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Abstract: Recent data and syntheses in central Europe have led to the development of synthetic
variables for describing the successional orderings of species. In particular, the “successional
optimum” (SO), developed for describing the vegetation in the Czech Republic, reflects the
number of years it takes for a species to reach peak abundance after a disturbance. The aim is to
combine data on a species’ functional traits and Ellenberg-type indicator values, in order to
identify the main plant strategies and environmental factors that predict SO. In this study, linear
models with regularization techniques and robust inference methods were used to determine the
traits that explain species’ SO, and then an analysis of the explained variance was used to assess
the relative explanatory power of each trait. In parallel, the effects of Ellenberg-type indicator
values, before and after detrending the SO by traits, were determined. This revealed that five
traits had the greatest and most consistent effects: therophytic life form, seed mass, flowering
duration, bud bank size and leaf dry matter content. The most important Ellenberg-type indica-
tor values predicting SO were moisture and reaction, as light and nutrient concentrations were
associated with these traits. The effects of traits were generally consistent and universal in the
different environmental conditions, as the interaction of traits and environment did not change
inferences or result in better models. This resulted in a robustly defined strategy that relates spe-
cies to their successional ordering, highlighting the importance of life forms, competitive abili-
ties, and reproductive strategies in succession.
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Introduction

The study of how and which plants with distinct ecological roles replace one another after
a disturbance has always been a major topic of ecological succession (Grime 2001, Laughlin
2023). Ecological succession refers to “the change in species composition or in the three-
dimensional cover of a specified place through time” (Pickett et al. 2013), but also as
a process of reoccupation of disturbed land by plants (Glenn-Lewin et al. 1992). Within the
framework based on taxonomic changes after a disturbance, there has been a proliferation
of complementary theories and terminology (Pulsford et al. 2016). More generally, in
ecology, the most recent trend points to the need to complement the traditional taxonomic
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point of view with the functional (i.e. considering species’ traits) to better understand
ecological processes (Keddy 1992, McGill et al. 2006). However, having a clear under-
standing of the current dynamics of vegetation is more relevant than ever in a time of
great changes in land use and unprecedented disturbance in many natural ecosystems
(Cramer et al. 2008). The Czech Republic, a central-European country, has experienced
great changes in land use, notably due to the abandonment of agricultural lands (driven
by land use intensification) and the expansion of industrial and mining activities, which
have had a great effect on the composition of its vegetation (Prach et al. 2007, Chytrý
2017).

Disturbance usually implies the removal of standing biomass and a change in nutrient
availability and soil texture and structure (Grime 2001). Primary succession refers to the
occupation of a bare substrate from the surroundings by dispersal, while secondary suc-
cession is based on seed banks or propagules embedded in the soils of undisturbed sites
(Pickett et al. 2013). There are several mechanisms and hypotheses of species replace-
ment, forming a continuum based on how much the successional ordering of species is
random vs deterministic (Keever 1983, Wilson et al. 2019). Ecological processes at large
spatial and temporal scales tend to be more deterministic than random (Levin 1992,
Buma et al. 2019), and in the Czech Republic, in particular, the potential vegetation at the
country scale is predominantly forest (Chytrý 2017). Moreover, Tansley’s (1935) distinc-
tion of allogenic and autogenic factors in succession indicates that mechanisms resulting
in changes in vegetation can be due to either the action of plants on their environment
(autogenic factors, such as the shading of the forest understory by the canopies of trees,
which are modulated by physiological and morphological properties; Horn 1971) or
abiotic processes such as soil texture, temperature, or precipitation (allogenic factors). In
a series of studies, Karel Prach and his colleagues report that environmental moisture is
a strong (allogenic) factor in conditioning the successional trajectory in the composition
and diversity of species in the Czech Republic and some eastern-European countries (see
Prach et al. 2007 and references therein). Other environmental factors like soil fertility
and, to a lesser degree, temperature also alter successional trajectories (Wright & Fridley
2010, Fridley & Wright 2011), and these effects are even more important than the local
landscape and topographic conditions (Vítovcová et al. 2021). However, at regional
scales, there are consistent, deterministic trends in the successional pathways at the taxo-
nomic level (Prach et al. 2014). Moreover, taxonomic divergence in succession does not
imply functional trait divergence (Prach et al. 1997, Fukami et al. 2005), and there is evi-
dence that whether succession is primary or secondary does not have a great effect on the
correlation of traits with succession (Latzel et al. 2011). Due to this complexity, succes-
sion is generally seen as a process of changes in taxonomic composition that results, from
a more or less stochastic composition after a disturbance, to a deterministic dynamic
equilibrium (Whittaker 1953). This process is partly due to a change in plant traits.
Harsher environmental conditions can slow the rate of reaching this equilibrium (Li et al.
2022), and hence there might be an interaction with the environment with the effects that
traits have on the successional ordering of species. Knowing that succession follows
directional trends at large scales, that traits are themselves the cause of changes in some
of the environmental factors, and that traits tend to follow more converging dynamics
than taxonomic identities gives us a means of exploring the relation between the
successional arrangement of species and their traits.
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Functional traits are measurable qualities of an organism that affect any of the three
components of fitness: growth, survival and fecundity (Violle et al. 2007), and life history
traits are those inferred at the population scale, such as, demographic elasticity, mean lon-
gevity and fecundity (Franco & Silvertown 1996, Adler et al. 2013, Laughlin 2023). Plant
ecological strategies are suites of functional or life-history traits that show patterns of
covariation (“trade-offs” if such covariation is negative) which allow us to summarize the
complexity of traits in a biologically sensible, low-dimensional space of strategies
(Laughlin 2013). However, as the fitness component of a trait that makes it “functional”
is not easy to prove or measure, this study is simply based on “traits”, assuming they can
be explanatory for a pattern of interest, without strictly assuming they have a positive
effect on fitness. There are well-established relationships between plant traits and envi-
ronmental variables (Ackerly & Cornwell 2007, Bruelheide et al. 2018, Towers et al.
2023), which have been used to define plant strategies associated with different types of
environmental stress (Craine 2009, Laughlin 2023). For the strategies that are particu-
larly associated with succession, there are two complementary hypotheses: Grime’s
(1977, 2001), based on descriptive research, proposes that there are three types of strate-
gies (ruderal, competitive and stress-tolerant) and Tilman’s (1985), based on competition
models on a dynamic gradient of light and nutrient availability. However, there is no con-
sensus between these two hypotheses (Craine 2009). Hence, in this study, a data-driven
approach is used to find a set of traits forming successional strategies.

