journal.pone.0123698
https://doi.org/10.1371/journal.pone.0123698
https://doi.org/10.1111/geb.12164
https://doi.org/10.1890/ES13-00160.1
https://doi.org/10.1080/17550874.2011.651504
https://doi.org/10.1080/17550874.2011.651504
https://doi.org/10.1556/168.2015.16.2.13
https://doi.org/10.1111/jbi.13809
https://doi.org/10.1111/jbi.13809
https://doi.org/10.1111/1365-2664.13416
https://doi.org/10.1073/pnas.1517903113
https://doi.org/10.1073/pnas.1517903113
https://doi.org/10.1016/j.baae.2018.09.004
https://doi.org/10.1111/jvs.12497
https://doi.org/10.1111/jvs.12497
https://doi.org/10.1111/jvs.12673
https://doi.org/10.1890/07-1206.1
https://doi.org/10.1890/07-1206.1
https://doi.org/10.1016/j.biocon.2017.07.037
https://doi.org/10.1071/MF18237
https://doi.org/10.1071/MF18237
https://doi.org/10.1080/00031305.2016.1154108
https://doi.org/10.1146/annurev.ecolsys.33.010802.150448
https://doi.org/10.1146/annurev.ecolsys.33.010802.150448


15046  |     CZORTEK ET al.

Wright, I. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, 
F., Cavender- Bares, J., Chapin, T., Cornelissen, J. H. C., Diemer, M., 
Flexas, J., Garnier, E., Groom, P. K., Gulias, J., Hikosaka, K., Lamont, 
B. B., Lee, T., Lee, W., Lusk, C., … Villar, R. (2004). The world-
wide leaf economics spectrum. Nature, 428, 821– 827. https://doi.
org/10.1038/natur e02403

Żarnowiecki, G. (2008). Związki pomiędzy pokrywą śnieżną a roślin-
nością Białowieskiego Parku Narodowego [Relationships between 
snow cover and vegetation of the Białowieza National Park]. Prace 
Geograficzne, 126(23), 67– 87.

SUPPORTING INFORMATION
Additional supporting information may be found in the online version 
of the article at the publisher’s website.

How to cite this article: Czortek, P., Borkowska, L., & Lembicz, 
M. (2021). Long- term shifts in the functional diversity of 
abandoned wet meadows: Impacts of historical disturbance 
and successional pathways. Ecology and Evolution, 11, 
15030– 15046. https://doi.org/10.1002/ece3.8186

https://doi.org/10.1038/nature02403
https://doi.org/10.1038/nature02403
https://doi.org/10.1002/ece3.8186

