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Abstract
Plant succession is a fundamental process of vegetation recovery on disturbed sites. Elucidating its mechanisms remains 
a challenge as succession is influenced by stochastic and deterministic processes related to abiotic and biotic filters. Here, 
we use a multifaceted diversity approach to reveal mechanisms of successional changes in European oak-hornbeam forests 
during the first 10 years after selective logging. As the mechanisms controlling succession may depend upon initial abiotic 
conditions and colonization potential of the surrounding vegetation, we compare changes in taxonomic, functional, and 
phylogenetic diversity between clearings connected with open habitats and those isolated inside forests. Despite fewer dis-
persal barriers and higher biomass production in connected clearings, similar mechanisms initially governed succession in 
post-logging sites. Both clearings had low taxonomic and functional diversity in the first year of succession, as evidenced 
by significant trait convergence, caused by the legacy of interactions between overstory and understory vegetation in pre-
disturbance closed-canopy forests. Colonization by short-lived and light-demanding species in the second and third years after 
logging has markedly increased the overall taxonomic and functional diversity, as evidenced by significant trait divergence. 
Connected clearings had higher functional but lower taxonomic and phylogenetic diversity than isolated clearings from 
the fourth to ten years of succession, probably due to intense competition in more productive habitats. All diversity facets 
markedly decreased in the last years due to increasing asymmetric competition from regenerating trees. The successional 
processes were largely deterministic, driven by species’ life-history strategies and biotic interactions (competition) rather 
than abiotic constraints and stochastic events.
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Introduction

Plant succession, i.e., development of vegetation after distur-
bance, is a fundamental process of community and restora-
tion ecology (Prach and Walker 2020). However, elucidating 
its mechanisms remains a challenge as succession is influ-
enced by both deterministic and stochastic processes (Krey-
ling et al. 2011; Purschke et al. 2013; Batalha et al. 2015). 
Plant succession can be controlled by abiotic environmental 
and biotic filters, such as competition and facilitation (Hus-
ton and Smith 1987; Zanini et al. 2006; Jing et al. 2015). In 
addition, stochastic processes associated with rare events of 
dispersal, colonization, and extinction can significantly alter 
the course of plant succession (Prach and Walker 2020). 
Deterministic and stochastic processes usually work simul-
taneously and produce patterns that are difficult to discern 
only from changes in species composition.
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Contrasting mechanisms acting during the succession 
can be inferred from plant strategies of co-occurring spe-
cies (Götzenberger et al. 2012; Mudrák et al. 2016). These 
can be approximated by differences in plant traits related to 
dispersal, growth, and resource acquisition (Hedwall and 
Brunet 2016). The significance of deterministic processes, 
such as environmental filtering and biotic interactions, can 
be assessed by comparing the trait structure of target com-
munities with random assemblies that could potentially be 
generated from the local species pool by stochastic processes 
(Mason et al. 2011). Strong environmental filters often create 
communities where species are more similar to each other 
than expected by chance (Mayfield and Levine 2010). Early 
successional stages often face harsh environmental condi-
tions that tend to select similar species that have converged 
in their ability to reach a new site and exploit its limited 
resources (Dolezal et al. 2008). In contrast, less environ-
mentally demanding later succession phases select plants 
with different spatiotemporal niches (divergent strategies in 
resource acquisition and use) to avoid intense competition in 
more productive habitats (MacArthur and Levins 1967; Gal-
land et al. 2019; Backhaus et al. 2021; de Bello et al. 2021).

Changes in trait dispersion patterns during succession, 
from convergence to divergence, can, therefore, reveal 
contrasting assembly mechanisms (equalizing versus stabi-
lizing ones, Chesson 2000). However, care must be taken 
when inferring community assembly rules because different 
processes may produce the  same trait dispersion patterns 
(Weiher and Keddy 1995). For instance, besides environ-
mental filtering, intense asymmetric competition for light 
in later-successional communities leads to trait convergence 
(Mayfield and Levine 2010; Joner et al. 2012), while facilita-
tion in harsh conditions can lead to trait divergence (Beltrán 
et al. 2012; Dolezal et al. 2019). Additional caution should 
be taken when assembly mechanisms are derived using a 
comparative (chronosequence) space-for-time substitution 
approach (Feldpausch et al. 2007; Johnson and Miyanishi 
2008), or a few snapshots separated by long time intervals 
(Hédl et al. 2010; Kapfer et al. 2017). In that case, there 
is usually no information about underlying site-specific 
conditions or compositional changes ongoing in between 
snapshots.

