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Plant traits

We studied the differentiation among plant communities of deciduous broadleaved and mountain coniferous
forests in terms of functional diversity and identity at a regional scale (northern and central Greece). We asked if
patterns of functional differentiation among communities are consistent between the overstorey and understorey
layers and if they can be influenced by deep past environmental conditions. Functional Richness (FRic) and
Functional Dispersion (FDis), as well as their standardized effect sizes, were employed to assess the multivariate
functional diversity of the community types. In contrast, single-trait Community Weighted Means (CWMs) were
used as surrogates of functional identity. The aforementioned indices were calculated for three datasets, namely
all the vascular plant taxa found in individual vegetation plots (total community), all phanerophyte (tree and
shrub) taxa (overstorey) and all non-phanerophyte vascular plant taxa (understorey). We found that community
types and especially four broad forest types (beech, ravine, pine and oak forests) are well differentiated in terms
of functional composition (identity), as indicated by Non-Metric Multidimensional Scaling (NMDS). After con-
ducting an NMDS for the three datasets, functional identity based on the total floristic composition was found to
be the best discriminator of the studied communities. However, contrasting patterns were found for some specific
traits or their categories between overstorey and understorey layers. The patterns of functional diversity of the
community types (based on multivariate indices), revealed by calculating the standardized effect sizes of FRic
and FDis based on the richness null model, did not differ substantially from random expectations for most of the
studied community types when the dataset of all the vascular plant taxa was analyzed. However, the patterns
revealed for the overstorey layer differed from those for the understorey layer. For the latter layer, the clustered
structure was revealed in many community types based on the ses.FDis metric. Indications of deep past influence
on the functional composition were found for certain community types (i.e. ravine forests) based on single-trait
metrics, but no indication of such influence was found based on multivariate indices. Our findings highlight the
complementarity and the additive explanatory value of the simultaneous use of single- and multi-trait ap-
proaches and their application to different layers in forests.

1. Introduction Menge and Chazdon, 2016).

It is widely accepted in functional ecology that strong environmental

A fundamental goal in ecology is to understand the processes and
mechanisms influencing spatial patterns of species diversity in natural
communities. Towards this direction, functional trait information
derived from morphological, physiological, and phenological charac-
teristics of species is employed to study the relationships between these
characteristics and environmental variation, community structure and
ecosystem processes (Brockerhoff et al., 2017; Laughlin et al., 2012;
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stress usually leads to decreased functional diversity, while the preva-
lence of competitive exclusion leads to its increase (Weiher and Keddy,
1995). In addition, functional overdispersion (i.e. communities with co-
occurring species that are functionally less similar to each other than
expected in random communities) is considered to result from niche
partitioning or limiting functional similarity (Kluge and Kessler, 2011).
In contrast, under environmental filtering, a pattern of functional
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clustering (or underdispersion, i.e., communities with co-occurring
species that are functionally more similar to each than expected in
random communities) is assumed to result from the selection of species
with particular habitat affinities or resource requirements (Cavender-
Bares et al., 2009). Nevertheless, contrasting patterns of abiotic stress
leading to high levels of functional diversity have also been documented,
and other processes (e.g. facilitation) have been suggested to affect
patterns of functional diversity (Spasojevic and Suding, 2012).

In addition to functional diversity, functional trait composition (i.e.
functional identity) has been acknowledged during the last years to
contribute towards a better understanding of ecosystem processes,
community assembly rules and other related ecological questions (Dias
et al., 2013). Functional diversity reflects the niches filled by the com-
munity members (Petchey and Gaston, 2006; Villéger et al., 2008),
while functional identity is considered to reflect the locally optimal trait
strategy given the environmental conditions of a site (Shipley, 2009).
There is increasing evidence that the simultaneous use of functional
diversity and identity metrics can help answer the questions concerning
the relations between biodiversity and ecosystem functioning (Dias
et al., 2013; Li et al., 2017; Weigel et al., 2016). On the one hand,
functional diversity metrics simultaneously incorporate multiple traits
in order to capture potential syndromes within the functional space of an
ecological community (Mouchet et al., 2010) that can occur due to
interspecific interactions (e.g. competition, mutualism, facilitation) or
imprints from (past or present) environmental factors and processes (see
Dias et al., 2013; Mouchet et al., 2010). On the other hand, CWM is a
single trait measure that captures the most prevailing trait value or
category in an ecological community, reflecting the strong effects of
dominant species on ecosystem processes (Grime, 1998).

In the studies of ecosystem processes, decisions regarding not only
the type of employed metrics (diversity or identity) but also the different
groups of species (e.g. taxonomic groups or growth forms) to be involved
in the analysis can significantly affect the unravelled patterns of func-
tional diversity. In forest ecosystems, such unique patterns are expected
to occur due to discrete forest layers constituted by taxa of distinct life
forms. In particular, canopy structure and density of the dominant
species have been suggested to affect understorey species by resource
filtering effects or by protection from wind, cold or drought (Milcu et al.,
2016; Prescott, 2002; Spasojevic and Suding, 2012). There is recent
evidence that diversity patterns of forest ecosystems can be particularly
complex due to the presence of distinct overstorey and understorey
layers which may be subjected to different assembly mechanisms (Luo
et al., 2019b; Zhang et al., 2017).

Many studies investigating functional diversity patterns at broad
spatial scales have been based on grid data of species occurrence
(Swenson et al., 2012; Thuiller et al., 2006; Tsianou and Kallimanis,
2020). Bruelheide et al. (2018) were the first to prepare a worldwide
vegetation-plot dataset and use it to test the dominant structuring pro-
cesses of community trait composition at the global scale. Vegetation-
plot data distributed over broad spatial scales can capture crucial in-
formation regarding species distribution across scales and community
assembly patterns at fine scales. Furthermore, Damschen (2018) stressed
the need for empirical tests of potential dependencies between func-
tional traits, biotic and abiotic drivers, and community assembly
mechanisms. Depending on the spatial scale of the dataset, several levels
and filters are involved in the interpretation of community assembly,
integrating evolutionary and ecological concepts. Such concepts include
neutral processes and environmental filtering across large spatial scales
and niche structuring and demographic processes at finer scales (Ches-
son, 2000; Kraft et al., 2008; 2015; Weiher et al., 2011). Additionally,
processes extrinsic and intrinsic to a community affect community as-
sembly differently, with the first mainly affecting the global species pool
and the type and abundance of the arriving biological units in a com-
munity, and the latter determining the final community composition
and relative abundances (Pearson et al., 2018).

In this study, the ecosystems of broadleaved deciduous and mountain
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coniferous forests of the mountainous part of northern and central
Greece are investigated. This topographically and climatically variable
area has been considered a glacial refugium for different forest species
and forest community types (Gavin et al., 2014; Mastrogianni et al.,
2019; Papageorgiou et al., 2014; Tzedakis et al., 2013). Location of
glacial refugia must have significantly shaped the current diversity
patterns. The regional filtering of species pools and non-random ex-
tinctions constitute the main mechanisms through which historical cli-
matic conditions may have lasting imprints on current patterns of
functional diversity (Mouillot et al., 2013; Ordonez and Svenning, 2016;
Zanne et al., 2014). Such evidence of impacts of past environmental
conditions on the present-day species trait spectra, subsequently
affecting the composition of current plant communities, constitutes an
important finding of the work of Bruelheide et al. (2018) (see also
Damschen, 2018).

The present study employs indicators of functional diversity and
identity to determine if forest community types in the study area are
characterized by different functional patterns. We investigated func-
tional diversity and identity differentiation in the main vegetation layers
(overstorey and understorey) as well as in the total floristic composition
to test if different patterns exist. In doing so, we hypothesise that:

1. Patterns of functional diversity and identity differ between forest
community types.

2. Patterns of functional diversity and structure differ between over-
storey and understorey layers of community types.

3. At least some community types in our putative refugial area have
special patterns of functional diversity (absence of functional clus-
tering or even functional overdispersion) or distinct characteristics of
functional identity, which may constitute an imprint of past envi-
ronmental conditions on the current functional attributes of plant
communities.

2. Methods
2.1. Study area

Patterns of functional diversity and identity of deciduous broad-
leaved and mountain coniferous forest community types of northern
and central Greece were investigated. From the 13 floristic regions of
Greece, defined based on floristic differences, biogeographical barriers
and environmental (mainly climatic) patterns (Strid and Tan, 1997), five
regions, namely North East (NE), North Central (NC), East Central (EC),
North Pindos (NPi) and South Pindos (SPi), were selected as our study
area. The main mountain ranges from which vegetation plots were
investigated are shown in Appendix A; Figure A.1.

2.2. Vegetation data and classification

Two vegetation-plot databases of Greek forests (EU-GR-006 Hellenic
Woodland Database & EU-GR-007 Hellenic Beech Forests Database;
Fotiadis et al., 2012; Tsiripidis et al., 2012) were revised and extended
through new sampling and addition of all the bibliographic data avail-
able for deciduous broad-leaved and mountain coniferous forests in the
study area. Subsequently, 3493 vegetation plots were selected as
representative of these forests in the study area. This dataset is highly
representative of the overall diversity of the investigated forest types in
the study area, as demonstrated in Appendix A. The vegetation plots
were sampled from 1967 to 2017 and had a mean altitude of 994 m (SD
= 379 m). Despite the long period during which the plots were sampled,
inferences regarding any potential effect of climate change on commu-
nity composition are not discussed in the present study since our ques-
tions refer to patterns of observed diversity and its differentiation over
time. Species taxonomy and nomenclature were unified according to the
Euro + Med PlantBase (Euro-+Med 2006-2021), while 20% of taxa
derived from merging infraspecific taxa to the species level. The final list
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of taxa included 43, 10 and 877 taxa at the genus, aggregate and species
levels, respectively, and 12 taxa representing a combination of two
species that were difficult to identify (e.g. Viola reichenbachiana et
V. riviniana). Abundance information was available for all the plots as
ordinal cover classes (most plots were recorded using the Braun-
Blanquet scale and a few plots using the Londo scale). The ordinal
classes were transformed to the average percentage covers of each class.
For abundance-weighted calculations, this percentage was raised by a
power of 0.2 to reduce the effect of dominant species. After excluding
610 (38.7%) taxa with fewer than five occurrences in the dataset, 965
taxa remained and were used for vegetation classification. Taxon oc-
currences across different layers were merged using the formula in the
JUICE program that assumes random overlap of covers of species in-
dividuals in different layers (Fischer, 2015; Tichy, 2002). The plots were
subsequently classified by TWINSPAN (Hill, 1979) and modified
TWINSPAN (Rolecek et al., 2009), resulting in 25 community types. The
identified community types were floristically differentiated by unique
combinations of diagnostic taxa, reflecting mainly the distribution of the
community types along the environmental gradients of temperature,
nutrient availability, moisture and soil reaction, as well as partly their
geographical distribution. A more detailed description of dataset prep-
aration and vegetation classification is provided in Mastrogianni et al.
(2019).