Despite the frequent use of extensive databases of traits, such as, TRY (Kattge et al.
2019), most studies on the association of traits with environmental gradients usually
focus on above ground traits, especially those associated with leaves, while most below-
ground traits are overlooked (Laliberté 2017, Ottaviani et al. 2020). In addition, there is
a lack of data on the successional ordering of species at large temporal scales that could
be summarized, based on many different successional series, in a single value for each
species. Fortunately, for many species in the Czech Republic, a database of a wide variety
of above and belowground traits has been compiled (Chytrý et al. 2021), and a variable
describing the successional ordering of species has been recently devised for the Czech
flora (Prach et al. 2017) – the “successional optimum” (SO). Moreover, there is a recent
synthesis of Ellenberg-type indicator values for species in the Czech flora that recalibrates
and enhances previous lists (Chytrý et al. 2018). This enables the determination of a spe-
cies’ preferred values of environmental factors along different environmental dimen-
sions, and much of vegetation ecology sees these environmental indicator values (EIVs)
as representing the optima of a bell-shaped distribution of species’ niches along an envi-
ronmental gradient (Diekmann 2003).

The purpose of this study is to determine the association of traits and EIVs with the
successional arrangement of species. Previous studies determine trends in traits along
space-for-time substitution gradients (Vile et al. 2006, Navas et al. 2010, Douma et al.
2012, Li et al. 2022), modelling (Huston & Smith 1987, Shipley et al. 2006), ordination-
defined successional gradients (Szabó & Prach 2009) or in permanent plots (Kahmen &
Poschlod 2004), but little attention has been paid to evaluating the importance of traits in
ordering species along a successional gradient. The way in which successional gradients
are defined (traditionally either by chronosequences or by permanent plots) has impor-
tant implications for the results (Johnson & Miyanishi 2008). Here, a new approach that
helps to disentangle the relative contribution of each trait and each environmental indicator
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value to account for the successional arrangement of species is used. The approach is
similar to that of Herben et al. (2017) in using a synthetic variable to define the
successional gradient as a response variable, but goes further in using a larger spectrum
of traits by identifying the relative importance of each trait and EIV and in applying
a robust inference methodology. The questions of this research are: (Q1) What are the
effects of traits on the successional optima (SO) of species? (Q2) What is the relationship
between preferred values of environmental factors expressed as EIVs and SO? (Q3) Does
the interaction between traits and preferred values of environmental factors predict SO?
(Q4) What is the relative importance of traits and species’ preferred values of environmental
factors for predicting SO?

Materials and methods

Position of species on the successional gradient

For 961 vascular plant species in the Czech flora, Prach et al. (2017) calculated the
median years it takes for each species on the list to reach their optima of abundance dur-
ing succession after a major disturbance, which here is referred to as the successional
optimum (SO). The authors also calculated two other Ellenberg-type variables of coloni-
zation potential and colonization success. SO spans from 1 to 95 years and is calculated
using the Database of Successional Series (DaSS, Prach et al. 2014; see https://www.res-
toration-ecology.eu/dass), which contains successional series of phytosociological
relevés. It was originally published with a censoring of age values higher than 50 years
having an arbitrarily assigned value of 75, as the larger values could be imprecise due to
the scarcity of observations. However, this censoring also diminishes the amount of
information (the statistical estimators have larger variances) and imposes software limi-
tations and interpretation problems for complex modelling (Ha et al. 2017). Moreover,
arbitrary assignations of censored values are known to generate unreliable results (Fox
2015), so the raw estimations provided by Lubomír Tichý, a coauthor in Prach et al.
(2017), were relied on before assigning the 75 value to censored observations.