The pitfalls associated with using chronosequence or 
snapshot data to derive assembly processes from trait dis-
persion  patterns can be overcome in long-term successional 
studies using permanent monitoring plots within the frame-
work of manipulative experiments that are designed to deter-
mine the effects of different conditions for vegetation devel-
opment (Vild et al. 2013; Hédl and Chudomelová 2020). 
Studies  combining experimental manipulation with annu-
ally resolved observations on taxonomic and trait compo-
sition are especially useful when successional turnover is 
rapid, such as secondary post-fire or post-logging forest 

succession in temperate climates (Meiners et  al. 2015; 
Lanta et al. 2019; Kozel et al. 2021). In such conditions, 
where most resources and diaspores are readily available, 
environmental filtering can control succession only briefly, 
as short-lived pioneer species (e.g., annuals and biennials) 
are soon replaced by perennial herbs (Lanta et al. 2019), and 
this would be reflected in a rapid shift from trait convergence 
to trait divergence. However, the fast recovery of shrubs and 
trees can cause intense asymmetric  competition for light 
that result in trait convergence again.

Annually resolved species abundance and trait dispersion 
data can, therefore, provide relatively precise information 
on the onset, duration, and extant of particular community 
assembly mechanisms during succession (Li et al. 2016). 
Yet it may remain unclear which traits are more influential 
and whether trait variation or the predominance of certain 
traits indicate contrasting assembly processes. Given these 
uncertainties, the trait dispersion patterns are better inter-
preted when combined with abundance-weighted mean trait 
values (de Bello et al. 2016; Götzenberger et al. 2016). For 
instance, strong environmental filtering related to drought 
and cold often forces all co-occurring species to converge to 
small stature with little size variation, while competition by 
tall dominants may increase both the trait mean and disper-
sion. Asymmetric competition can, however, increase the 
trait averages while reducing the variance as only tall spe-
cies survive.

Finally, different traits may indicate different processes 
(Götzenberger et al. 2012; de Bello et al. 2021). Most studies 
focus on aboveground traits, such as plant height and leaf 
attributes that can best reflect competition for light. This may 
work in a productive environment where light is the most 
limiting factor (Mudrák et al. 2016). In less productive drier 
or colder places, belowground traits related to endurance, 
water and nutrient acquisition may better indicate contrast-
ing assembly rules (Dolezal et al. 2019). In addition to meas-
urable plant traits, the phylogenetic structure of successional 
communities can shade more light on assembly mechanisms 
(Webb et al. 2002; de Bello et al. 2017). Phylogenetic struc-
ture can capture adaptations that are not covered by meas-
ured plant traits, often those that have high phylogenetic 
conservatism reflecting a common evolutionary history of 
biotic interactions between closely related plants and their 
symbionts, herbivores, or pathogens (Craven et al. 2018). 
Early successional communities often consist of closely 
related taxa with good dispersal or nitrogen-fixing ability 
(e.g., Asteraceae or Fabaceae), while more phylogenetically 
diverse communities develop under more benign conditions 
of later-successional stages.

Here, we study which community assembly processes 
determine succession within the first 10 years in Central 
European species-rich oak-hornbeam forests, by compar-
ing spatiotemporal changes in taxonomic, functional and 
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phylogenetic diversity in contrasting forest clearings that 
differ in connectivity to open habitats. Because the mecha-
nisms governing succession may depend to a large extent 
on the initial abiotic conditions, dispersal barriers, and 
colonization potential of the surrounding vegetation, we 
studied succession in connected and isolated clearings. 
Since connected clearings were opened to the forest edge 
and river corridors, we expected a more dynamic succes-
sion due to fewer dispersal barriers and higher biomass 
production leading to more intense competition and faster 
species turnover. In contrast, on isolated clearings located 
in enclosed forests, less dynamic successional changes 
were assumed due to more conservative conditions.

Specifically, we expected (1) the community assembly 
mechanisms on connected clearings to be initially less 
deterministic than on isolated clearings due to higher 
propagule pressure and more heterogeneous abiotic con-
ditions, (2) stronger environmental filtering on isolated 
clearings with limited colonization and growth resulting in 
functional convergence, (3) greater functional divergence 
in connected clearings due to enhanced colonization and 
niche differentiation in a more productive and competi-
tive environment, especially in mid-successional stages, 
(4) a clear trend towards functional and phylogenetic con-
vergence between understory plants in later-successional 
stages due to increasing (asymmetric) competition for light 
from regenerating trees.