2.3. Environmental conditions

We used Ellenberg indicator values (Ellenberg et al., 1991) to cap-
ture the differentiation of the environmental conditions among plots.
The Ellenberg indicator values have the advantage of characterizing
environmental conditions prevailing strictly within each vegetation plot
at the time of sampling or shortly before. For each plot, we calculated
the indicator value for light, temperature, moisture, reaction, and
nutrient availability as the average of the indicator values of all the taxa
present in each plot, weighted by their abundance (midpoints of per-
centage cover of the grades of the Braun-Blanquet scale, raised by a
power of 0.2). For 22% of taxa, there was no Ellenberg indicator value
available. For each taxon without indicator value, we identified four
taxa with the highest percentage co-occurrence in the dataset (at least
65%) and calculated their mean value. In cases with less than four taxa
with such a high percentage of co-occurrences, fewer taxa were used. To
test for the relationships between Ellenberg indicator values and the
functional diversity indices, the Pearson correlation coefficient was
employed. However, both the values of functional diversity metrics and
Ellenberg indicator values are derived from species composition and
thus are not independent of each other. Therefore, the statistical sig-
nificances of these correlations were not tested because P-values would
be inflated (Zeleny, 2018). Finally, to test for the relationships between
Ellenberg indicator values and the functional traits and trait categories,
the test cwm function in the weimea package (Zeleny, unpublished,
https://github.com/zdealveindy/weimea) was used. Spearman’s corre-
lation coefficient and the statistical significance of correlations were
calculated by applying the modified (column-based) permutation test
(Zeleny, 2018).

2.4. Functional trait selection

An initial extensive search for available trait information was con-
ducted in a large number of databases and floristic literature (Appendix
B), and information regarding 21 traits was collected, with a special
effort given in order to collect traits related to different plant organs (e.
g., stem, leaf, flower, seed). Despite the potential additive value of
belowground traits, information was available for a very small per-
centage of taxa occurring in our dataset; therefore, they were excluded
from the dataset. After testing for correlations between traits and con-
ducting preliminary analyses, a database of 16 functional traits con-
cerning vegetative (canopy height class, canopy structure, leaf length,
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leaf persistence, leaf length/width ratio, life form, life span) and
generative characteristics of taxa (beginning of flowering, colour of
flower, dispersal mode, duration of flowering, pollen vector, seed
length, seed length/width ratio, seed weight, seed storage behaviour)
was created based on information collected from the literature (Table 1;
Appendix B). These traits were selected to provide insight into three

Table 1

Functional traits employed in the present study, their functional role and the
level of completeness after the gap-filling. For each functional trait, the type of
the variable [categorical (C), numerical (N) or ordinal (O)] is presented as well
as the different classes of the trait. Abbreviations of the functional traits and
their classes are in parentheses.

Functional Type and classes of the Function Completeness
trait variable
Beginning of C: autumn (aut), early Reproduction 94.7%
flowering spring (esp), spring (sp),
(BF) summer (sum)
Flower colour C: blue/lilac/violet Reproduction 100%
(FO) (blue), brown/green
(green), orange/yellow
(yellow), pink/purple/red
(pink), white (white), no
flower (no)
Dispersal C: autochoric (aut), Dispersal 97.8%
mode (DI) hemerochoric (hem),
meteorochoric (wi),
nautochoric (wa),
zoochoric (zoo), other
(oth)
Duration of (e} Reproduction 94.7%
flowering
(DF)
Pollen vector C: cleistogamy (cl), Reproduction 90.9%
(PV) geitonogamy (gei), insects
(in), selfing (sel), water
(wa), wind (wi)
Seed length N Dispersal 94.7%
(SL)
Seed length/ N Dispersal 94.7%
width ratio
(SR)
Seed weight N Dispersal 99.0%
sw)
Storage C: intermediate (int), Dispersal 93.2%
behaviour orthodox (or), recalcitrant
ST (rec)
Canopy 0;1<0.1,01<2<0.3, Competitiveness, 99.9%
height class 0.3<3<0.6,06<4<1, Stress tolerance
(CHC) 1<5<3,3<6<4,4<
7 < 15,15 < 8 (m)
Canopy C: leaves distributed Competitiveness, 100%
structure regularly along the stem Stress tolerance
(CS) (reg), rosette (ros), semi-
rosette (sros), scarcely
foliated (sc), tufts and
crowns on the top of taller
shoot/vegetative stem
(tuf)
Leaf length N Competitiveness, 99.2%
(LL) Stress tolerance
Leaf length/ N Competitiveness, 99.2%
width ratio Stress tolerance
(LR)
Leaf C: overwintering (wi), Competitiveness, 97.0%
persistence persistent green (per), Stress tolerance
(LP) spring green (sp), summer
green (sum), no leaves
(no),
Life form (LF) C: chamaephyte (C), Competitiveness, 100%
geophyte (G), Stress tolerance
hemicryptophyte (H),
phanerophyte (P),
therophyte (T)
Life span (LS) C: annual (an), biennial Competitiveness, 100%

(bi), perennial (pe) Stress tolerance
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central processes involved in community assembly, namely reproduc-
tion, dispersal and competition (Table 1) (Kraft and Ackerly, 2014).
Dispersal-related traits are essential for determining species mobility
and location in the landscape and their ability for a successful estab-
lishment (Hargreaves and Eckert, 2014). For example, dispersal mode
provides information on species adaptations to biotic and abiotic vectors
(Eriksson and Kiviniemi, 2001), while seed traits are linked with the
critical life stage of germination, which at least partly drives plant
community assembly (Larson et al., 2015). On the one hand, seed shape
partly determines the speed of germination (Bu et al., 2016) and is
predictive of persistence in soil seed banks (Thompson et al., 1993). On
the other hand, seed mass is related to seed dispersal, establishment,
competition, frost tolerance and plant growth rates (Turnbull et al.,
1999; Weiher et al., 1999; Westoby et al., 2002). Finally, reproduction-
related traits have a key role in species fitness (E-Vojtko et al., 2020),
while the timing of reproductive events determines the trade-off be-
tween vegetative and reproductive growth (Bolmgren and Cowan, 2008;
Elzinga et al., 2007), and flower colour and pollination mode can largely
affect pollen transfer efficiency and thus overall reproductive success
(Scopece et al., 2015).

Gap-filling was applied with missing values of numerical data being
replaced by the mean of the available trait values for the taxa belonging
to the same genus, while for categorical data gap-filling was only applied
when all the taxa in the same genus with available trait information had
the same value (Shan et al., 2012). The level of data completeness after
the gap-filling procedure is shown in Table 1. We excluded from the
dataset taxa with four or fewer occurrences and taxa taxonomically
identified at the genus and family level. The final trait matrix included
16 functional traits and 923 taxa.

2.5. Functional diversity and identity in different vegetation layers

To investigate if the patterns of functional diversity and identity
differ between overstorey and understorey layers of community types,
all the analyses were performed for three different datasets. The first
dataset included all the vascular plant taxa present in a plot (ALL
dataset). The other two datasets were subsets of the ALL dataset. The
second dataset represented the overstorey layer of the plots (OverSt
dataset) and was constituted only of the phanerophyte (tree and shrub)
taxa plots. Since some metrics require at least three species occurrences
to be calculated, 554 plots (16%) of the original dataset that included
less than three phanerophyte taxa were omitted from this analysis.
Finally, the third dataset represented the understorey layer of the plots
(UnderSt dataset) and included all the taxa with life form other than
phanerophyte (i.e. chamaephytes, geophytes, hemicryptophytes,
therophytes).

2.6. Functional identity

The functional identity was quantified by means of the Community
Weighted Means (CWM) metric. CWM values per plot were computed
for each trait as the mean trait value of all species weighted by their
relative importance for both numerical and categorical traits, using the
functcomp function of the FD package in R software (Lavorel et al. 2008;
Laliberté and Legendre 2010; Laliberté et al. 2015). For this analysis, the
data tables of plots x species and species x functional trait values were
employed. Taxon abundances were used for the calculation of the CWMs
after their square-root transformation. For the case of numerical traits,
CWM values express abundance-weighted mean value for the species
present in a plot or a community. In contrast, for categorical traits, CWM
values express the percentage of relative abundance of each factor level
of the categorical trait. The average of CWMs of all the plots classified in
each forest community type was used as the CWM value at the level of
the community type. Furthermore, standardized effect sizes of CWMs for
all traits were calculated by creating 999 random community data
matrices from the regional species pool of the 923 taxa with the richness
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null model by employing the randomizeMatrix function of the picante
package in R (Kembel et al., 2010). A community type was considered to
have a statistically significant pattern when more than 30% of their plots
differed from random expectations.

Based on these community-type level CWM values of the 25 com-
munity types (matrix of 16 traits and their categories x 25 community
types) a non-metric multidimensional scaling (NMDS; function metaMDS
in package vegan; Minchin, 1987; Oksanen et al., 2016) was performed
to identify differences between the functional identity of the investi-
gated community types. More specifically, for this analysis, the data
table of community types x CWM value per functional trait was
employed. The NMDS was performed using the Bray-Curtis distance
with 100 random starts. Pearson correlation coefficient was used to test
for relationships between the NMDS axes and the CWMs of traits.

2.7. Functional diversity

Two multivariate indices of functional diversity were employed for
the investigation of multidimensional functional diversity patterns of
forest community types in Greece, namely functional richness (FRic)
(Villéger et al. 2008) and functional dispersion (FDis) (Laliberté and
Legendre 2010). The combined study of these metrics allows the esti-
mation of the functional space occupied by the taxa present in a com-
munity and the distance of the taxa from the centroid of this functional
space (Mason et al., 2005).

