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Towards a functional phytosociology: the functional ecology of woody 
diagnostic species and their vegetation classes in Northern Italy
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Simon Pierce (3), 
Bruno Enrico Leone Cerabolini (1)

Vegetation is often classified through phytosociology, which defines floristi-
cally and ecologically coherent units  identified by diagnostic species.  Since
species- and community-environment relations are regulated by plant func-
tional traits, it is likely that phytosociology has a strong functional underpin-
ning, although the past and current phytosociology does not explicitly tackle
this  issue.  Here  we  provide  an  analysis  of  functional  traits  of  221  woody
species  from  Northern  Italy,  diagnostic  of  21  European  woody  vegetation
classes (including alien dominated ones). We assessed whether the functional
space occupied by selected species corresponds to the physiognomy and ecol-
ogy of the vegetation they represent, and whether this could help to evaluate
major threats, such as invasion by alien species. For each species we collected
from Authors’ datasets leaf trait data (leaf area, specific leaf area, leaf dry
matter content, carbon to nitrogen ratio, leaf nitrogen content) and whole
plant (plant height, seed mass) traits, and calculated Competitor, Stress-toler-
ant, Ruderal (CSR) scores. We identified the multidimensional functional trait
space of diagnostic species and clustered classes according to their scores in
the functional space, to check whether their physiognomy was coherently rep-
resented and mirrored in the CSR space. Lastly, we tested for differences be-
tween native and neophyte species and their overlap with classes. Diagnostic
species mirrored the global spectrum of plant form and function, and classes
showed a functional pattern coherent with their physiognomy and ecology. Ev-
ergreen dominated classes showed a similar convergence toward conservative
characteristics and the stress-tolerant strategy, as opposed to deciduous forest
classes that showed a tendency toward the competitive strategy. None of the
classes showed a marked ruderal strategy, thus abiotic stress and biotic com-
petition are the main ecological drivers affecting woody vegetation. Neophyte
woody species exhibited relatively more competitive strategies compared to
natives, and their invasion could be facilitated in resource-limited or mildly
disturbed environments, should climate warming or increased nutrient avail-
ability occur. We demonstrated that plant traits and CSR strategies of woody
diagnostic species reliably indicate the structure and functions of the phytoso-
ciological classes they represent, opening the way to the development of a
“functional phytosociology”.

Keywords:  CSR  Adaptive  Strategies,  Forests,  Shrublands,  Global  Spectrum,
Neophytes, Plant Functional Traits, Structure and Functions, Typical Species.

Introduction
Phytosociology  proposed  one  of  the

most well-known and widely applied floris-
tic approaches to vegetation classification,
i.e., syntaxonomy, which categorizes vege-
tation into floristically coherent units called
syntaxa by the analysis  of lists  of  species
recorded  in  vegetation  plots  (Becking
1957). Of particular relevance is the use of
diagnostic  species  that  occur  in  a  single
vegetation unit (character species) or in a
few vegetation units (differential species),
and that indicate a specific syntaxon, sepa-
rating it from all others (Chytry et al. 2002).
Diagnostic  species  can be statistically  de-
termined  by  measuring  “fidelity”,  a  mea-
sure  of  species  concentration  in  a  given
vegetation  unit,  and  their  corresponding
scarcity or absence in other units; species
exceeding a  fidelity  threshold  are consid-
ered  diagnostic  (Chytry  et  al.  2002).  Syn-

taxa are included in  a  floristically  defined
hierarchical classification system based on
the presence of  common groups of  diag-
nostic species that allow the identification
of higher hierarchical levels, and each rank
level is characterized by its own set of diag-
nostic  species  (Braun-Blanquet  1932).  The
highest rank is the “class”, which is associ-
ated to a given biogeographic context and
carries  ecological  information  (Pignatti  et
al. 1995).