Materials and methods

Study area and management history

The experimental study was conducted in the canyon of Dyje 
river in Podyjí National Park (South Moravia, Czech Repub-
lic; 300 m a.s.l., 48°50′56″N, 15°53′13″E), which covers an 
area of 63  km2. Until the middle of the twentieth century, 
most of the area was managed as coppiced oak-hornbeam 
forests or wood pastures. This prevented the canopy from 
closing completely and created open forests with numerous 
mature trees. Traditional management has been abandoned 
over the last century, and forest canopy has been gradually 
closing and structurally homogenized due to secondary suc-
cession. The open forests became fragmented; today, they 
remained at the upper edge of the canyon.

Experimental design and data collection

Six pairs of clearings (~ 40 × 40 m) were created at six sites 
of the park core zone on the lower slopes of the Dyje river 
canyon (Fig. 1) in February 2011 (four pairs) and Febru-
ary 2012 (two pairs). Because there was another year of 
origin of the clearings, we refer to the “age of the clearing” 
in the following analyses and results. Several mature trees 
were left standing in the clearings to create conditions remi-
niscent of open forests (or coppice-with-standards woods). 
The original motivation for the introduction of openings in 

Fig. 1  Geographical distribu-
tion of the six study sites (HDN, 
HDG, GLS, GLN, HLB, and 
LPN). Location of Podyjí 
National park is shown in a 
smaller chart. ‚CZ ‘ and ‚A ‘ 
refer to Czech Republic and 
Austria, respectively
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closed forests was the support of populations of endangered 
fauna and flora (e.g., critically endangered butterfly, Apollo 
Parnassius mnemosyne), the distribution of which is closely 
linked to the expansion of open stands.

One clearing of each pair was always connected to the 
alluvial meadow and adjacent forest edge (hereafter referred 
to as connected clearing) while the other was isolated from 
the meadow by at least a 20 m wide strip of dense forest 
(isolated clearing; Fig. 2). Vegetation data were collected 
every year from 2011 through 2012, 2013, 2014, 2015, 2016, 
2018, and 2020 at the peak of the growing season in June. 
The cover of each plant species was visually estimated in 
4–5 permanent plots 2 × 2 m in each 40 × 40 m clearing (see 
the list of recorded species in Table S1). In total, there were 
50 permanent plots in both types of clearings. To study suc-
cession over years (Fig. 2), we kept a balanced design by 
combining data from 2018 (7 and 8-year-old clearings) and 
2020 (9–10-year-old clearings).

Data analysis

To identify ecological differences between connected and 
isolated clearings, we retrieved Ellenberg’s indicator val-
ues (EIV; Ellenberg et al. 1992) of species affinity to light 
conditions, soil nutrients, moisture, and temperature. Six 
plant traits related to growth, resource acquisition, and seed 
dispersion (i.e., plant height [in m], specific leaf area [SLA 
(leaf area in  mm2/leaf mass in mg)], leaf dry matter content 

[LDMC (100 × dry mass of leaf in mg/saturated mass of leaf 
in mg), seed weight [mg], terminal velocity [m/s2], and veg-
etative propagation (lateral spread in cm/year)] were selected 
to study the mechanisms that govern succession. The height 
of woody species was directly measured in the field every 
year while other traits were taken from databases (Kleyer 
et al. 2008; Klimešová et al. 2017).

We first calculated community-weighted EIV means 
(weighed by species percent cover in the community). Sec-
ond, the community-weighted trait means (CWM; weighted 
by species percent cover in the community) for each plot 
were calculated separately for herb and woody plants. Func-
tional diversity and phylogenetic diversity were calculated 
using mean pairwise dissimilarity (MPD; unrelated to spe-
cies richness; de Bello et al. 2016). The MPD was used to 
calculate functional diversity in terms of the abundance-
weighted mean of all pairwise (Gower’s) functional dis-
tances between community members, separately for com-
munities of herb and woody species.