Similarly to CWM, for the calculation of FRic and FDis the data tables
of plots x species and species x functional trait values were employed.
Gower’s distance was used to calculate a trait-based distance matrix due
to its ability to handle missing values. Principal Coordinate Analysis was
used to reduce the multidimensional functional space to a set of un-
correlated traits (Leps et al., 2006). To maintain an adequate number of
dimensions of functional space (Maire et al., 2015), we aimed at keeping
the first six axes of the PCoA for the estimation of functional diversity
indices. Because the number of employed axes is constrained by the
species richness of the taxonomically poorest sampling plot (Villéger
et al., 2008), we excluded from the ALL and UnderSt datasets all sam-
pling plots with six or fewer species and 3471 plots remained for the
analyses. For the OverSt dataset, the first two axes of the PCoA were
maintained to avoid exclusion of plots with few phanerophyte taxa.

Finally, the FDis metric was calculated for the overstorey layer of
3270 plots, while the FRic metric was calculated for 2916 plots,
respectively. Since taxa with higher abundances are expected to have a
greater influence on the functional structure of the community
(Majekova et al., 2016), abundance information was included for the
calculation of the functional dispersion index after its square-root
transformation. The metrics of multivariate functional diversity were
calculated with the dbFD function of the FD package in R software
(Laliberté et al., 2015; Laliberté and Legendre, 2010).

The standardized effect sizes (SES) of FRic and FDis were calculated
to investigate the functional structure of community types. According to
Gotzenberger et al. (2016), null model selection can significantly affect
the correct identification of assembly processes in a dataset. More spe-
cifically, when only environmental filtering or only limiting similarity
processes affect community assembly, then a null model that maintains
species frequency, total abundance and total species richness fixed is
preferable (trial swap null model; Gotzenberger et al. 2016). In contrast,
when environmental filtering and limiting similarity simultaneously
affect community assembly, a null model that maintains only the plot
species richness and total sample abundance fixed is the most appro-
priate (richness null model) (Gotzenberger et al., 2016). The main null
model employed in the present study for the estimation of SES.FRic and
SES.FDis was the richness model since we had no reason to believe that
there are no simultaneous effects of environmental filtering and limiting
similarity in the communities, as shown in some previous studies (Kang
etal., 2017; McGill et al., 2006). Thus, the estimations of the SES values
of the functional diversity metrics were computed by creating 999
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random community data matrices from the regional species pool of the
923 taxa with the richness null model by employing the randomizeMatrix
function of the picante package in R (Kembel et al., 2010). Subsequently,
all indices were computed for the randomized communities, and the SES
values were calculated as the observed FD relative to expected values
from the random communities: SES = (observed FD index value — mean
expected index value)/SD of the index across 999 randomizations. The
table of plots x randomized functional diversity indices was used to
calculate these SES values. The trial swap null model was also employed
for comparison (Appendix C).

3. Results
Twenty-five

floristically and ecologically well-differentiated

Table 2
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community types were identified in the study area, grouped into four
broad forest types. More specifically, the 3471 vegetation plots were
classified in nine beech forest, three ravine forest, five pine forest and
eight oak forest community types. A detailed description of these com-
munities and a synoptic table presenting their floristic composition can
be found in Mastrogianni et al. (2019): Supplementary Data 3 and 2,
respectively.

3.1. Patterns of functional identity

Results derived from CWM and SES.CWM values based on the three
datasets revealed partly different patterns between vegetation layers
and forest types (Table 2). More statistically significant SES.CWM values
were found for the ALL dataset, fewer statistically significant SES.CWM

Contribution of each functional trait to the differentiation of forests types (B: beech, 9 community types; R: ravine, 3 types; P: pine, 5 types; O: oak, 8 types) according to
the number of community types per forest type having CWM values significantly different from randomness based on the species richness (richness null model), for the
UnderSt (understorey), OverSt (overstorey) and ALL datasets. The letters h or 1 within parentheses indicate if the community types are significantly higher or lower
than under random expectation, respectively, in cases where more than 30% of plots of the community type had values statistically significantly different from the

random expectations.

Traits Categories of traits CWMs UnderSt CWMs OverSt CWMs ALL
B R P (0] B R P (0] B R P (0]
Beginning of flowering autumn 3(h) 1(h) 3(h) 1(h)
early spring
spring 3(h)
summer 2D 1M
Canopy height class 9(h) 3(h) 5(h) 8(h)
Canopy structure regularly across the stem 2(h) 1(h) 4(h)
rosette 1(h)
semi-rosette 3
shoot scarcely foliated
tufted
Dispersal mode autochoric
hemerochoric 1(h) 2(h)
meteorochoric 1(h) 2D 2D 2()
nautochoric 1(h) 1(h)
zoochoric
other
Duration of flowering 3D 3()
Flowering colour blue/violet/lilac
brown/green 2(h) 1(h) 9(h) 9(h) 3(h) 5(h) 8(h)
purple/red/pink 1(h)
white 1(h)
yellow/orange
no flower 5(h) 3(h) 3(h) 2(h) 1(h) 2(h)
Leaf length 2 (h) 1(h) 2(h)
Leaf persistence overwintering green 2 1(h) 1M 1(h)
persistent green 2(h) 1(h) 4(h) 4(h)
summer green 1) 1) 4 1(h) 1(h) 2(h)
spring
no leaves
Leaf ratio 2(h) 2(h) 1(h) 5(h) 1(h) 2(h)
Life form chamaephyte 1(h) 3(h) 1(h)
geophyte 1(h) 3(h)
hemicryptophyte 1(h) 1(h) 2 1M
phanerophyte 8(h) 3(h) 5(h) 8(h)
therophyte 3 1(h) 40 1(h), 2(1) 3 40 1(h), 2(D)
Life span annual El0)] 3 40 1(h), 3(D 3D 40 1(h), 2D
biennial
perennial 4(h) 1(h) 4(h) 4(h), 1) 3(h) 4(h) 4(h)
Pollen vector cleistogamy 7(h) 2(h) 1(h) 4(h) 1(h)
geitonogamy 1(h)
insects 10 2D 41 1(h) 40 1D 41) 3
selfing 1M 1M 2
water 6(h) 3(h) 3(h) 5(h) 2(h) 3(h) 3(h) 1(h)
wind 4(h) 5(h) 4(h) 2(h) 1(h) 4(h) 1(h) 9(h) 3(h) 5(h) 8(h)
Seed length 3(h) 5(h) 3(h) 2(h) 8(h)
Seed ratio 1(h)
Seed weight 1(h) 2(h) 6(h)
Storage behaviour Intermediate 9(h) 2(h) 9(h) 3(h) 2(h) 1(h)
Orthodox 8() 2D 8() 2D
Recalcitrant 8(h) 2(h) 1(h) 8(h)
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values for the OverSt dataset and an intermediate number for UnderSt.
Specifically, for the ALL dataset, in 274 cases (combinations of a com-
munity type with a trait-category) out of the total 1250 cases (25
community types x 50 trait-categories), more than 30% of community
types’ plots were found with statistically significant SES.CWM value.
The corresponding numbers for UnderSt and OverSt datasets were 131
and 84, respectively. In addition, significantly higher values (for nu-
merical traits) or higher occurrence frequency of a trait category (for
categorical traits) than expected by chance were more commonly
observed than significantly lower values or lower occurrence frequency
values for all datasets (369 cases for significantly higher values versus
120 cases for significantly lower values).

Statistically significant SES.CWM values were particularly frequent
for ravine forests (40.7% of the 150 cases, i.e., 50 trait-categories x 3
ravine forest community types) for the ALL dataset, indicating their
functional uniqueness among the studied forest community types, while
statistically significant SES.CWM values were more frequent for pine
forests for the UnderSt and OverSt datasets (14.4% and 9.2%, respec-
tively). Investigation of functional identity with the ALL dataset
revealed certain quantitative traits or categories of qualitative traits
which were found with statistically significant SES.CWM values for all
the studied community and forest types. These traits, including canopy
height, brown/green flowering colour, phanerophyte life form and wind
as a pollen vector, possibly characterize all the forest community types
recorded in the study area.

Certain traits or their categories were found to be significantly
different from randomness for a high proportion of community types
within certain forest type(s) and simultaneously for a low or zero
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proportion of community types within the remaining forest type(s), thus
differentiating functionally the former from the latter. For instance, the
presence of autumn-flowering taxa is differentiating ravine forest types,
leaf persistence throughout the year differentiates pine forest types,
while a high presence of recalcitrant seeds differentiates oak forests
(Table 2).

The results of the correlation among trait and trait categories with
EIV are presented in Appendix E, Table E.2. From the 50 traits and trait
categories investigated, 15 appeared to be correlated with many or few
EIVs. From those, seven were traits and trait categories related to
dispersal processes, four related to reproduction processes and four
related to competitiveness and stress tolerance. The correlation among
traits and the indicator of temperature was more commonly observed,
compared to the rest of EIVs, while the indicator more rarely correlated
with traits and trait categories was the reaction.

Differentiation patterns of the functional identity among community
types were, to a large extent, similar across the three datasets, according
to the NMDS. The results for the ALL dataset are presented here since
they provide the best discrimination between the community types
(Fig. 1), while the respective analysis for the OverSt and UnderSt data-
sets are in Appendix D. The stress value of NMDS analyses were 0.1360,
0.1128 and 0.1633 for the ALL, UnderSt and OverSt datasets respec-
tively, indicating a good representation of data in the two-dimensional
NMDS graphs. Regarding the ALL dataset, the forest types were
discriminated in the NMDS diagram, indicating a clear differentiation of
their functional composition. The first NMDS axis (NMDS 1) discrimi-
nated the pine forests from the broadleaved deciduous forests. At the
same time, ravine forests were also discriminated from the other
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Fig. 1. Non-metric multidimensional scaling of the twenty-five forest community types (1-9: beech forests, 10-12: ravine forests, 13-17: pine forests, 18-25: oak

forests) based on their Community Weighted Mean values and for the ALL dataset.

Functional traits are represented by black (distinguishable) and grey (overlapping)

letters. See Table 1 for abbreviations of functional traits. A magnified central part of the diagram (overlapping grey-coloured labels) is presented in Appendix

D, Figure D.1.
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deciduous forest types by appearing at the right part of the axis, indi-
cating a distinct functional identity. The second NMDS axis (NMDS 2)
separated mainly the oak from the beech forests. On the one hand, taxa
with functional characteristics such as the beginning of flowering in
summer (BF_sum), semi-rosette canopy structure (CS_sros), wind
dispersal (DI_wi), leaf persistence (LP_per), more round leaves (LR) and
chamaephyte life form (LF_C) were decreasing from pine to deciduous
broadleaved forests. Taxa with leaves green in summer (LP_sum), geo-
phytes (LF_G), geitonogamous (PV_gei) or with elongated seeds (LR)
were following the opposite trend. On the other hand, the main differ-
ences in traits composition between oak and beech forest types con-
cerned the most frequent presence of taxa with yellow/orange flowers
(FC_yellow), overwintering green leaves (LP_wi) or orthodox (ST_or) or
recalcitrant seeds (ST _rec) in oak forests, while taxa with scarcely foli-
ated shoots (CS_sc), autochoric (DI aut), with brown/green flower
colour (FC_green), parasites (LP_no), pollinated by wind (PV_wi) or with
intermediate seed storage behaviour (ST int) were more frequent in
beech forests.