Plant phylogeny

Phylogeny is important for (i) the non-independent nature of species data and (ii) the
information on phenotypic properties not included in the selected traits, which might be
associated with the environmental gradient if they are phylogenetically conserved. To
obtain the phylogenetic tree for our species pool, the species names were standardized
based on the Leipzig Catalogue of Vascular Plants (Freiberg et al. 2020) and then pruned
the “GBOTB.extended.LCVP” megatree in the V.Phylomaker.2 R package (Jin & Qian
2022) for our species list.

Trait data

The Pladias (PLAnt DIversity Analysis and Synthesis) database (Chytrý et al. 2021) con-
tains information for 120 plant characteristics. Most of these characteristics are traits,
including physiological and morphological (both belowground and aboveground),
phenological, and reproductive values for plant species in the Czech flora. As many traits
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as possible were included after correcting for redundancies, such as between life forms
and growth forms, and discarding traits that showed no variability for particular species
on the list (i.e. having less than 25 “positive” observations for binary variables or having
a very small standard deviation), which resulted in a final set of 18 traits (Table 1), defin-
ing broad groups: life form (woody, therophyte, geophyte and hemicryptophyte), below-
ground (bud bank depth, bud bank size, lateral spread, clonality index), size (height, seed
mass), leaf quantitative traits (LQTs; leaf area, specific leaf area, leaf dry matter content),
reproduction (flowering duration, autogamy, vegetative reproduction) and interactions
(parasitism, myrmecochory).

Table 1. List of selected functional traits and their descriptive statistics. The total number of species of vascular
plants used for the analyses was 878. The column named Trait includes traits used in analyses. Traits are
grouped into broad trait groups based on their phenotypical classification. “N missing” refers to missing values
before our imputation. The source of the trait data is the database PLADIAS (Chytrý et al. 2021). Standard
deviation/occurrence gives the standard deviation for (semi)quantitative variables and the number of cases for
binary variables. Some species have more than one Life Form value, and hence the sum of occurrences is higher
than 878. For Autogamy, the descriptive statistics refer to species that are strictly autogamous (i.e. do not share
any other fertilization vector). Abbreviations: LA: Leaf area; LDMC: Leaf dry matter content; SLA: Specific
leaf area; FloDur: Flowering duration; VegRep: Vegetative reproduction.

Environmental factors associated with species

Information on the environmental factors associated with species is based on the
Ellenberg-type indicator values developed for the Czech flora (Chytrý et al. 2018). These
are variables scaled from 1 to 9 (or to 12 for moisture), showing the optimal conditions of
species in a gradient of a given indicator value. The used EIVs are: light, nutrients, moisture,
reaction, and temperature. The aim of using the EIVs is twofold: (i) to determine how
environmental associations relate to successional ordering (Q2), and (ii) to determine the
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Group Trait Number of
NAs

Mean Standard deviation
(number of occurrences

for binary variables)

Min Max Unit

Life form Woody
Therophyte
Geophyte
Hemicryptophyte

3
3
3
3

0.16
0.24
0.11
0.61

137
206

95
535

0
0
0
0

1
1
1
1

binary
binary
binary
binary

Belowground Bud bank depth
Bud bank size
Lateral spread
Clonality index

54
54
63
63

4.0
17.4

0.04
1.76

2.7
11.2

0.07
2.08

0
0
0
0

11.7
60
0.37
6

cm
count (bud/shoot)
cm
ordinal (2:8)

Size Height
Seed mass

3
96

1.69
37.3

4.96
370.7

0.02
0

47.5
7,708.7

m
mg

Leaf quantitative
traits (LQTs)