Whether the trait dispersion pattern is significantly diver-
gent or convergent was tested by comparing the observed 
MPD with that of theoretical random communities. Signifi-
cant trait divergence (higher MPD than expected by chance) 
refers to situations where coexisting species are more func-
tionally dissimilar than expected at random, while conver-
gence (lower MPD than expected by chance) refers to the 
situation when species are more similar than expected by 
chance. We built null models in which data randomization 

Fig. 2  a Connected clearing 
was opened to alluvial meadow 
and forest edge while isolated 
clearing was located inside the 
closed-canopy forest. Several 
retention trees were left within 
clearings. An example of the 
newly created clearing at the 
beginning of the experiment 
(b), after 5 years (c), and 10 
years of succession (d)
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was performed within (1) each clearing by randomly assign-
ing the species occurring in the clearing to the plots of that 
clearing, and (2) within the year. The number of species in 
the plot area of   2 × 2 m was maintained the same as in the 
field observation. In this respect, we computed the stand-
ardized effect size of functional traits (SES) for each plot 
as (MPDobs—MPDsim)/SDsim. The term MPDobs refers 
to the observed value of the MPD, MPDsim is the mean of 
the expected MPD and SDsim is the expected MPD stand-
ard deviation. The SES values reach zero when the null 
hypothesis is valid. Positive SES values indicate higher 
observed values than expected (“functional divergence”), 
while negative values indicate lower observed values than 
expected (“functional convergence”), and values close to 
zero mean random assembly pattern (Fig. 3; de Bello et al. 
2016). Significant deviations of SES and SES PD values 
from zero were tested using a one-sample t test for each 
combination of clearing type and age. Additionally, we cal-
culated phylogenetic diversity (PD) based on the dated ultra-
metric supertree of the European plant species “Daphne” 
(Durka and Michalski 2012), and for calculation, we used 
the abundance-weighted mean pairwise dissimilarity of all 
paired phylogenetic distances (MPD) between community 
members. The pairwise distances were calculated as cophe-
netic distances. The same approach (null model and rand-
omization) described for FD was used to detect divergence/
convergence in PD. The standardized effect size of phyloge-
netic diversity (SES PD) was then computed for each plot. 
Calculations of functional indices and dissimilarities were 
performed using R packages ‘FD,’ ‘picante,’ and ‘ape’ (R 
core team 2022).

The effects of two clearing types, age, and their interac-
tion on changes in species richness, EIV, CWM, SES, SES 
PD values and overall functional diversity (by Villéger et al. 
2008), and phylogenetic diversity (MPD) were tested using 
Linear Mixed-Effects Models (LMM; R package ‘nlme’) 
with random effects (plot nested in site) to control for spa-
tial heterogeneity and repeated measures scheme (repeated 
observations of individual plots). To visualize the linear 
(increase, decrease) and polynomial successional changes 
(quadratic or cubic term turning a linear regression into a 

curve) of one ‘hump’ (quadratic; a U or inverted U shape) 
or two ‘humps’ (cubic; one facing upward and the other 
down) in individual clearing types (connected vs. isolated), 
Generalized Additive Models (GAM) were run (R package 
‘mgcv’; R core team 2022). Prior to the LMM analysis, the 
patterns in residuals were visually inspected in GAM plots 
and the scatter plots of residuals (Y axis) on the predictor 
(X axis—successional age). When the scatter plot showed 
patches of positive residuals in the center, but patches of 
negative residuals at either end (or vice versa), curved pol-
ynomial (quadratic or cubic) fit was applied in the LLM 
analysis (Fan and Gijbels 2013).

Results

Ecological conditions differed between connected and iso-
lated clearings (Fig. 4). Connected clearings had higher soil 
nutrients and moisture, but lower temperatures than isolated 
clearings and no difference was found for light conditions. 
The richness and total cover of understory herb species 
showed a hump-shaped pattern over the 10 years of second-
ary succession in both clearing types (Fig. 5). There was an 
increase in richness and cover in the first 2 years, culmina-
tion in 3–4 years, and decrease in later years. In isolated 
clearings, herb species richness was higher and total cover 
was lower when compared to connected clearings (Table 1). 
The number of woody species was in general higher in 
isolated clearings (Table 1). Cover of woody species was 
low (below 20%) in the first four years but then markedly 
increased in both clearing types (Table 1). (Fig. 5). Func-
tional diversity showed a hump-shaped pattern only in con-
nected clearings and phylogenetic diversity fluctuated over 
succession similarly in both clearing types (Fig. 5).