3.2. Patterns of functional diversity

Regarding the results from all the multivariate metrics applied (FRic,
SES.FRic, FDis and SES.FDis), the values of plots of the ALL dataset were
correlated with the respective values of the UnderSt dataset. No other
statistically significant correlations were found for the rest of the com-
binations of these metrics between ALL and OverSt or OverSt and
UnderSt datasets. Moreover, none of the functional diversity metrics was
highly correlated with the Ellenberg indicator values, which reflect the
environmental conditions of the plots (Appendix E).

Patterns of differentiation of forest types based on FRic were similar
between ALL and UnderSt datasets (higher FRic in oak forests and one
pine community type) but differed for the OverSt dataset (higher FRic in
ravine forests) (Appendix C, Figure C.1). Regarding functional disper-
sion, lower FDis values were observed for three pine community types in
the ALL dataset, beech forests in the OverSt dataset, while higher levels
of FDis were observed for ravine forests and some oak community types
in the UnderSt dataset (Appendix C, Figure C.1).

Based on SES.FRic and SES.FDis, most of the community types did
not differ statistically significantly from random expectations (Fig. 2).
More functionally structured plots were identified for the SES.FDis
metric and for all datasets, while few structured plots were found when
SES.FRic was employed, and only for the OverSt dataset. In addition, the
clustered structure was mainly found for the UnderSt dataset, while
overdispersed patterns were identified for a few community types of the
ALL and OverSt datasets (Fig. 2).

4. Discussion

We explored the patterns of functional diversity and identity among
25 broad-leaved and mountain coniferous forest community types at a
regional scale (northern and central Greece). In addition, we compared
these patterns between species with different life form that appear in
different forest layers.

4.1. Functional identity differentiation between forest community types
and forest layers

We found that the differentiation of forest types in species compo-
sition is well reflected in their functional composition. For many of the
analyzed traits, community types were characterized by CWMs different
from random expectations. The most significant differentiation was
revealed when all the vascular plant taxa were included in the analysis
(understorey and overstorey layers). In contrast to functional diversity,
we did not find striking differences between the three datasets (ALL,
UnderSt and OverSt) along to the main gradients revealed by the ordi-
nations of CWM values of each community types (see Fig. 1 and Figs. D.1
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to D.5). Specifically, the community types were similarly distributed in
the NMDS diagrams derived from the three datasets, with the only
exception of pine forests whose distribution partly differed for the
OverSt compared to the other two datasets.

However, opposite patterns of correlations of some functional traits
and trait categories with the NMDS axes (see Tables D.2 to D.4) were
observed between UnderSt and OverSt datasets, such as “flowering in

2 2 »

spring”, “flowering in summer”, “nautochoric dispersal mode”, “white
flower colour”, “summer green leaf persistence”, “geitonogamy” and
“intermediate storage behaviour”. These findings demonstrate that a
separate investigation of the functional identity of different forest layers
can provide complementary information regarding the functional
characteristics of community types, as suggested in the literature
(Lagerstrom et al., 2013; Luo et al., 2019a). This was also supported by
the correlations of trait and trait categories with EIVs. Particularly, most
cases of the correlation between traits and environmental gradients
represented by EIVs were observed when only the understorey taxa were
included in the analyses. The temperature was revealed to have the
greatest effects on functional diversity in the studied community types,
in agreement with several studies that have highlighted the significant
effects of temperature on understorey composition and functioning
(Maes et al. 2020, Lu et al. 2017, Moles et al. 2014).

Although the understanding of the functional identity of each com-
munity type is better when analyzing the forest layers separately
(demonstrated by ses.CWM values), the discrimination of community
types is better when the total floristic composition (ALL dataset) is
employed (as demonstrated by the NMDS analyses). The traits that were
found to have statistically significantly higher values (or higher occur-
rence frequencies for categorical traits) from random expectations for
most of the 25 community types are indeed common traits for forest
ecosystems. For example, wind-pollinated and green-flowering species
(which have also been found to be associated with each other; Griffiths
and Lawes, 2006) are known to characterize temperate forests (Bin-
kenstein and Schaefer, 2015; Griffiths and Lawes, 2006). In addition, the
statistically significantly higher values of characteristics such as seed
length and canopy height partly results from the different life-history
strategies of the tree versus herb species that are simultaneously
occurring in forest ecosystems. It also explains the fact that these pat-
terns are observed only when the ALL dataset is analyzed.

The traits found to differentiate certain forest types can indicate the
underlying ecosystem processes shaping the investigated forest types.
Beech, ravine, pine and oak forest types are clearly differentiated from
each other through traits related to all three central processes involved
in community assembly (reproduction, dispersal and competition).
Flowering period and duration (reproduction traits) were found to differ
as important functional traits based on which ravine and oak community
types differed between each other as well as from the rest of the forest
types. Furthermore, flower colour or the frequency of non-flowering
plants differentiate beech, ravine and oak forests. Pine forests seem to
differ from the other three forest types in terms of pollination vectors.
Flowering phenology can influence species abundance and occurrence
through competition effects (Sargent and Ackerly, 2008), and it reflects
processes related to the availability of resources and their acquisition by
plants (Craine et al., 2012). Oak and ravine forests were found to be
dominated by larger- and heavier-seeded taxa and higher frequency of
taxa with recalcitrant seeds. Each of these traits and trait categories was
also found to be positively correlated with one of the environmental
gradients of light, temperature and soil reaction, while a negative cor-
relation was observed only between the occurrence of taxa with recal-
citrant seeds and moisture availability. Seed characteristics and their
storage capacity influence plant community structure, dynamics and
succession (Vazquez-Yanes and Orozco-Segovia, 1996). They reflect
several factors such as dispersal processes, plant responses to distur-
bances, soil resources and competition, and abiotic filters related to
climate (Jiménez-Alfaro et al., 2016). Finally, vegetative and whole-
plant traits, especially canopy structure, life form, life span and leaf
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persistence, contribute significantly to the differentiation of all forest
types between each other. These traits are related to the competitiveness
and stress tolerance of plant taxa (Grime et al., 1988). For instance, a
higher occurrence frequency of the trait category “leaves distributed
regularly along the stem” (CS_reg) for the ravine and oak forests reveals
a higher competitive ability of the species they host (Barkman, 1988).
The lower frequency of species with semi-rosette leaves in ravine forests
indicates a lower frequency of less competitive species, and the opposite
signal is derived from the higher frequency of evergreen species in pine
forests (Roscher et al., 2012).

4.2. Functional diversity differentiation between forest community types
and vegetation layers

In contrast to our expectations, we did not find significant evidence
of differentiation among the 25 forest community types based on the
functional diversity metrics applied here and the total floristic compo-
sition of plots (ALL dataset). Thus, in agreement with Spasojevic and
Suding (2012), it is becoming apparent that single-trait metrics of
functional diversity revealed more patterns of functional diversity than
the multifacet approach. Nevertheless, in agreement with our expecta-
tion and recent research results (Lagerstrom et al., 2013; Luo et al.,
2019a; Zhang et al., 2017), the patterns of functional diversity differed
between the forest layers. Specifically, when one of the layers of a
community type (either overstorey or understorey) was characterized by
a statistically significant pattern, the other layer did not differ from
randomness. This possibly indicates that different drivers of community
assembly may affect the two forest layers, resulting in decoupled func-
tional patterns of understorey and canopy species (Lagerstrom et al.,
2013; Luo et al., 2019a).

Functional clustering was not observed for the overstorey layer of
any community type. Considering the lack of correlation between
functional diversity and the prevalent environmental conditions in the
plots, we can assume that these functionally random or even over-
dispersed patterns result from the absence of strong environmental
filtering in the study area.

The prevalence of clustered structure in several community types
based on their understorey layer may be attributed to several factors.
One candidate factor may be the effect of the distinct microhabitat
conditions due to differences in canopy composition (Barbier et al.,
2008) resulting in resource filtering (e.g. Cornwell and Ackerly, 2009;
May et al., 2013). Zhang et al. (2017), in their conceptual diagram about
biodiversity-ecosystem functioning relationship, show that both over-
storey and understorey species diversity is affected by climatic and site
conditions as well as successional stage, but understorey species are
additionally affected by species diversity and biomass of the overstorey.
Furthermore, species diversity and thus also functional trait diversity is
expected to be much higher for understorey than for overstorey species.
This higher diversity may be due to several reasons, such as the higher
diversity of the understorey species in the regional species pool in
comparison with that of the overstorey species, the smaller scale of
habitats that the understorey species utilize in comparison with the
overstorey species, or larger habitat heterogeneity for understorey spe-
cies. Finally, it cannot be excluded that herbaceous and woody taxa are
affected by environmental factors in different ways, also resulting in
such contrasting patterns of functional diversity between these life forms
(Lagerstrom et al., 2013; Luo et al., 2019a; Xu et al., 2018). However, it
should be noted that our results showed a more frequent occurrence of
significantly structured assemblages (specifically clustered) for the
understorey layer in comparison with the overstorey layer, which con-
tradicts the results of Luo et al. (2019b), who found more structured
cases for the tree and shrub layers and random structure for the her-
baceous layer.

The random structure of all the investigated community types when
all the vascular plant taxa were included in the analysis is considered the
outcome of such complex relations. Specifically, the multiple biotic and
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abiotic factors, including processes such as equalizing fitness or facili-
tation, can lead to the observation of random structure (Spasojevic and
Suding, 2012).

4.3. Functional distinctiveness of community types

Among the four forest types, ravine forests appeared to be the most
functionally distinct since they had by far the highest numbers of
functional trait values that differed statistically significantly from
random expectations (ses.CWM based on the ALL dataset). Besides
ravine forests, pine forest seems to be also distinct in terms of their
functional identity. These two forest types were at the edges of the
NMDS ordination space of ALL and UnderSt datasets.