Generally, phytosociology recognizes the
relationships  between  plant  communities
and  environmental  factors  (Braun-Blan-
quet 1932), as its principal goal is the defini-
tion  of  vegetation  types  by  their  floristic
composition in relation to given ecological
contexts.  Since  the study of  species-  and
community-environment relations is key to
the functional interpretation of plant com-
munities,  concepts  related  to  vegetation
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functionality  should  be  implicitly  included
in phytosociology, but they remain scarcely
investigated. Functional ecology organizes
species according to their  adaptive traits,
both by spectra of trait variability and by
delimiting  functionally  homogeneous
groups,  i.e.,  functional  types,  defined  as
“sets of species showing similar responses
to the environment and similar effects on
ecosystem functioning” (Smith et al. 1992).
These groups reflect plant assemblages re-
sponding coherently  to  abiotic  and biotic
environmental  factors.  A  trait-based  ap-
proach is known to provide predictive and
quantitative  insights  into  the  general
mechanisms of plant communities and eco-
system functioning, in contrast to descrip-
tive approaches based on species identity
only (Díaz & Cabido 2001).

The  adoption  of  functional  traits  has
made it  possible  to  define the  functional
spaces  occupied  by  species,  such  as  the
global spectrum of plant form and function
(Díaz et  al.  2016).  This  demonstrates  that
the trade-offs between six key traits of vas-
cular plants (linked to survival, growth and
reproduction) are determined by two main
axes of adaptation: the size of plants and
their  parts,  and  resource  economics  (i.e.,
resource  acquisition  vs.  conservation,  or
“leaf economics” – Wright et al. 2004). An-
other space related to plant functioning is
that defined by CSR plant strategies (Com-
petitive,  Stress  tolerant,  Ruderal  – Grime
2001)  where  species  are  arranged  along
axes based on trait values reflecting their
response to the main ecological drivers un-
derlying  vegetation  processes,  such  as
competition, stress and disturbance (Grime
2001,  Grime  &  Pierce  2012).  While  these
constraints  describe  species  adaptations
and strategies, many studies have analyzed
community-level trait composition (Garnier
et al. 2016) which is necessary to gain fur-
ther  insight  into  environmental  drivers.
Bruelheide et al. (2018) have also recently
defined the functional space of plant com-
munities at the global scale, starting from
plot-level  trait  composition.  Nonetheless,
functional  analyses  of  plant  communities
as identified by syntaxonomy have been at-
tempted  only  using  syntaxonomic  unit
lower than the rank of class, such as associ-
ations (Poldini et al. 2011,  Zanzottera et al.
2020)  and  orders  (Macedo  et  al.  2010),
whereas at higher ranks the functional con-
notation of syntaxa has rarely been gener-
ally assessed (Macedo et al. 2010).

Crucially,  the  distribution  of  functional
traits in high rank plant assemblages (i.e.,
classes)  of  woody  vegetation  could  pro-
vide  an  improved  characterization  of  the
role of phytosociology in European policies
dedicated to the conservation of biodiver-
sity,  such  as  Natura  2000  habitat  types
(Habitats  Directive,  92/43/EEC),  as well  as
to sustainable forest management (Blasi &
Burrascano 2013). Many syntaxa allows the
identification of habitat types listed in An-
nex 1 of the Habitats Directive (Rodwell et
al. 2018), hence a proper understanding of

trait coordination could also be helpful to
refine the assessment of their conservation
status and habitat mapping (Dalle Fratte et
al.  2019b). Besides, there are some limita-
tions of forest classifications based on syn-
taxonomy (EEA  2006),  mainly  because  it
does not reflect the characteristics of for-
est  ecosystems that  are primary  determi-
nants of the indicators used for sustainable
management  of  European  forest  types
(EFTs). In this view, a functional classifica-
tion could link phytosociological classes of
woody  vegetation  with  EFTs,  providing  a
step toward effective indicators of sustain-
able  forest  management  (Barbati  et  al.
2014,  Giannetti et al. 2018) also for Natura
2000 habitat types (Bonari et al. 2021).

Recent evidence suggests that the inclu-
sion  of  a  trait-based  approach  allows  a
more accurate identification of  diagnostic
species  (Ricotta  et  al.  2020),  and  this  in
turn  could  improve  the  understanding  of
the  key  ecological  processes  and  threats
that shape different plant communities as
defined by phytosociology, such as stress,
disturbance  (also  derived  from  land  use
change), and competition (which can also
be related to invasion by alien species). In
particular,  naturalized alien species nowa-
days are part of the real vegetation of Eu-
rope to the point that several  alien-domi-
nated  syntaxa  have  been  recognized  (Vi-
ciani et al. 2020), and they are often listed
among diagnostic species of natural vege-
tation (Mucina et al. 2016). The spread of
alien  species  are  context-dependent,  par-
ticularly  within  sensitive  ecosystems,  and
the  effectiveness  of  their  impacts  across
habitats  and  regions  is  still  little  under-
stood (Dick et al. 2017). Thus, it is necessary
to understand the functional role of alien
species in natural species assemblages and
environments that are potentially prone to
invasion. Clarifying the link between func-
tional  ecology  and  phytosociology  could
also be helpful in resolving this issue.