The general trait dispersion pattern for herb species was 
convergent in the first year of succession, divergent between 
2 and 6 years, and convergent again between 7 and 10 years. 
Not only trait dispersion (Fig.  6) but also community-
weighted means (CWM) showed hump-shaped successional 
pattern (Fig. 7). In this respect, lower CWM was associ-
ated with convergent dispersion, while higher CWM was 

Fig. 3  Possible outcomes of 
the analyses concerning the 
magnitude of deviation between 
observed dissimilarity and gen-
erated values from null models. 
Error bars represent range of 
sample values (0.95% confi-
dence intervals) on the Age/
SES plot: functional divergence, 
functional convergence, and 
shift from random pattern to 
functional divergence
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associated with divergent dispersion. However, there were 
some trait- and habitat-specific deviations from this general 
pattern (Figs. 6, 7).

The first year of succession displayed convergent patterns 
for most of the traits. Height, SLA, and seed weight were 
significantly more similar among coexisting herbs than ran-
dom expectation (Table 1), regardless of the clearing type. 
The pattern of convergence in the first year of succession 
corresponded with the lowest mean trait values. Hence, the 
plants occurring on clearings the first year were on average 
shorter, with lower LDMC and seed weight, higher terminal 
velocity, and limited lateral spread (reduced clonality typical 
for short-lived taxa), and this pattern was common to most 
co-occurring species (not only dominants) as evidenced by 
their significant trait convergence. Unlike other traits, SLA 
in connected clearings was initially divergent with high 
mean values but convergent with low mean values in later 
years. In isolated clearings, SLA had a random dispersion 
pattern and more or less constant mean values over time.

Most of the traits among co-occurring herbs tended to 
diverge between the 2nd and 6th years. LDMC in both clear-
ing types and lateral spread in connected clearings showed 
significant mid-succession divergence (Table 2, Fig. 6). 
While LDMC dispersion decreased with succession, mean 
LDMC values increased, the pattern driven by few late-
successional dominants that increase community mean 
but reduce its variance. Most of the traits also tended to 
converge between the 7th and 10th years. Plant height and 
terminal velocity showed significant convergence in isolated 
clearings for the last year of observation (Table 2, Fig. 6).

For woody species, LDMC and lateral spread displayed 
the same hump-shaped dispersion pattern over the 10 years 
of succession as seen among herb species, from initial con-
vergence to mid-succession divergence and late-succession 

convergence (Fig. S1). The opposite trend was found for 
woody species’ plant height, being significantly divergent 
after 4th year and in the last year, with a convergent pattern 
in between. In both herb and woody species, SLA was ini-
tially divergent but converged over time (significant in the 
last year). Seed weight did not show a clear trait dispersion 
pattern in herb and woody species, even though the mean 
seed weight decreased across succession. The lateral spread 
was significantly divergent in mid-succession in connected 
clearings for both herb and woody species (Tables 1, 2, Fig. 
S1). In isolated clearings, the lateral spread was significantly 
convergent in the early and later stages.

The phylogenetic structure among coexisting herb species 
was significantly divergent in both clearing types (Fig. 6), 
with higher phylogenetic diversity in isolated than connected 
clearings. There was only a temporary decline in phylo-
genetic diversity in the early stages (2nd and 3rd years), 
indicating that pioneer assemblages were composed of 
phylogenetically more similar species compared to random 
expectation (Fig. 6). Phylogenetic diversity was obviously 
much lower among woody species than among herbs (Fig. 6, 
Fig. S1). Phylogenetic structure tended to diverge over time 
(Fig. 6) among herbs colonizing connected clearings and to 
converge among woody species, especially within isolated 
clearings (Fig. S1).

Discussion

Our study examines the importance of contrasting commu-
nity assembly rules based on the phylogenetic and functional 
structure of plant communities in connected and isolated 
clearings during the first 10 years of forest succession in 
Central European species-rich oak-hornbeam woodlands. 

Fig. 4  Ecological characteristics of connected and isolated clear-
ings, calculated as Ellenbergs’ indicator values (EIV) for nutrients, 
moisture, and temperature. Asterisks indicate significant differences 

between connected and isolated clearings (Liner Mixed-Effects Mod-
els; ***P < 0.001, *P < 0.05). Lines from GAM fit highlight the suc-
cessional trends
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Using a null model to distinguish between deterministic 
and stochastic processes, we have shown that the succes-
sion was largely a deterministic process controlled by biotic 
interactions rather than abiotic filtering (Purschke et al. 
2013; Chang and HilleRisLambers 2019). We documented 
convergent development in the first year of succession 
reflecting the legacy of pre-disturbance forest conditions, 
random or divergent pattern between 2 and 6 years due to 
colonization by functionally dissimilar taxa, and again, 
the convergent development between 7 and 10 years due 
to asymmetric competition from regenerating tree layer. 
Biotic interactions generated both convergent and divergent 
patterns depending on the intensity and asymmetry of com-
petition (mostly for light). Therefore, we do not confirm the 
expected unidirectional shift from convergence to divergence 
due to the change from abiotic filtering to biotic interac-
tions (e.g., Backhaus et al. 2021). The last successional stage 
returned to trait convergence due to intensifying asymmetric 
competition for light from regenerating trees. This led to a 

decreasing taxonomic, functional, and phylogenetic diversity 
of the plant communities.