As mentioned above, for pine forests, this can be mainly attributed to
the prevalence of more adverse environmental conditions. In contrast,
the traits related to the functional distinctiveness of ravine forests are
primarily indicative of the prevalence of biotic interactions (e.g.,
competition) between the taxa of ravine community types or the prev-
alence of distinct seed and dispersal-related functional characteristics.

Such prevalence of significantly large and heavy seeds and signifi-
cantly low proportion of wind-dispersed taxa have been suggested to
contribute to the unique functional signature of refugial areas (Keppel
et al., 2018) since they are known to be associated with the generally
more stable and favourable environment as well as more mesic condi-
tions (such as north-facing slopes in the Northern Hemisphere) (Bhag-
wat and Willis, 2008; Copeland and Harrison, 2015; Kooyman et al.,
2011). For most of the ravine forest community types, such character-
istics were simultaneously observed for many taxa, constituting a sup-
portive argument for their general refugial role, in agreement with the
respective inferences that were made based on their phylogenetic di-
versity and structure in a previous study (Mastrogianni et al., 2019).

Thus, the results of the present study, and more specifically the
overdispersed values or frequencies of specific traits or their categories,
may reflect some effects of deep past conditions on the current trait
composition of some of the studied community types. Bruelheide et al.
(2018), who also studied single-trait metrics, suggested that the drivers
of past trait evolution are also reflected in the composition of today’s
plant communities. However, multivariate indices of functional di-
versity applied in our study did not reveal any community type with a
significant number of overdispersed plots which would indicate imprints
of deep past conditions in the assembly of current communities.

5. Conclusions

Our study revealed complex patterns of functional diversity and
functional identity among 25 deciduous broad-leaved and mountain
coniferous forest community types in northern and central Greece.
Overall, the multivariate indices of functional diversity used in this
study did not reveal significant differences in the functional structure of
the studied community types, rendering almost all of them as randomly
structured based on their total floristic composition. However, these
indices revealed differences in functional structure between the canopy
and the understorey layer. The single-trait approach based on SES.
CWMs employed to capture functional identity allowed the identifica-
tion of the main attributes of functional differentiation of the studied
community types. It also provided useful information about the func-
tional signature of each community type. We revealed decoupled pattern
between two key functional aspects of a community, functional diversity
and identity, suggesting their complementarity and highlighting the
value of their simultaneous investigation. Finally, the single-trait
approach suggested the effects of deep past conditions on the func-
tional composition of certain community types, specifically of ravine
forests. However, multivariate trait analysis did not infer any such
effects.



A. Mastrogianni et al.
CRediT authorship contribution statement

Anna Mastrogianni: Conceptualization, Data curation, Formal
analysis, Investigation, Methodology, Writing - review & editing. Milan
Chytry: Writing - review & editing. Athanasios S. Kallimanis: Writing
- review & editing. Ioannis Tsiripidis: Conceptualization, Data cura-
tion, Methodology, Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

AM was financially supported by The Hellenic General Secretariat of
Research and Technology (GSRT) and the Hellenic Foundation for
Research and Innovation (HFRI; Scholarship Code: 18). MC was sup-
ported by the Czech Science Foundation (project no. 19-28491X).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ecolind.2021.108229.

References

Barbier, S., Gosselin, F., Balandier, P., 2008. Influence of tree species on understory
vegetation diversity and mechanisms involved-A critical review for temperate and
boreal forests. For. Ecol. Manage. 254 (1), 1-15. https://doi.org/10.1016/j.
foreco.2007.09.038.

Barkman, J.J., 1988. New Systems of Plant Growth Forms and Phenological Plant Types.
In Plant Form and Vegetation Structure. SPB Academic Publishing, pp. 9-44.

Bhagwat, S.A., Willis, K.J., 2008. Species persistence in northerly glacial refugia of
Europe: a matter of chance or biogeographical traits? J. Biogeogr. 35 (3), 464-482.

Binkenstein, J., Schaefer, H.M., 2015. Flower colours in temperate forest and grassland
habitats: a comparative study. Arthropod. Plant. Interact. 9 (3), 289-299. https://
doi.org/10.1007/s11829-015-9369-9.

Bolmgren, K., D. Cowan, P., 2008. Time - size tradeoffs: A phylogenetic comparative
study of flowering time, plant height and seed mass in a north-temperate flora. Oikos
117 (3), 424-429. https://doi.org/10.1111/j.2007.0030-1299.16142.x.

Brockerhoff, E.G., Barbaro, L., Castagneyrol, B., Forrester, D.1., Gardiner, B., Gonzalez-
Olabarria, J.R., Lyver, P.O’B., Meurisse, N., Oxbrough, A., Taki, H., Thompson, I.D.,
van der Plas, F., Jactel, H., 2017. Forest biodiversity, ecosystem functioning and the
provision of ecosystem services. Biodivers. Conserv. 26 (13), 3005-3035. https://
doi.org/10.1007/5s10531-017-1453-2.

Bruelheide, H., Dengler, J., Purschke, O., Lenoir, J., Jiménez-Alfaro, B., Hennekens, S.M.,
Botta-Dukat, Z., Chytry, M., Field, R., Jansen, F., Kattge, J., Pillar, V.D., Schrodt, F.,
Mahecha, M.D., Peet, R.K., Sandel, B., van Bodegom, P., Altman, J., Alvarez-
Davila, E., Arfin Khan, M.A.S., Attorre, F., Aubin, 1., Baraloto, C., Barroso, J.G.,
Bauters, M., Bergmeier, E., Biurrun, L., Bjorkman, A.D., Blonder, B., Carni, A.,
Cayuela, L., Cerny, T., Cornelissen, J.H.C., Craven, D., Dainese, M., Derroire, G., De
Sanctis, M., Diaz, S., Dolezal, J., Farfan-Rios, W., Feldpausch, T.R., Fenton, N.J.,
Garnier, E., Guerin, G.R., Gutiérrez, A.G., Haider, S., Hattab, T., Henry, G.,
Hérault, B., Higuchi, P., Holzel, N., Homeier, J., Jentsch, A., Jiirgens, N., Kacki, Z.,
Karger, D.N., Kessler, M., Kleyer, M., Knollova, I., Korolyuk, A.Y., Kiihn, I.,
Laughlin, D.C., Lens, F., Loos, J., Louault, F., Lyubenova, M.I., Malhi, Y.,

Marceno, C., Mencuccini, M., Miiller, J.V., Munzinger, J., Myers-Smith, I.H., Neill, D.
A., Niinemets, U., Orwin, K.H., Ozinga, W.A., Penuelas, J., Pérez-Haase, A.,

Petiik, P., Phillips, O.L., Partel, M., Reich, P.B., Romermann, C., Rodrigues, A.V.,
Sabatini, F.M., Sardans, J., Schmidt, M., Seidler, G., Silva Espejo, J.E., Silveira, M.,
Smyth, A., Sporbert, M., Svenning, J.-C., Tang, Z., Thomas, R., Tsiripidis, I.,
Vassilev, K., Violle, C., Virtanen, R., Weiher, E., Welk, E., Wesche, K., Winter, M.,
Wirth, C., Jandt, U., 2018. Global trait-environment relationships of plant
communities. Nat. Ecol. Evol. 2 (12), 1906-1917. https://doi.org/10.1038/541559-
018-0699-8.

Bu, H.-Y., Wang, X.-J., Zhou, X.-H., Qi, W, Liu, K., Ge, W.-J., Xu, D.-H., Zhang, S.-T.,
2016. The ecological and evolutionary significance of seed shape and volume for the
germination of 383 species on the eastern Qinghai-Tibet plateau. Folia Geobot. 51
(4), 333-341. https://doi.org/10.1007/512224-016-9271-y.

Cavender-Bares, J., Kozak, K.H., Fine, P.V.A., Kembel, S.W., 2009. The merging of
community ecology and phylogenetic biology. Ecol. Lett. 12, 693-715.

Chesson, P., 2000. Mechanisms of maintenance of species diversity. Ann. Rev. Ecol. Syst
31 (1), 343-366. https://doi.org/10.1146/annurev.ecolsys.31.1.343.

Copeland, S.M., Harrison, S.P., 2015. Identifying plant traits associated with topographic
contrasts in a rugged and diverse region (Klamath-Siskiyou Mts, OR, USA).

10

Ecological Indicators 131 (2021) 108229

Ecography (Cop.) 38 (6), 569-577. https://doi.org/10.1111/ecog.2015.v38.
i610.1111/ecog.00802.

Cornwell, W.K., Ackerly, D.D., 2009. Community assembly and shifts in plant trait
distributions across an environmental gradient in coastal California. Ecol. Monogr.
79 (1), 109-126. https://doi.org/10.1890/07-1134.1.

Craine, J.M., Wolkovich, E.M., Gene Towne, E., Kembel, S.W., 2012. Flowering
phenology as a functional trait in a tallgrass prairie. New Phytol. 193 (3), 673-682.
https://doi.org/10.1111/nph.2012.193.issue-310.1111/j.1469-8137.2011.03953.x.

Damschen, E.I., 2018. Decoding plant communities across scales. Nat. Ecol. Evol. 2 (12),
1844-1845. https://doi.org/10.1038/541559-018-0739-4.

Dias, A.T.C., Berg, M.P., de Bello, F., Van Oosten, A.R., Bil, K., Moretti, M., Lavorel, S.,
2013. An experimental framework to identify community functional components
driving ecosystem processes and services delivery. J. Ecol. 101 (1), 29-37. https://
doi.org/10.1111/1365-2745.12024.

E-Vojtké, A., Bello, F., Durka, W., Kiihn, I., Gotzenberger, L., Roxburgh, S., 2020. The
neglected importance of floral traits in trait-based plant community assembly.

J. Veg. Sci. 31 (4), 529-539. https://doi.org/10.1111/jvs.v31.410.1111/jvs.12877.

Ellenberg, H., Weber, H., Dull, R., Wirth, V., Werner, W., Paulissen, D., 1991.
Zeigerwerte von Pflanzen in Mitteleuropa. Scr. Geobot. 18, 1-248.

Elzinga, J.A., Atlan, A., Biere, A., Gigord, L., Weis, A.E., Bernasconi, G., 2007. Time after
time: flowering phenology and biotic interactions. Trends Ecol. Evol. 22 (8),
432-439. https://doi.org/10.1016/j.tree.2007.05.006.

Eriksson, O., Kiviniemi, K., 2001. Evolution of plant dispersal. In: Vuorisalo, T.O.,
Mutikainen, P.K. (Eds.), Life History Evolution in Plants. Kluwer, Dordrecht,
pp. 215-237.