In this study, we analyzed resource eco-
nomics  and  size  plant  traits,  as  well  as
Grime’s CSR strategies of 221 woody diag-
nostic  species  representative  of  21  Euro-
pean  phytosociological  classes  of  woody
vegetation,  including  alien-dominated
classes,  ranging  from  low  shrublands  to
forests, and from Mediterranean to Boreal-
Alpine  bioclimatic  zones.  We  selected
woody  species  because  they  best  repre-
sent  the  physiognomy  and  structure  of
communities  they  characterize,  thus  the
analysis of their functional traits trade-offs
can  be  expected  to  clarify  plant-environ-
ment interactions within the communities.
Specifically,  we  aimed  to  evaluate:  (i)
whether the classes represented by the se-
lected species are also differentiated in the
functional  spaces  defined  by  the  global
spectrum of plant form and function (Díaz
et al. 2016) and by Grime’s CSR plant strate-
gies,  coherently  with  their  structure  and
physiognomy;  and  (ii)  whether  the  func-
tional trade-offs among diagnostic species
are directly indicative of the threat repre-

sented by the invasion of alien species in
woody vegetation.

Materials and methods

Functional trait collection and dataset 
structure

For  this  study  we selected  a  sample  of
woody species diagnostic  of 21 classes of
European  woody  vegetation.  We  defined
woody  vegetation  as  communities  domi-
nated by woody life forms, including shrub-
land,  scrub,  woodland  and  forest  forma-
tions (Van Der Maarel & Franklin 2012). The
species we selected (n = 221)  represent a
large sample of woody species of Northern
Italy (Tab. 1), and thus constitute a nation-
al-level interpretation of European classes
of  woody  vegetation.  Species  were  sam-
pled  at  83  sites  widespread  mostly  in
Northern  Italy  (Fig.  S1  in  Supplementary
material),  covering  an  area  of  approxi-
mately 65,000  km2 from sea level to 2650
m  a.s.l.  and  a  wide  range  of  climatic
regimes,  from  a  Mediterranean  near  the
coastline to a continental in lowland areas
and  a  cold  oceanic  alpine  climate  in  the
mountains. Substrates include both silicate
and  carbonate  rocks  of  different  origin
(Tab. S1 in Supplementary material).

We assigned each species to one or more
classes according to the lists of diagnostic
species provided by the EuroVeg checklist
(Mucina et al. 2016); the 21 classes we con-
sidered  were  those  with  at  least  five
species  for  which  functional  traits  had
been measured by the Authors in previous
field surveys (Tab. S2 in Supplementary ma-
terial). We included both native species (n
=  206),  which  also  encompass  archaeo-
phytes,  i.e., alien species introduced in Eu-
rope before year 1500 A.D., and neophyte
species (n = 15), i.e., those introduced in Eu-
rope  after  year  1500  A.D.  (Pyšek  et  al.
2003), the latter being recognised as diag-
nostic  species  of  some European  vegeta-
tion  classes  and  not  only  for  alien-domi-
nated classes, namely Robinietea.