LA
LDMC
SLA

163
159
112

3,950
216.1
24.7

11,678
77.9
10.4

0.98
50.0
3.3

142,526
635.5
94.9

mm2

mg/g
mm2/mg

Reproduction FloDur
Autogamy
VegRep

3
39
21

3.2
0.04
0.25

1.3
30

0.25

1
0
0

12
1
1

months
binary
ordinal

Interactions Parasitism
Myrmecochory

0
18

0.03
0.24

28
207

0
0

1
1

binary
binary



explanatory power in terms of successional ordering that the EIVs have compared to
traits (Q4). Hence, light and nutrients are classified as autogenic and moisture, reaction,
and temperature as allogenic EIVs. The distinction avoids the circularity in explaining
succession in terms of traits and EIVs when, in their turn, EIVs and traits explain each
other. Water availability, which is related to moisture, is determined by both
evapotranspiration (an autogenic process) and water inflow and outflow, evaporation,
and retention (largely allogenic processes, as they depend on climate, topography, and
geological properties); this makes it difficult to put it in the same class as light and nutri-
ents (Craine & Dybzinski 2013). Moreover, as the type of information provided by EIVs
(i.e. summary of environmental associations of plants in natural communities at equilib-
rium at large scales), it is sensible to include moisture as allogenic. Disentangling the
effect of traits and EIVs on successional optimum reveals what properties of the funda-
mental niche are being acted upon the traits to generate the successional gradient and
which of these properties are strong predictors of successional optimum decoupled from
traits. Furthermore, the EIVs were used to remove hydrophytes from the dataset, i.e. spe-
cies with a value for moisture higher than 9, and avoid conflating hydroseres with more
common succession processes on land. In summary, combining the species for which
there is data on traits, EIVs, and successional information, resulted in a list of 878 species
of vascular plants for the analyses.

Statistical analyses

All analyses were done using the R programming language, version 4.3.2 (R Core Team
2023).

Ordination of plant traits

A principal component analysis (PCA) ordination of traits along with pairwise correla-
tions were used to assess whether it is possible to summarize trait information in a few
axes of trait variation.

Phylogenetically informed imputation of missing trait values

Using the phylogenetic tree, a pairwise phylogenetic distance matrix and the eigenvectors
of a PCoA ordination of this matrix employing the PVR package (Santos 2018) were
obtained. These eigenvectors were incorporated in the missing traits imputation using the
method suggested by Debastiani et al. (2021), based on the correlations between both the
traits and the phylogenetic relationships, which decrease imputation errors. Imputations
were done using the missForest (Stekhoven & Bühlmann 2011) package.

Association of successional optimum with traits

To test the association of traits and phylogeny on the SO variable (Q1), a penalized
regression by LASSO (Least Absolute Shrinkage and Selection Operator; Hastie et al.
2009), which alters the traditional ordinary least squares (OLS) estimator of linear models
by introducing a penalty based on the sum of the absolute values of the effect sizes and scaled
by a � coefficient, was used. When � = 0, the LASSO is a standard linear regression, but
as it increases it shrinks the effect sizes of the model continuously and differentially by
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their predictive power, eventually setting some of them to 0, so “the LASSO does a kind
of continuous subset selection” (Hastie et al. 2009); the list of predictors selected by the
LASSO is called the “active set”. The search for the optimal � was done by a 20-fold
cross-validation (Yates et al. 2023). Although shrinkage methods such as the LASSO are
not very popular in ecology due to the prevalence of information-theoretic approaches
and multi-model averaging, they avoid some of the latter’s shortcomings (Cade 2015,
Galipaud et al. 2017) and are useful in many other fields as well as in ecology (Dahlgren
2010, Bolker 2023). The phylogenetic eigenvectors were used, after the traits, to expand
the search of important variables by the LASSO.

The LASSO was done using the glmnet package (Friedman et al. 2010). Phylogenetic
corrections and selective inference were also used as required for non-independent data
and model selection methods.

Association of successional optimum with EIVs

The association of EIVs with SO (Q2) was tested. This was done in two steps: first using
a simple linear regression between SO and EIVs, and then by the addition of an offset
term made of the predictions of SO by a model using the active set of traits as predictors,
which is equivalent to modelling the residuals from the model “SO ~ traits” against the
EIVs. This is a way of detrending SO with regards to traits. By comparing the two models
of SO vs EIVs, it is possible to determine by which EIVs the traits are being filtered along
complex successional gradients.

Interaction of traits and EIVs accounting for their association with successional optimum

For each allogenic EIV (moisture, reaction, and temperature), the model fit and the list of
LASSO-selected traits were compared by searching (i) the predictor matrix that includes
traits and EIVs; and (ii) a predictor matrix including traits, the EIVs and the interaction
between traits and the EIVs. This allowed the assessment of whether it is possible to
develop better models from the interaction of traits with the allogenic EIVs, that is,
whether the trends in trait values during succession are dependent on environmental pref-
erences, or whether trait trends are invariant with respect to the environment.

Dominance analysis

LASSO is a predictive model tool to include a measure of the relative importance of each
variable. For this, a Dominance Analysis (Budescu 1993, Grömping 2007) was used to
obtain a decomposition of the adjusted R2 that each variable adds to a model, which
works well in ecology (Murray & Conner 2009). This method was used to determine the
amount of variation accounted for by traits, EIVs or their overlap. The analysis was done
using the domir package (Luchman 2023).