Euro-+Med 2006-2021: Euro+Med PlantBase — the information resource for Euro-
Mediterranean plant diversity. Published on the Internet http://ww2.bgbm.org/Eur
oPlusMed/ [14/09/2018].

Fischer, H.S., 2015. On the combination of species cover values from different vegetation
layers. Appl. Veg. Sci. 18 (1), 169-170. https://doi.org/10.1111/avsc.12130.

Fotiadis, G., Tsiripidis, I., Bergmeier, E., Dimopoulos, P., 2012. Hellenic Woodland
database. Biodivers. Ecol. 4: 389.

Gavin, D.G., Fitzpatrick, M.C., Gugger, P.F., Heath, K.D., Rodriguez-Sanchez, F.,
Dobrowski, S.Z., et al., 2014. Climate refugia: joint inference from fossil records,
species distribution models and phylogeography. New Phytologist 204 (1), 37-54.
https://doi.org/10.1111/nph.12929.

Gotzenberger, L., Botta-Dukat, Z., Leps, J., Partel, M., Zobel, M., de Bello, F., Mason, N.,
2016. Which randomizations detect convergence and divergence in trait-based
community assembly? A test of commonly used null models. J. Veg. Sci. 27 (6),
1275-1287. https://doi.org/10.1111/jvs.12452.

Griffiths, M.E., Lawes, M.J., 2006. Biogeographic, environmental, and phylogenetic
influences on reproductive traits in subtropical forest trees, South Africa. Ecography
29, 614-622. https://doi.org/10.1111/j.0906-7590.2006.04657 .x.

Grime, J.P., Hodgson, J.G., Hunt, R. (Eds.), 1988. Comparative Plant Ecology. Springer
Netherlands, Dordrecht.

Grime, J.P., 1998. Benefits of plant diversity to ecosystems: immediate, filter and founder
effects. J. Ecol. 86 (6), 902-910. https://doi.org/10.1046/j.1365-2745.1998.00306.
X.

Hargreaves, A.L., Eckert, C.G., Bailey, J., 2014. Evolution of dispersal and mating
systems along geographic gradients: Implications for shifting ranges. Funct. Ecol. 28
(1), 5-21. https://doi.org/10.1111/fec.2014.28.issue-110.1111/1365-2435.12170.

Hill, M., 1979. TWINSPAN-A FORTRAN program for arranging multivariate data in an
ordered two-way table by classification of the individuals and attributes, Ecology
and Systematics. Cornell University, lthaca, New York.

Jiménez-Alfaro, B., Silveira, F.A.O., Fidelis, A., Poschlod, P., Commander, L.E.,

Palmer, M., 2016. Seed germination traits can contribute better to plant community
ecology. J. Veg. Sci. 27 (3), 637-645. https://doi.org/10.1111/jvs.12375.

Kang, S., Niu, J., Zhang, Q., Li, D., Ren, H., Ren, J., Zhang, X., Dong, J., 2017.
Environmental filtering does not necessarily prevent trait divergence: A case study of
the Xilin River Basin in Inner Mongolia, China. J. Plant Ecol. 10, 497-509. https://
doi.org/10.1093/jpe/rtw050.

Kembel, S.W., Cowan, P.D., Helmus, M.R., Cornwell, W.K., Morlon, H., Ackerly, D.D.,
Blomberg, S.P., Webb, C.O., 2010. Picante: R tools for integrating phylogenies and
ecology. Bioinformatics 26 (11), 1463-1464. https://doi.org/10.1093/
bioinformatics/btq166.

Keppel, G., Ottaviani, G., Harrison, S., Wardell-Johnson, G.W., Marcantonio, M.,
Mucina, L., 2018. Towards an eco-evolutionary understanding of endemism hotspots
and refugia. Ann. Bot. 122, 927-934. https://doi.org/10.1093/aob/mcy173.

Kluge, J., Kessler, M., 2011. Phylogenetic diversity, trait diversity and niches: Species
assembly of ferns along a tropical elevational gradient. J. Biogeogr. 38, 394-405.
https://doi.org/10.1111/j.1365-2699.2010.02433.x.

Kooyman, R., Rossetto, M., Cornwell, W., Westoby, M., 2011. Phylogenetic tests of
community assembly across regional to continental scales in tropical and subtropical
rain forests. Glob. Ecol. Biogeogr. 20, 707-716. https://doi.org/10.1111/j.1466-
8238.2010.00641.x.

Kraft, N.J.B., Valencia, R., Ackerly, D.D., 2008. Functional traits and niche-based tree
community assembly in an amazonian forest. Science 322 (5901), 580-582. https://
doi.org/10.1126/science:1160662.

Kraft, N.J.B., Ackerly, D.D., 2014. The assembly of plant communities. In: Monson, R.
(Ed.), The Plant Sciences-Ecology and the Environment. Springer-Verlag, Berlin,
New York, pp. 67-88.

Kraft, N.J.B., Adler, P.B., Godoy, O., James, E.C., Fuller, S., Levine, J.M., Fox, J., 2015.
Community assembly, coexistence and the environmental filtering metaphor. Funct.
Ecol. 29 (5), 592-599. https://doi.org/10.1111/fec.2015.29.issue-510.1111/1365-
2435.12345.


https://doi.org/10.1016/j.ecolind.2021.108229
https://doi.org/10.1016/j.ecolind.2021.108229
https://doi.org/10.1016/j.foreco.2007.09.038
https://doi.org/10.1016/j.foreco.2007.09.038
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0010
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0010
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0015
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0015
https://doi.org/10.1007/s11829-015-9369-9
https://doi.org/10.1007/s11829-015-9369-9
https://doi.org/10.1111/j.2007.0030-1299.16142.x
https://doi.org/10.1007/s10531-017-1453-2
https://doi.org/10.1007/s10531-017-1453-2
https://doi.org/10.1038/s41559-018-0699-8
https://doi.org/10.1038/s41559-018-0699-8
https://doi.org/10.1007/s12224-016-9271-y
https://doi.org/10.1146/annurev.ecolsys.31.1.343
https://doi.org/10.1111/ecog.2015.v38.i610.1111/ecog.00802
https://doi.org/10.1111/ecog.2015.v38.i610.1111/ecog.00802
https://doi.org/10.1890/07-1134.1
https://doi.org/10.1111/nph.2012.193.issue-310.1111/j.1469-8137.2011.03953.x
https://doi.org/10.1038/s41559-018-0739-4
https://doi.org/10.1111/1365-2745.12024
https://doi.org/10.1111/1365-2745.12024
https://doi.org/10.1111/jvs.v31.410.1111/jvs.12877
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0085
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0085
https://doi.org/10.1016/j.tree.2007.05.006
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0095
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0095
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0095
http://ww2.bgbm.org/EuroPlusMed/
http://ww2.bgbm.org/EuroPlusMed/
https://doi.org/10.1111/avsc.12130
https://doi.org/10.1111/nph.12929
https://doi.org/10.1111/jvs.12452
https://doi.org/10.1111/j.0906-7590.2006.04657.x
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0125
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0125
https://doi.org/10.1046/j.1365-2745.1998.00306.x
https://doi.org/10.1046/j.1365-2745.1998.00306.x
https://doi.org/10.1111/fec.2014.28.issue-110.1111/1365-2435.12170
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0140
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0140
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0140
https://doi.org/10.1111/jvs.12375
https://doi.org/10.1093/jpe/rtw050
https://doi.org/10.1093/jpe/rtw050
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1093/aob/mcy173
https://doi.org/10.1111/j.1365-2699.2010.02433.x
https://doi.org/10.1111/j.1466-8238.2010.00641.x
https://doi.org/10.1111/j.1466-8238.2010.00641.x
https://doi.org/10.1126/science:1160662
https://doi.org/10.1126/science:1160662
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0175
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0175
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0175
https://doi.org/10.1111/fec.2015.29.issue-510.1111/1365-2435.12345
https://doi.org/10.1111/fec.2015.29.issue-510.1111/1365-2435.12345

A. Mastrogianni et al.

Lagerstrom, A., Nilsson, M.-C., Wardle, D.A., 2013. Decoupled responses of tree and
shrub leaf and litter trait values to ecosystem retrogression across an island area
gradient. Plant Soil 367 (1-2), 183-197. https://doi.org/10.1007/s11104-012-1159-
X.

Laliberté, E., Legendre, P., 2010. A distance-based framework for measuring functional
diversity from multiple traits. Ecology 91 (1), 299-305. https://doi.org/10.1890/08-
2244.1.

Laliberté, E., Legendre, P., Shipley, B., 2015. FD: measuring functional diversity from
multiple traits, and other tools for functional ecology. R Package. version 1.0-12.

Larson, J.E., Sheley, R.L., Hardegree, S.P., Doescher, P.S., James, J.J., Cadotte, M., 2015.
Seed and seedling traits affecting critical life stage transitions and recruitment
outcomes in dryland grasses. J. Appl. Ecol. 52 (1), 199-209. https://doi.org/
10.1111/1365-2664.12350.

Laughlin, D.C., Joshi, C., van Bodegom, P.M., Bastow, Z.A., Fulé, P.Z., Fukami, T., 2012.
A predictive model of community assembly that incorporates intraspecific trait
variation. Ecol. Lett. 15 (11), 1291-1299. https://doi.org/10.1111/7.1461-
0248.2012.01852.x.

Lavorel, S., Grigulis, K., McIntyre, S., Williams, N.S.G., Garden, D., Dorrough, J., Berman,
S., Quétier, F., Thébault, A., Bonis, A., 2008. Assessing functional diversity in the
field - Methodology matters! Funct. Ecol. 22, 134-147. https://doi.org/10.1111/
j-1365-2435.2007.01339.x.

Leps, J., de Bello, F., Lavorel, S., Berman, S., 2006. Quantifying and interpreting
functional diversity of natural communities: Practical considerations matter. Preslia
78, 481-501.

Li, W., Epstein, H.E., Wen, Z., Zhao, J., Jin, J., Jing, G., Cheng, J., Du, G., 2017.
Community-weighted mean traits but not functional diversity determine the changes
in soil properties during wetland drying on the Tibetan Plateau. Solid Earth 8,
137-147. https://doi.org/10.5194/se-8-137-2017.