Initial years of post‑logging succession

Convergent trait patterns in the first year of succession 
reflect the prevailing adaptations of typical forest understory 
species that remained in the newly created clearing from the 
original oak-hornbeam forests (Lanta et al. 2019). In both 
connected and isolated clearings, the plants were in overall 
shorter, with lower LDMC and limited clonal spread than 
expected by chance. The trait convergence observed in the 
first year of succession is, thus, determined by low light 
availability within the original forests (Vild et al. 2013) 
rather than by environmental filters on newly formed clear-
ings represented by increased insolation, reduced humidity, 
or increased mineralization (Hédl et al. 2010; Verheyen et al. 
2012). Therefore, functionally similar but phylogenetically 
diverse species adapted to closed-canopy conditions (shady 

Fig. 5  Successional changes 
in species richness and percent 
cover of herb or woody species, 
and successional changes in 
functional, and phylogenetic 
diversities (herbs combined 
with woody species). Pat-
terns are presented separately 
for connected (blue circles) 
and isolated clearings (orange 
circles). Means (circles) and 
confidence intervals (error bars) 
are shown. Asterisks indicate 
significant differences between 
connected and isolated clearings 
(Liner Mixed-Effects Models; 
*P < 0.05). Lines from GAM 
fit highlight the successional 
trends. (Color figure online)
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and wet) predominate in the initial clearing communities, 
while the second and third-year communities are function-
ally more diverse mixtures of both original shade-tolerant 
taxa and newly occurring light-demanding pioneers, coloniz-
ing clearings. However, because most colonizing pioneers 
are recruited from only a few plant families (Asteraceae, 
Poaceae, Cyperaceae), the second and third-year communi-
ties have much lower phylogenetic diversity than the first-
year communities.

Our expectation that the community assembly rules in the 
second and third year of succession will be less determinis-
tic in connected than isolated clearings due to higher prop-
agule pressure from the surrounding open landscape has not 
been fully supported by our data. We did not find stronger 
environmental filtering leading to functional convergence in 
isolated than connected clearings due to colonization bar-
riers. In both connected and isolated clearings, coloniza-
tion by short-lived herbs has shifted trait dispersion patterns 
from convergent to random or divergent as evidenced by 
increasing community mean and variance in plant height, 
SLA, and terminal velocity and decreasing seed weight 
(see also Batalha et al. 2015; Galland et al. 2019; Backhaus 
et al. 2021). The trait dispersion patterns in the second and 
third years are largely similar in both types of clearings, 
suggesting that colonization processes are similar regardless 
of location in the forest. However, because the colonizing 
pioneers are more phylogenetically similar in connected than 
isolated clearings, the isolated clearings have significantly 
higher phylogenetic diversity in the second and third years 
after logging.

Intermediate stages of post‑logging succession

Our expectation that connected clearings will show greater 
functional divergence than isolated clearings, due to a 
higher level of colonization but also stronger competition, 
has gained support in the mid-successional stages between 
4 and 6 years. Rapid colonization of connected clearings by 
clonal species at the expense of short-lived pioneers led to 
a more significant increase in phylogenetic and functional 
diversity compared to isolated clearings. It is known that 
the early stages of forest succession have more nutrients 
available through increased irradiation of the soil surface 
and consequent increased microbial activity and nitrogen 
mineralization (Binkley 1984; Verheyen et al. 2012). Such 
conditions stimulate the spread of light- and N-demanding 
short-lived pioneers as well as perennial taxa with greater 
dispersal and competitive abilities, such as grasses (Lanta 
et al. 2020). Bergholm et al. (2015) documented that the 
flash of N-demanding pioneer species does not last long (up 
to 5 years) because the period of increased nitrogen avail-
ability occurs immediately after the canopy is opened. This 
was seen in the connected clearings between the 2nd and 4th 
years. Clonal grasses, forbs, and shrubs from nearby alluvial 
meadows and forest edges soon accompany short-lived non-
clonal pioneers to increase overall taxonomic, functional, 
and phylogenetic diversity in connected clearings.