For the regression of SO against traits, all quantitative predictors were standardized
and the binary ones left unchanged, as suggested by Gelman et al. (2021). For the regres-
sion of SO against EIVs, they were not standardized as they are all on the same scale. In
all regression analyses, SO was normalized by using its cubic root (the Box-Cox algo-
rithm gave an optimal exponent for normalization of 0.337). The variance inflation factor
was examined in order to detect possible collinearity.
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Results

Relationships between the traits

The pairwise correlation between traits was only substantial (above 0.5 in absolute value)
between traits related to belowground properties, between woody and height, and between
therophyte life forms and belowground traits (Supplementary Fig. S1). The first three
principal components (PCs) of the PCA of traits accounted for almost half of the variance
of the whole trait matrix (22.5%, 15%, and 9%, respectively). The first PC was mainly
related to plant life forms. Belowground habits and vegetative reproduction were on the
first two PCs, and height, seed mass and LQTs were mainly on the second PC (Supple-
mentary Fig. S2). When fitting SO into the ordination space, the first PCs explained 16%
of its variance (13% coming just from PC1, 2% from PC2 and almost nothing from PC3;
Supplementary Fig. S3).

Associations between successional optima and plant traits

The LASSO algorithm selected the following traits for the active set at � � 0.01: bud bank
size, flowering duration, height, leaf area (LA), leaf dry matter content (LDMC), myrme-
cochory, parasitism, seed mass, specific leaf area (SLA), therophyte and woody life form.
Augmenting the LASSO with the model matrix with the phylogenetic eigenvectors,
resulted in none being selected. The non-selected traits were, geophyte and hemicrypto-
phyte life forms, bud bank depth, lateral spread and clonality index in belowground traits,
and autogamy and vegetative reproduction in reproductive traits. Autogamy was the only
non-selected trait that was not correlated with the rest of the traits (Supplementary Fig. S1).

Using the traits in the active set in the linear regression against SO, the model’s
adjusted-R2 was 0.25, and no collinearity was detected. Of the 11 selected traits, seven
were statistically significant at the 95% confidence level under standard inference (Fig. 1):
therophyte (effect size ± 1.96 × standard error: –0.5 ± 0.14), parasitism (0.54 ± 0.26),
seed mass (0.18 ± 0.05), height (–0.1 ± 0.06), LDMC (0.07 ± 0.05), flowering duration
(–0.08 ± 0.04) and bud bank size (0.05 ± 0.05). Non-significant traits in the active set
were LA (–0.04 ± 0.05), myrmecochory (0.04 ± 0.01), SLA (–0.02 ± 0.06) and woody life
form (0.14 ± 0.17). Phylogeny and selection-corrected inferences had little effect on the
traits with very small effect sizes, as bud bank size was not significant when corrected for
phylogeny and neither bud bank size nor height under selective inference correction
(phylogenetic signals are reported in Supplementary Table S1); therophyte life form was
marginally significant under selective inference, but robust to phylogenetic corrections.
The rest of the traits showed a similar pattern of effect size values and confidence inter-
vals (Fig. 1). All the trait groups contained at least one statistically significant trait on
standard inference, although the belowground group was no longer present (bud bank
size) in the corrections (Supplementary Data S1, Supplementary Fig. S4).

Relation of successional optimum with environmental indicator values

In contrast to traits, where the effects were generally small, when the EIVs were analysed
alone against SO, there was a marked negative effect of EIVs of light (–0.15 ± 0.04) and
nutrients (–0.16 ± 0.03) (Fig. 2). Reaction also had a strong positive effect (0.13 ± 0.04),
and moisture had a marginally significant negative effect (–0.03 ± 0.04). Temperature had
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a very small negative effect (–0.01 ± 0.07). Global adjusted-R2 due to EIVs was 0.18.
However, once an offset term with the predictions using the traits selected by the LASSO
was incorporated, the effects of the dominant EIVs were reduced between 2 and 3-fold
(light = –0.05 ± 0.03, nutrients = –0.05 ± 0.03, reaction = 0.07 ± 0.04) while moisture’s
decreased and became statistically significant (–0.04 ± 0.03). The effect of temperature
increased but was still far from being statistically significant (0.03 ± 0.06). Hence, after
accounting for traits, there was a more even share of effects between EIVs. Adjusted-R2

was 0.06. This R2 is only the part of the variance explained exclusively by EIVs, as that
explained by traits that overlap with the EIVs was already included in the offset.
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Fig. 1. Effect sizes of the active set of 11 trait predictors selected by the LASSO on the successional optimum
(SO). Although not statistically significant, a trait that belongs to the active set has some non-negligible predic-
tive power in defining the response variable. Smaller (i.e. negative) effect sizes indicate a positive association
with early stages of succession, whereas large values indicate a positive association with later stages. Point
shapes denote the “broad trait group” in Table 1. LQTs: leaf quantitative traits; LA: leaf area, LDMC: leaf dry
matter content, SLA: specific leaf area.

Fig. 2. Effect sizes of the different EIVs on the successional optimum (SO). Triangle effect sizes indicate the
effect of EIVs on predictions of SO from traits as an offset (i.e. using traits as covariates with a fixed coeffi-
cient), while circle effect sizes indicate the independent effect of EIVs (no offset). Small (i.e. negative) effect
sizes indicate a positive association with early stages of succession, while large (positive) values indicate an
association with later stages.