Ly, X., Wang, Y.-P., Wright, I.J., Reich, P.B., Shi, Z., Dai, Y., 2017. Incorporation of plant
traits in a land surface model helps explain the global biogeographical distribution of
major forest functional types. Glob. Ecol. Biogeogr. 26 (3), 304-317. https://doi.
org/10.1111/geb.2017.26.issue-310.1111/geb.12535.

Luo, Y.-H., Cadotte, M.W., Burgess, K.S., Liu, J., Tan, S.-L., Xu, K., Li, D.-Z., Gao, L.-M.,
2019a. Forest community assembly is driven by different strata-dependent
mechanisms along an elevational gradient. J. Biogeogr. 46 (10), 2174-2187. https://
doi.org/10.1111/jbi.v46.1010.1111/jbi.13669.

Luo, Y.-H., Cadotte, M.W., Burgess, K.S., Liu, J., Tan, S.-L., Zou, J.-Y., Xu, K., Li, D.-Z.,
Gao, L.-M., Penuelas, J., 2019b. Greater than the sum of the parts: how the species
composition in different forest strata influence ecosystem function. Ecol. Lett. 22 (9),
1449-1461. https://doi.org/10.1111/ele.v22.910.1111/ele.13330.

Maes, S.L., Perring, M.P., Depauw, L., Bernhardt-Romermann, M., Blondeel, H.,
Brumelis, G., Brunet, J., Decocq, G., den Ouden, J., Govaert, S., Hardtle, W., Hédl, R.,
Heinken, T., Heinrichs, S., Hertzog, L., Jaroszewicz, B., Kirby, K., Kopecky, M.,
Landuyt, D., Malis, F., Vanneste, T., Wulf, M., Verheyen, K., Franken, P., 2020. Plant
functional trait response to environmental drivers across European temperate forest
understorey communities. Plant Biol. 22 (3), 410-424. https://doi.org/10.1111/plb.
v22.310.1111/plb.13082.

Maire, E., Grenouillet, G., Brosse, S., Villéger, S., 2015. How many dimensions are
needed to accurately assess functional diversity? A pragmatic approach for assessing
the quality of functional spaces. Glob. Ecol. Biogeogr. 24 (6), 728-740. https://doi.
org/10.1111/geb.12299.

Méjekova, M., Paal, T., Plowman, N.S., Bryndova, M., Kasari, L., Norberg, A., Weiss, M.,
Bishop, T.R., Luke, S.H., Sam, K., Le Bagousse-Pinguet, Y., Leps, J., Gotzenberger, L.,
de Bello, F., Chapman, M.(.G., 2016. Evaluating Functional diversity: Missing trait
data and the importance of species abundance structure and data transformation.
PLoS One 11 (2), e0149270. https://doi.org/10.1371/journal.pone.0149270.

Mason, N.W.H., Mouillot, D., Lee, W.G., Wilson, J.B., 2005. Functional richness,
functional evenness and functional divergence: the primary components of
functional diversity. Oikos 111, 112-118.

Mastrogianni, A., Kallimanis, A.S., Chytry, M., Tsiripidis, 1., 2019. Phylogenetic diversity
patterns in forests of a putative refugial area in Greece: a community level analysis.
For. Ecol. Manage. 446, 226-237. https://doi.org/10.1016/j.foreco.2019.05.044.

May, F., Giladi, I., Ristow, M., Ziv, Y., Jeltsch, F., 2013. Plant functional traits and
community assembly along interacting gradients of productivity and fragmentation.
Perspect. Plant Ecol. Evol. Syst. 15 (6), 304-318. https://doi.org/10.1016/j.
ppees.2013.08.002.

McGill, B., Enquist, B., Weiher, E., Westoby, M., 2006. Rebuilding community ecology
from functional traits. Trends Ecol. Evol. 21 (4), 178-185. https://doi.org/10.1016/
j.tree.2006.02.002.

Menge, D.N.L., Chazdon, R.L., 2016. Higher survival drives the success of nitrogen-fixing
trees through succession in Costa Rican rainforests. New Phytol. 209 (3), 965-977.
https://doi.org/10.1111/nph.2016.209.issue-310.1111/nph.13734.

Milcu, A., Eugster, W., Bachmann, D., Guderle, M., Roscher, C., Gockele, A., Landais, D.,
Ravel, O., Gessler, A., Lange, M., Ebeling, A., Weisser, W.W., Roy, J., Hildebrandt, A.,
Buchmann, N., 2016. Plant functional diversity increases grassland productivity-
related water vapor fluxes: An Ecotron and modeling approach. Ecology 97 (8),
2044-2054. https://doi.org/10.1890/15-1110.1.

Minchin, P.R., 1987. An evaluation of the relative robustness of techniques for ecological
ordination. Vegetatio 69, 89-107.

Moles, A.T., Perkins, S.E., Laffan, S.W., Flores-Moreno, H., Awasthy, M., Tindall, M.L.,
Sack, L., Pitman, A., Kattge, J., Aarssen, L.W., Anand, M., Bahn, M., Blonder, B.,
Cavender-Bares, J., Cornelissen, J.H.C., Cornwell, W.K., Diaz, S., Dickie, J.B.,
Freschet, G.T., Griffiths, J.G., Gutierrez, A.G., Hemmings, F.A., Hickler, T.,
Hitchcock, T.D., Keighery, M., Kleyer, M., Kurokawa, H., Leishman, M.R., Liu, K.,
Niinemets, U., Onipchenko, V., Onoda, Y., Penuelas, J., Pillar, V.D., Reich, P.B.,
Shiodera, S., Siefert, A., Sosinski, E.E., Soudzilovskaia, N.A., Swaine, E.K.,

11

Ecological Indicators 131 (2021) 108229

Swenson, N.G., van Bodegom, P.M., Warman, L., Weiher, E., Wright, 1.J., Zhang, H.,
Zobel, M., Bonser, S.P., Helm, A., 2014. Which is a better predictor of plant traits:
temperature or precipitation? J. Veg. Sci. 25 (5), 1167-1180. https://doi.org/
10.1111/jvs.12190.

Mouchet, M.A., Villéger, S., Mason, N.W.H., Mouillot, D., 2010. Functional diversity
measures: An overview of their redundancy and their ability to discriminate
community assembly rules. Funct. Ecol. 24, 867-876. https://doi.org/10.1111/
j.1365-2435.2010.01695.x.

Mouillot, D., Graham, N.A.J., Villéger, S., Mason, N.W.H., Bellwood, D.R., 2013.

A functional approach reveals community responses to disturbances. Trends Ecol.
Evol. 28 (3), 167-177. https://doi.org/10.1016/j.tree.2012.10.004.

Oksanen, A.J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D.,
Minchin, P.R., Hara, R.B.O., Simpson, G.L., Solymos, P., et al. 2016. Vegan:
Community Ecology Package. https://github.com/vegandevs/vegan. https://doi.
org/10.4135/9781412971874.n145.

Ordonez, A., Svenning, J.-C., Peters, D.P.C., 2016. Functional diversity of North
American broad-leaved trees is codetermined by past and current environmental
factors. Ecosphere 7 (2). https://doi.org/10.1002/ecs2.1237.

Papageorgiou, A.C., Tsiripidis, I., Mouratidis, T., Hatziskakis, S., Gailing, O., Eliades, N.
G.H., Vidalis, A., Drouzas, A.D., Finkeldey, R., 2014. Complex fine-scale
phylogeographical patterns in a putative refugial region for Fagus sylvatica
(Fagaceae). Bot. J. Linnean Soc. 174 (4), 516-528. https://doi.org/10.1111/
boj.12148.

Pearson, D.E., Ortega, Y.K., Eren, 0., Hierro, J.L., 2018. Community assembly theory as a
framework for biological invasions. Trends Ecol. Evolut. 33 (5), 313-325. https://
doi.org/10.1016/j.tree.2018.03.002.

Petchey, O.L., Gaston, K.J., 2006. Functional diversity: back to basics and looking
forward. Ecol. Lett. 9 (6), 741. https://doi.org/10.1111/j.1461-0248.2006.00924.x.

Prescott, C.E., 2002. The influence of the forest canopy on nutrient cycling. Tree Physiol.
22 (15-16), 1193-1200. https://doi.org/10.1093/treephys/22.15-16.1193.

Rolecek, J., Tichy, L., Zeleny, D., Chytry, M., 2009. Modified TWINSPAN classification in
which the hierarchy respects cluster heterogeneity. J. Veg. Sci. 20, 596-602. https://
doi.org/10.1111/j.1654-1103.2009.01062.x.

Roscher, C., Schumacher, J., Gubsch, M., Lipowsky, A., Weigelt, A., Buchmann, N.,
Schmid, B., Schulze, E.-D., Chen, H.Y.H., 2012. Using plant functional traits to
explain diversity-productivity relationships. PLoS One 7 (5), €36760. https://doi.
org/10.1371/journal.pone.0036760.

Sargent, R.D., Ackerly, D.D., 2008. Plant-pollinator interactions and the assembly of
plant communities. Trends Ecol. Evol. 23 (3), 123-130. https://doi.org/10.1016/j.
tree.2007.11.003.

Scopece, G., Schiestl, F.P., Cozzolino, S., Dafni, A., 2015. Pollen transfer efficiency and its
effect on inflorescence size in deceptive pollination strategies. Plant Biol. 17 (2),
545-550. https://doi.org/10.1111/plb.12224.

Shan, H., Kattge, J., Reich, P.B., Banerjee, A., Schrodt, F., Reichstein, M., 2012. Gap
filling in the plant kingdom - Trait prediction using hierarchical probabilistic matrix
factorization, in: Proceedings of the 29th International Conference on Machine
Learning, ICML 2012. pp. 1303-1310.

Shipley, B., 2009. From plant traits to vegetation structure: Chance and selection in the
assembly of ecological communities. In: From Plant Traits to Vegetation Structure:
Chance and Selection in the Assembly of Ecological Communities. Cambridge
University Press, Cambridge. https://doi.org/10.1017/CBO9780511806971.

Spasojevic, M.J., Suding, K.N., 2012. Inferring community assembly mechanisms from
functional diversity patterns: The importance of multiple assembly processes. J. Ecol.
100, 652-661. https://doi.org/10.1111/j.1365-2745.2011.01945.x.

Strid, A., Tan, K., 1997. Flora Hellenica, Vol I. Koeltz Scientific Books edn, Konigstein.
Swenson, N.G., Enquist, B.J., Pither, J., Kerkhoff, A.J., Boyle, B., Weiser, M.D., Elser, J.J.,
Fagan, W.F., Forero-Montana, J., Fyllas, N., et al. 2012. The biogeography and
filtering of woody plant functional diversity in North and South America. Glob. Ecol.