The trait divergence observed between 3 and 6 years indi-
cates niche differentiation (Mayfield and Levine 2010), with 
species coexisting rather than competing (Weiher and Keddy 
1995; Mudrák et al. 2016). The limited niche overlap cor-
responds to the highest species diversity recorded in 10 years 
after logging. Higher functional diversity is associated with 
contrasting resource use strategies between co-occurring 

Table 1  Results of linear mixed 
effect models for number of 
species, total plant cover, 
standardized effect sizes (SES) 
of plant traits and standard 
effect sizes of phylogenetic 
diversity (SES PD), calculated 
separately for herb or woody 
species

Plot nested in site was random component of the model. CL refers to comparison between isolated and con-
nected clearings; Age–age of clearing. * P < 0.05, ** P < 0.01, *** P < 0.001. (+) or (−) is a sign of coeffi-
cient and refers to increase or decrease across years, or to higher (lower) values in isolated CL compared to 
connected CL. Upper index (1, 2 or 3) refers to linear, quadratic, or cubic term, integrated to fit the model. 
Upper index on the first position depicts the term for model on herb species, while the index on the second 
position depicts the term for model on woody species

Herb species Woody species

CL Age CL × Age CL Age CL × Age

F value F value F value F value F value F value
Number of  species3,2 5.25*(+) 69.01*** (−) 3.23* (+) 3.71* (+) 6.19* (+) 0.19
Cover2,1 6.98* (−) 1.04 2.17 1.96 461.4*** (+) 0.00
SES plant  height2,3 0.01 19.36*** (+) 0.15 0.28 9.77** (+) 0.02
SES  SLA1,1 0.14 5.14* ( −) 1.76 0.03 21.62*** (−) 0.54
SES  LDMC2,2 0.19 1.42 5.22* (+) 0.55 5.36* (−) 8.19** (+)
SES seed  weight1,2 0.76 6.84** (+) 0.30 1.20 5.27* (−) 0.33
SES terminal  velocity3,2 0.08 0.09 0.17 0.36 2.95 0.48
SES lateral  spread2,2 4.57* (−) 2.85* (+) 4.68* (−) 3.96* (−) 1.50 0.38
SES  PD1,1 3.30 16.40*** (+) 0.74 0.72 4.70* (−) 0.30
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species in both above- and belowground, as evidenced by 
significant divergence in the LDMC and lateral spread 
(clonal growth strategies). Diversity in carbon gain strategies 

(leaf thickness), and soil nutrient and water acquisition by 
various roots and rhizomes, thus, allows the coexistence of a 
large number of taxa. However, functional divergence in the 

Fig. 6  Changes in trait disper-
sion (standardized effect sizes, 
SES) and phylogenetic diversity 
(standartized effect sizes of PD, 
SES PD) during succession, cal-
culated for herb species. Error 
bars (0.95 confidence intervals) 
are displayed for every year and 
separately for connected (blue) 
and isolated (orange) clear-
ings. Stars indicate significant 
deviation from zero based on 
one-sample t test; if significant, 
the position of error bars below 
zero line indicates convergence 
in a plant trait, SES or SES PD, 
while the position above the 
zero line indicates divergence. 
Lines from GAM fit highlight 
the successional trends. Note 
that the successional trends in 
connected or isolated clear-
ings differed in SES for lateral 
spread and SES for LDMC. 
(Color figure online)
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Fig. 7  Changes in community-
weighted trait means (CWM) 
during succession, calculated 
for herb species. Error bars 
(0.95 confidence intervals) are 
displayed for every year and 
separately for connected (blue) 
and isolated (orange) clearings. 
Lines from GAM fit highlight 
the successional trends. Note 
that the successional trends in 
connected or isolated clear-
ings differed in CWM for SLA, 
CWM for LDMC, and CWM 
for lateral spread

Table 2  Results of linear 
mixed-effects models for 
community-weighted trait 
means (CWM), of herb and 
woody species

CL refers to comparison between isolated and connected clearings
*P < 0.05, ** P < 0.01, *** P < 0.001.  (+) and (−) is a sign of coefficient and refer to increase or decrease 
across years, or to higher or lower values in isolated CL than in connected CL. Upper index (1 or 2) refers 
to linear or quadratic terms used to fit the model. Upper index on the first position depicts the term for 
model on herb species, while the index on the second position depicts the term for model on woody species