Interaction between traits and environment

The incorporation of interaction terms between traits and EIVs generally did not provide
a better model fit compared to models using traits and each EIV additively. Interactions
with reaction increased the adjusted-R2 by 1.6%, and with moisture and temperature by
~ 1%. This means that by doubling the number of putative predictors, LASSO identified very
few better fitting models and they were more complex and difficult to interpret, while
almost all the selected traits were the same either with or without interactions (not shown).

Relative importance of traits and EIVs in explaining succession

Relative contribution of traits and EIVs: The proportion of total variance in SO explained
by traits and EIVs was R2 = 0.3. Forty percent of this explained variance was exclusively
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Fig. 3: (A) Relative importance of traits. The five most important traits account for more than 80% of the
explained variance. (B) The relative importance of EIVs before (left) and after (right) using predictions of the
successional optimum from traits as an offset. There is a decrease in the importance of light and nutrients after
accounting for traits, whereas that of moisture and reaction increases. LA: leaf area, LDMC: leaf dry matter
content, SLA: specific leaf area.



associated with traits, and 19% exclusively with EIVs. The overlap in variance between
the two groups of predictors was 41%. Hence, including overlaps, traits accounted for
81% of the explained variance and EIVs for 60%.

The individual contribution of traits: Of the 81% of variance explained by the 11 traits
in the active set and their overlap with EIVs, five traits accounted for 83%: therophyte
(32%), seed mass (18%), flowering duration (13%), bud bank size (11%), and LDMC
(9%). The other six traits only had a minor contribution (Fig. 3).

Individual contribution of EIVs: The relative importance of EIVs in their accounting
for 62% of the explained variance when overlap with traits was included, had a very dif-
ferent pattern than the EIV’s relative importance in accounting for 19% of the explained
variance when only non-overlapping with traits was considered (Fig. 3). Light and nutri-
ents alone accounted for 67% of the total relative importance in the model before using as
an offset the predictions of SO by the model trained using only traits in the active set,
while they made up slightly above 25% after accounting for traits. This is accompanied
by a major increase in the relative importance of moisture (from 15% to 34%) and reac-
tion (from 16% to 25%) after including predictions of SO by traits as an offset. The role
of temperature also increased (from 2% to 13%) and became more important than light,
which is not in accord with the effect size and significance of the models.

Discussion

This study revealed that the time a species needs to reach its optimal abundance (i.e.
successional optimum; SO) is associated with a small number of traits. In particular, life
history and life cycle (therophyte), competitive ability (seed mass and LDMC), flowering
duration, and regeneration niche (bud bank size) explain more than 80% of the total
model fit, while other traits also related to competition (height) and biotic interaction
(parasitism) are also significantly associated with succession. Furthermore, traits in gen-
eral account for the successional ordering of species much better than their values for
environmental factors, measured as EIVs and reveal the benefits of using trait-based
approaches to describe ecological processes.

Environmental characterization of the successional gradient

The use of EIVs allowed the characterization of successional processes as a complex gra-
dient ranging from nutrient-rich to nutrient-poor, shaded without significant changes in
moisture or temperature. The detected changes in soil reaction are attributed to an under-
lying bias in the species list by which species with high SO values happen to occur in
alkaline habitats, as it is unlikely that at the time scales of this study, succession results in
a very marked change in the pH of the soil. As some of the EIVs, especially light and
nutrients are associated with traits, once the latters’ effects are accounted for, there is
a marked contrast of relative importance: the autogenic factors light and nutrients (espe-
cially the former) became less important than moisture and reaction, and temperature had
a minor role. The negative effect of moisture may indicate that the rate of succession in
dry habitats (i.e. those harbouring species with low values for moisture) is slower, so the
time the species take to reach their abundance optima after disturbance is longer, which
results in greater SO values. The greater relative importance of moisture after accounting
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for traits may help explain the different successional series identified based on taxonomy
reported by Prach et al. (2007); associated with different moisture conditions are differ-
ent species pools, which result in taxonomic differences in successional series. However,
the analysis of trait-environment interactions revealed that there is no environmentally
determined idiosyncratic pattern in terms of traits, associated with moisture or other
allogenic EIVs. The effect of reaction is marked and positive, with species growing on
base-rich substrates taking longer to reach their peak abundance. This might seem to con-
tradict what is reported for some mature forests (i.e. those consisting of species with high
SO) predominantly growing in acid soils (van der Sande et al. 2022), but in the case of the
Czech Republic, it could be that the forests developed in the Carpathian mountain range
and basiphilous oak forests or basiphilous submontane pine forests belonging to the class
Erico-Pinetea class (Chytrý 2013) are driving the positive effect of reaction. Another
explanation is that the structure of vegetation with slow dynamics might not necessarily
be related to the “potential vegetation” that one might intuitively relate to SO. Dry grass-
lands, for example, are characterized by slow dynamics, probably due to low availability
of water (Weaver & Bruner 1945, Weaver 1954, Fischer et al. 2020).