Biogeogr. 21, 798-808. https://doi.org/10.1111/j.1466-8238.2011.00727 .x.

Thompson, K., Band, S.R., Hodgson, J.G., 1993. Seed size and shape predict persistence
in soil. Funct. Ecol. 7, 236-241. https://doi.org/10.2307/2389893.

Thuiller, W., Lavorel, S., Sykes, M.T., Araujo, M.B., 2006. Using niche-based modelling to
assess the impact of climate change on tree functional diversity in Europe. Divers.
Distrib. 12 (1), 49-60. https://doi.org/10.1111/ddi.2006.12.issue-110.1111/
j.1366-9516.2006.00216.%.

Tichy, L., 2002. JUICE, software for vegetation classification. J. Veg. Sci. 13 (3),
451-453.

Tsianou, M.A., Kallimanis, A.S., 2020. Geographical patterns and environmental drivers
of functional diversity and trait space of amphibians of Europe. Ecol. Res. 35 (1),
123-138. https://doi.org/10.1111/ere.v35.110.1111/1440-1703.12069.

Tsiripidis, I., Bergmeier, E., Fotiadis, G., Dimopoulos, P., 2012. Hellenic Beech Forests
Database (Hell-Beech-DB). Biodivers. Ecol. 4, 390.

Turnbull, L.A., Rees, M., Crawley, M.J., 1999. Seed mass and the competition/
colonization trade-off: a sowing experiment. J. Ecol. 87, 899-912. https://doi.org/
10.1046/j.1365-2745.1999.00405.x.

Tzedakis, P.C., Emerson, B.C., Hewitt, G.M., 2013. Cryptic or mystic? Glacial tree refugia
in northern Europe. Trends Ecol. Evol. 28 (12), 696-704. https://doi.org/10.1016/j.
tree.2013.09.001.

Vazquez-Yanes, C., Orozco-Segovia, A., 1996. In: Tropical Forest Plant Ecophysiology.
Springer US, Boston, MA, pp. 535-558. https://doi.org/10.1007/978-1-4613-1163-
8.18.

Villéger, S., Mason, N.W.H., Mouillot, D., 2008. New multidimensional functional
diversity indices for a multifaceted framework in functional ecology. Ecology 89 (8),
2290-2301.


https://doi.org/10.1007/s11104-012-1159-x
https://doi.org/10.1007/s11104-012-1159-x
https://doi.org/10.1890/08-2244.1
https://doi.org/10.1890/08-2244.1
https://doi.org/10.1111/1365-2664.12350
https://doi.org/10.1111/1365-2664.12350
https://doi.org/10.1111/j.1461-0248.2012.01852.x
https://doi.org/10.1111/j.1461-0248.2012.01852.x
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0215
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0215
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0215
https://doi.org/10.5194/se-8-137-2017
https://doi.org/10.1111/geb.2017.26.issue-310.1111/geb.12535
https://doi.org/10.1111/geb.2017.26.issue-310.1111/geb.12535
https://doi.org/10.1111/jbi.v46.1010.1111/jbi.13669
https://doi.org/10.1111/jbi.v46.1010.1111/jbi.13669
https://doi.org/10.1111/ele.v22.910.1111/ele.13330
https://doi.org/10.1111/plb.v22.310.1111/plb.13082
https://doi.org/10.1111/plb.v22.310.1111/plb.13082
https://doi.org/10.1111/geb.12299
https://doi.org/10.1111/geb.12299
https://doi.org/10.1371/journal.pone.0149270
https://doi.org/10.1016/j.foreco.2019.05.044
https://doi.org/10.1016/j.ppees.2013.08.002
https://doi.org/10.1016/j.ppees.2013.08.002
https://doi.org/10.1016/j.tree.2006.02.002
https://doi.org/10.1016/j.tree.2006.02.002
https://doi.org/10.1111/nph.2016.209.issue-310.1111/nph.13734
https://doi.org/10.1890/15-1110.1
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0285
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0285
https://doi.org/10.1111/jvs.12190
https://doi.org/10.1111/jvs.12190
https://doi.org/10.1111/j.1365-2435.2010.01695.x
https://doi.org/10.1111/j.1365-2435.2010.01695.x
https://doi.org/10.1016/j.tree.2012.10.004
https://doi.org/10.1002/ecs2.1237
https://doi.org/10.1111/boj.12148
https://doi.org/10.1111/boj.12148
https://doi.org/10.1016/j.tree.2018.03.002
https://doi.org/10.1016/j.tree.2018.03.002
https://doi.org/10.1111/j.1461-0248.2006.00924.x
https://doi.org/10.1093/treephys/22.15-16.1193
https://doi.org/10.1111/j.1654-1103.2009.01062.x
https://doi.org/10.1111/j.1654-1103.2009.01062.x
https://doi.org/10.1371/journal.pone.0036760
https://doi.org/10.1371/journal.pone.0036760
https://doi.org/10.1016/j.tree.2007.11.003
https://doi.org/10.1016/j.tree.2007.11.003
https://doi.org/10.1111/plb.12224
https://doi.org/10.1017/CBO9780511806971
https://doi.org/10.1111/j.1365-2745.2011.01945.x
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0365
https://doi.org/10.2307/2389893
https://doi.org/10.1111/ddi.2006.12.issue-110.1111/j.1366-9516.2006.00216.x
https://doi.org/10.1111/ddi.2006.12.issue-110.1111/j.1366-9516.2006.00216.x
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0385
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0385
https://doi.org/10.1111/ere.v35.110.1111/1440-1703.12069
https://doi.org/10.1046/j.1365-2745.1999.00405.x
https://doi.org/10.1046/j.1365-2745.1999.00405.x
https://doi.org/10.1016/j.tree.2013.09.001
https://doi.org/10.1016/j.tree.2013.09.001
https://doi.org/10.1007/978-1-4613-1163-8_18
https://doi.org/10.1007/978-1-4613-1163-8_18
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0410
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0410
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0410

A. Mastrogianni et al.

Weigel, B., Blenckner, T., Bonsdorff, E., 2016. Maintained functional diversity in benthic
communities in spite of diverging functional identities. Oikos 125 (10), 1421-1433.
https://doi.org/10.1111/0ik.02894.

Weiher, E., Keddy, P.A., 1995. Assembly rules, null models, and trait dispersion: new
questions from old patterns. Oikos 74 (1), 159. https://doi.org/10.2307/3545686.

Weiher, E., Werf, A., Thompson, K., Roderick, M., Garnier, E., Eriksson, O., 1999.
Challenging Theophrastus: a common core list of plant traits for functional ecology.
J. Veg. Sci. 10 (5), 609-620. https://doi.org/10.2307/3237076.

Weiher, E., Freund, D., Bunton, T., Stefanski, A., Lee, T., Bentivenga, S., 2011. Advances,
challenges and a developing synthesis of ecological community assembly theory.
Philos. Trans. Royal Soc. B: Biol. Sci. 366 (1576), 2403-2413. https://doi.org/
10.1098/rstb.2011.0056.

Westoby, M., Falster, D.S., Moles, A.T., Vesk, P.A., Wright, 1.J., 2002. Plant ecological
strategies: Some leading dimensions of variation between species. Annu. Rev. Ecol.
Syst. 33 (1), 125-159. https://doi.org/10.1146/annurev.ecolsys.33.010802.150452.

Xu, J., Chai, Y., Wang, M., Dang, H., Guo, Y., Chen, Y., Zhang, C,, Li, T., Zhang, L.,
Yue, M., 2018. Shifts in plant community assembly processes across growth forms

12

Ecological Indicators 131 (2021) 108229

along a habitat severity gradient: A test of the plant functional trait approach. Front.
Plant Sci. 9, 1-11. https://doi.org/10.3389/fpls.2018.00180.

Zanne, A.E., Tank, D.C., Cornwell, W.K., Eastman, J.M., Smith, S.A., FitzJohn, R.G.,
McGlinn, D.J., O’Meara, B.C., Moles, A.T., Reich, P.B., Royer, D.L., Soltis, D.E.,
Stevens, P.F., Westoby, M., Wright, 1.J., Aarssen, L., Bertin, R.I., Calaminus, A.,
Govaerts, R., Hemmings, F., Leishman, M.R., Oleksyn, J., Soltis, P.S., Swenson, N.G.,
Warman, L., Beaulieu, J.M., 2014. Three keys to the radiation of angiosperms into
freezing environments. Nature 506 (7486), 89-92. https://doi.org/10.1038/
naturel2872.

Zeleny, D., 2018. Which results of the standard test for community-weighted mean
approach are too optimistic? J. Veg. Sci. 29 (6), 953-966.

Zhang, Y.u., Chen, H.Y.H., Taylor, A.R., Ostertag, R., 2017. Positive species diversity and
above-ground biomass relationships are ubiquitous across forest strata despite
interference from overstorey trees. Funct. Ecol. 31 (2), 419-426. https://doi.org/
10.1111/fec.2017.31.issue-210.1111/1365-2435.12699.


https://doi.org/10.1111/oik.02894
https://doi.org/10.2307/3545686
https://doi.org/10.2307/3237076
https://doi.org/10.1098/rstb.2011.0056
https://doi.org/10.1098/rstb.2011.0056
https://doi.org/10.1146/annurev.ecolsys.33.010802.150452
https://doi.org/10.3389/fpls.2018.00180
https://doi.org/10.1038/nature12872
https://doi.org/10.1038/nature12872
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0450
http://refhub.elsevier.com/S1470-160X(21)00894-3/h0450
https://doi.org/10.1111/fec.2017.31.issue-210.1111/1365-2435.12699
https://doi.org/10.1111/fec.2017.31.issue-210.1111/1365-2435.12699

	Plant trait filtering is stronger in the herb layer than in the tree layer in Greek mountain forests
	1 Introduction
	2 Methods
	2.1 Study area
	2.2 Vegetation data and classification
	2.3 Environmental conditions
	2.4 Functional trait selection
	2.5 Functional diversity and identity in different vegetation layers
	2.6 Functional identity
	2.7 Functional diversity

	3 Results
	3.1 Patterns of functional identity
	3.2 Patterns of functional diversity

	4 Discussion
	4.1 Functional identity differentiation between forest community types and forest layers
	4.2 Functional diversity differentiation between forest community types and vegetation layers
	4.3 Functional distinctiveness of community types

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