Herb species Woody species

CL Age CL × Age CL Age CL × Age

F value F value F value F value F value F value

CWM plant  height2,1 3.30* (−) 9.76** (+) 0.34 3.54 3739.9*** (+) 1.40
CWM  SLA1,2 0.94 18.32*** (−) 5.97* (+) 3.10 3.34* (+) 0.92
CWM  LDMC1,1 0.01 72.61*** (+) 7.50** (−) 1.50 16.93*** (+) 0.00
CWM seed  weight1,1 0.06 2.20 1.47 0.95 47.84*** (−) 0.05
CWM terminal  vel2,2 0.84 2.76 0.01 1.06 0.38 0.73
CWM lateral  spread2,2 5.22* (−) 5.19** (+) 7.32** (−) 0.01 6.58* (+) 0.06
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mid-successional stages may have been primarily associated 
with relatively high microhabitat variability (see also Kep-
pel et al. 2017). Shrubs and trees resprouting from stumps, 
mixed with grasslands, anthills, and soil cavities support 
various plants that differ in ecological niches (Uotila and 
Kouki 2005). In addition, scarification of the soil surface 
caused by logging and a consequent decrease in moss cover 
is also reported to be beneficial for seed germination of early 
successional species of the ability to maintain long-term per-
sistent soil seed banks (Pykälä 2004).

Later stages of post‑logging succession

Our expectation that connected clearings will have a lower 
richness of coexisting species than isolated clearings due 
to higher overall productivity and more intense competi-
tion (Lepš 2014; Craven et al. 2018), has received support 
from the middle to late-successional stages between 3 and 
10 years (see also Li et al. 2016). The importance of com-
petition as the main assembly mechanism is indicated by the 
significant divergence of clonal growth strategies in con-
nected but not in isolated clearings, together with higher pro-
ductivity and lower taxonomic and phylogenetic diversity. 
Similar to the findings of other studies (Bartha et al. 2008; 
Galland et al. 2019), rather species with different ecological 
strategies may survive interspecific competition in produc-
tive habitats (Mudrák et al. 2016; Doležal et al. 2019), which 
maximizes divergence in traits but also reduces the number 
of coexisting species. However, when competition becomes 
intense and asymmetric, overall taxonomic, functional, and 
phylogenetic diversity may decline (Mayfield and Levine 
2010; Loiola et al. 2018; Galland et al. 2019), as it was docu-
mented on isolated and connected clearings between 6 and 
10 years of succession. In the last three years of observation, 
broadleaf tree species (especially common hornbeam Carpi-
nus betulus and field maple Acer campestre) have dominated 
(Vild et al. 2013; Hédl and Chudomelová 2020). Their dense 
thickets with low light levels reduce the species richness of 
undergrowth herbs to the lowest levels, recorded during the 
10 years of succession. Due to the impoverishment of spe-
cies and phylogenetic richness, there is trait convergence in 
plant height and seed dispersal among remaining understory 
herbs, as well as a convergence in SLA and clonal propaga-
tion in woody species.

Conclusions

We studied community assembly mechanisms driving 
temperate forest succession after logging by comparing 
spatiotemporal changes in taxonomic, functional, and phy-
logenetic diversity between connected and isolated clear-
ings. Non-random assembly mechanisms were driving 

the compositional changes in both connected and isolated 
clearings. Although they initially differed in dispersal bar-
riers, colonization potential, biomass production, and suc-
cessional rate, both were driven by similar mechanisms. 
Unlike other studies, trait convergence observed in the first 
year of succession was not the result of abiotic filtering on 
new clearings, but of the legacy of pre-disturbance forest 
and biotic interactions between canopy trees and understory 
herbs  adapted to deep shade and moist soils. Colonization 
by short-lived forbs and light-demanding graminoids in the 
second and third years after logging has shifted trait dis-
persion patterns from convergent to random or divergent, 
and massively increased overall taxonomic, functional, and 
phylogenetic diversity. Connected clearings had higher func-
tional but lower taxonomic and phylogenetic diversity than 
isolated clearings in the middle to late-successional stages 
because of more intense competition in more productive 
habitats and because the colonizing species were more phy-
logenetically similar in connected than in isolated clearings. 
Taxonomic, functional, and phylogenetic diversity of under-
story plants in later stages markedly decreased to the lowest 
levels, recorded during the 10 years of succession, due to 
increasing asymmetric competition for light from recovering 
maple and hornbeam trees.
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