Interpretation of the effects of traits

The strong negative effect of the size of the therophyte life form found in this study is
a very general expectation in succession (Bazzaz 1996), which is consistent with the pat-
tern reported by Prach et al. (1997) and Szabó & Prach (2009). This is due to the early
arrival of annual species immediately after a disturbance; coupled with the strong posi-
tive effect of seed mass, a trait usually related to competitive ability, this finding validates
the hypothesis that there is a competition-colonization trade-off (Bolker & Pacala 1999,
Cadotte et al. 2006) and fits well with Grime’s CSR framework (Grime 2001). On the
other hand, the positive effect of woody life form is also a clear representation of the pro-
cess of colonization of slow-growing species in stable environments, leading to conser-
vative properties (Franco & Silvertown 1996).

More specifically related to competition is the positive effect of LDMC on SO, which
indicates that the first plants are very dependent on the nutrients in the soil, whereas those
that occur later invest more and for longer in their photosynthetic organs; the positive
relation between LDMC and leaf longevity is part of the leaf economic spectrum (LES;
Wright et al. 2004). This finding is in accord with previous results, which show that SLA
is negatively correlated with succession (Shipley et al. 2006, Raevel et al. 2012) and sup-
ported by the negative correlation between SLA and LDMC in the LES.

In addition, the positive relationship between bud bank size and SO indicates that late-
successional species, rather than investing in long-range dispersal, allocate biomass to
their “persistence trait” (i.e. a conservative strategy; Latzel et al. 2011). This enables
them to resprout after small-scale disturbances and/or display a more active “movement”
to search for nutrient-rich microsites, which become scarcer during succession (Eriksson
2023); this is consistent with the findings of Szabó & Prach (2009) and Latzel et al.
(2011) on lateral spread. However, patterns of belowground development are related to
habitat types in complex ways (Sammul et al. 2004).

The negative effect of flowering duration may indicate an increased niche packing for
pollinator availability in more competitive communities in late succession, as in diverse
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communities species need to exploit the capacity to reproduce sexually more efficiently
(i.e. in shorter periods of time) (Parrish & Bazzaz 1979). However, comparative studies
of different types of succession indicate that this increase in competition is not universal
(Prach & Walker 2020). This is in accord with the positive relationship between succes-
sion and species richness at large spatial scales, from disturbed to mature communities
(Staude et al. 2023), particularly those based on the DaSS database (Prach et al. 2014). In
diverse communities, niche sizes are small and differences in phenology enable coexis-
tence (Blackford et al. 2020). This, together with a higher diversity of pollinators in late
succession (Southwood et al. 1979, Steffan-Dewenter & Tscharntke 2001, Penado et al.
2022), may result in more specialized short term plant-pollinator relationships. Kahmen
& Poschlod (2004) and Douma et al. (2012) also reported a negative correlation between
succession and flowering duration (but not Li et al. 2022).

The relationship between succession and diversity may account for the positive effect
of parasitism: parasites (and antagonists in general) typically thrive in stable and high-
quality environments (Thrall et al. 2007, Meiners et al. 2015). The rate of taxonomic
change is known to decline during succession (Prach et al. 1993, Anderson 2007), so the
conditions for the proliferation of antagonists, particularly parasites, in late stages of suc-
cession are expected although their degree of specialization declines with increase in
diversity (Thrall et al. 2007).

The negative effect of height on SO could be an example of “Simpson’s paradox” or
“ecological fallacy”, as the correlation between height and SO is positive, but its effect in
the multiple regression including all of the traits in the active set is negative. This could be
expected as height is known to have complex allometric relations with other traits, such
as seed mass (Rees & Venable 2007); this strong relationship was revealed by the ordina-
tion analysis (Supplementary Fig. S2). It is likely that the analysis of relative importance
makes the use of specialized statistical tools to avoid Simpson’s fallacy unnecessary.
Related to the covariation of height with other traits, Mudrák et al. (2021) report that the
relationship of height with SO depends on the life form considered and that the typically
unnoticed positive relationship of height with dispersal abilities is favoured in early suc-
cession. In addition, Mudrák et al. (2023) report that, at the community level canopy
height decreases during grassland restoration. Furthermore, although plant height is
a trait usually related to competitive ability, in order to account for its previously docu-
mented positive relationships with succession (Grime 2001, Shipley et al. 2006, Vile et
al. 2006, Szabó & Prach 2009), it has been shown that in all types of vegetation there is
a predominance of small plants and competitive ability is not necessarily only associated
with plant height as plants of different sizes interact asymmetrically (Aarssen 2015).
Hence, the results for plant height are not considered to be contrary to the interpretations
for other traits and reports in the literature but are due to statistical artifacts and biological
complexity (i.e. dependence on other traits and types of succession) of the variation in
plant height.

It should be noted that the traits are those that LASSO selected and have a higher pre-
dictive power, even though some of them are of little importance. Furthermore, many of
these relationships remained after controlling for phylogenetic autocorrelations and
mathematical artifacts of the model selection algorithm (Supplementary Fig. S4). For the
traits not included in the active set, most had clear correlations with other included traits.
It is known that LASSO selects only one of the correlated predictors (Friedman et al.,
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2010). However, it is remarkable that autogamy, which is not strongly correlated with the
other traits (Supplementary Fig. S1), was not selected by the LASSO algorithm. Some
authors (e.g. Levin 1972, Parrish & Bazzaz 1979) suggest that, due to a lack of pollinators
in the early stages of succession (because their colonization lags behind that of plants, or
because of more fluctuating populations), plants are mainly self-fertilizing, which increases
their chances of reproducing. This hypothesis is not supported by the results of this study.

Finally, as a methodological observation, LASSO selected 11 traits; however, from
the principal components from a PCA of the trait matrix, the first 15 PCs to obtain the
same goodness of fit would have been needed (Supplementary Fig. S3), calling for
a much more difficult interpretation.

Limitations of this study

A limitation of our results is the reliance on SO being an accurate representation of the
intricacies of succession. The optimal abundance criterion has a strong effect on which
traits will be selected, but other successionally important information may be better rep-
resented by other traits. Moreover, SO was only developed for a subset of central-Euro-
pean flora. Therefore, it can exhibit idiosyncratic behavior that is not easily comparable
to other geographical regions and/or species pools, both due to the biology of plants and
the different types of human geography and disturbances that influence succession in the
data sources (Prach et al. 2007). Furthermore, the division between allogenic and auto-
genic factors can be criticized, as many environmental properties are, to some extent, modi-
fied by vegetation (van Andel et al. 1993, Eviner & Stuart Chapin III 2003). Other caveats
are the absence of SO data for plant species of the Czech Republic and the uncertainty in
the large values of SO due to the scarcity of observations (L. Tichý, personal communica-
tion). Furthermore, the focus on linear models might have resulted in more complex rela-
tionships being overlooked, such as, unimodal or U-shaped curves of SO against traits,
which can be interesting from an ecological standpoint.

Conclusions

This study provides evidence that traits are better predictors of successional optimum
than environmental associations at a country-wide scale. Moreover, there are only a few
traits that are important, which are related to life form and life cycle, competition, repro-
duction and regeneration niche, such as the therophytic life form, leaf dry matter content,
seed mass, bud bank size and flowering duration. Changes in the successional optimum
reflect a coupled gradient of decreasing availability of light and nutrients. However, since
plant traits are associated with environmental factors, the underlying factors associated
with the successional ordering of species are moisture and soil reaction. These findings
not only increase the understanding of successional dynamics at a broad scale but also
highlight the resilience and adaptability of plant communities in responding to environ-
mental changes. By recognizing the key traits driving these processes, it may be possible
to anticipate and manage ecosystem changes in the face of ongoing environmental
challenges.
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Vliv druhových vlastností a environmentálních faktorů na sukcesní optima
středoevropských druhů

Současná dostupnost dat a jejich syntéza ve střední Evropě vedly k vytvoření komplexních indexů popisujících
pozici druhů v sukcesních řadách. Zejména proměnná „sukcesní optimum“ (SO), vyvinutá pro vegetaci České
republiky, odráží počet let po disturbanci, které druh potřebuje k dosažení vrcholu své abundance. V kombinaci
s údaji o různorodých funkčních vlastnostech druhů a ellenbergovských indikačních hodnotách, určujícími
podmínky prostředí, se snažíme identifikovat hlavní soubor rostlinných vlastností a klíčových environmentál-
ních faktorů, které odpovídají SO druhu. V této studii jsme použili lineární modely s regularizačními technika-
mi a metodami robustního odhadu k nalezení nejrelevantnějších rostlinných vlastností, které vysvětlují hodno-
tu SO, a následně jsme provedli rozklad vysvětlené variance, abychom posoudili relativní vysvětlovací sílu
jednotlivých vlastností. Současně jsme porovnávali vliv ellenbergovských indikačních hodnot před odstraně-
ním trendu SO závislého na vlastnostech rostlin a po něm. Zjistili jsme, že pět vlastností mělo největší a nej-
konzistentnější vliv: terofytní životní forma, hmotnost semen, délka kvetení, velikost obnovovací banky pupenů
a obsah sušiny v listech, a to napříč různorodým spektrem dalších znaků s menším významem. Hlavními ellen-
bergovskými indikačními hodnotami, které predikovaly SO, byly vlhkost a reakce půdy, zatímco světlo a nároky
na živiny byly samy o sobě spojeny s funkčními vlastnostmi. Vliv vlastností byl obecně konzistentní a univer-
zální napříč různými podmínkami prostředí, protože interakce mezi vlastnostmi a prostředím neměnila výsledky
ani nevedla k lepším modelům. Tímto jsme průkazně definovali strategii, která spojuje druhy s jejich sukcesním
uspořádáním, a zdůraznili jsme význam životních forem, konkurenčních schopností a reprodukčních strategií
v kontextu sukcesních procesů.
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