Trait data measured by the Authors form
part of the TRY global functional trait data-
base (datasets  #227 and #228  – Kattge et
al. 2020), and of the LIFTH database (Dalle
Fratte et al. 2021), except for plant height
(H) and seed mass  (SM),  which were de-
rived,  respectively,  from  Pignatti  et  al.
(2017) and Kew Garden Seed Information
Database  (SID  – https://data.kew.org/sid).
Methodological procedures for traits mea-
sured by Authors are reported in details in
Dalle  Fratte et  al.  (2021).  To take into ac-
count the two main axes of variation of the
global spectrum of plant form and function
(Díaz et al.  2016), we selected three func-
tional traits, Leaf Area (LA), H and SM, re-
lated to the size of the plant and its organs,
and  two  functional  traits,  Specific  Leaf
Area  (SLA)  and  Leaf  Nitrogen  Content
(LNC),  highly  representative  of  leaf  eco-
nomics. We also added Carbon to Nitrogen
ratio  (C/N)  and  Leaf  Dry  Matter  Content
(LDMC),  in order to account for litter de-
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composition and carbon balance (Freschet
et  al.  2010).  Furthermore,  LA,  LDMC  and
SLA are traits  required by  the  “StrateFy”
classification tool (Pierce et al. 2017), which
was used in the present study to calculate
the Grime’s  plant  strategies,  i.e.,  the CSR
scores (for further methodological details
see also  Pierce et  al.  2013).  Species were
additionally classified with respect to their
growth form (sub-shrubs, n = 77; shrubs, n
= 60; trees, n = 75; climbers, n = 9) and leaf
lifespan (deciduous, n = 163; evergreen, n =

58) according to Pignatti et al. (2017). Com-
plete information about species and their
characteristics  is  reported  in  the  dataset
available in Tab. S3  (Supplementary  mate-
rial).

Data analysis
All the statistical analyses were computed

with R software (R Core Team 2020).  We
applied  taxonomic  (family  and  genus)
based gap filling, using the function “Gap-
Filling” of the BHPMF package to complete

missing data for LNC (n =3), C/N (n = 3) and
SM (n = 10). Gap filling was applied using all
data from the Authors’ dataset described
above  (n  =  1746)  in  order  to  include  a
greater  number  of  taxa,  allowing greater
prediction  accuracy.  We  then  normalized
data by logarithmic (LA, H, C/N and SM) or
square root (SLA and LNC) transformation
according to the outcome of Shapiro-Wilks
tests; no transformation was required for
LDMC data, which was found to exhibit a
normal distribution.
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Tab. 1 - List of the 21 classes of European woody vegetation selected for the analysis and their corresponding abbreviation code
according to the EuroVeg checklist (Mucina et al. 2016). The number of diagnostic species belonging to each class (n) is reported.

Code Class Description Vegetation type n

AC
(LOI)

Loiseleurio procumbentis-
Vaccinietea

Arctic-boreal tundra scrub and relict alpine acidophilous dwarf-
heath mountain tundra of Eurasia and North America

vegetation of the arctic 
zone

10

BA
(PIC)

Vaccinio-Piceetea Holarctic coniferous and boreo-subarctic birch forests on 
oligotrophic and leached soils in the boreal zone and at high-
altitudes of mountains in the nemoral zone of Eurasia

vegetation of the boreal 
zone

19

CA
(FAG)

Carpino-Fagetea sylvaticae Mesic deciduous and mixed forests of temperate Europe, Anatolia,
the Caucasus and Southern Siberia

vegetation of the nemoral 
forest zone

40

CB
(PUB)

Quercetea pubescentis Oak, mixed deciduous and conifer woods of warm regions in the 
cool-temperate nemoral zone of Central and Southern Europe and 
in the supramediterranean belt of the Mediterranean, Asia Minor 
and Middle East

vegetation of the nemoral 
forest zone

34

CC
(QUE)

Quercetea robori-petraeae Acidophilous oak and oak-birch forests on nutrient-poor soils of 
Europe

vegetation of the nemoral 
forest zone

10

CD
(RHA)

Crataego-Prunetea Scrub and mantle vegetation seral or marginal to broad-leaved 
forests in the nemoral zone and the submediterranean regions of 
Europe

vegetation of the nemoral 
forest zone

41

CE
(LON)

Lonicero-Rubetea plicati Acidophilous scrub and hedges of forest edges and clearings on dry
sandy nutrient-poor minerotrophic soils of Western Europe

vegetation of the nemoral 
forest zone

6

CF
(ROB)

Robinietea Seral forest-clearing and anthropogenic successional scrub and 
thickets on nutrient-rich soils of temperate Europe

vegetation of the nemoral 
forest zone

15

CH
(ULI)

Calluno-Ulicetea Heath on acidic nutrient-poor soils in the lowland to montane 
belts of the temperate and boreal zones of Europe

vegetation of the nemoral 
forest zone

8

CN
(SAB)

Junipero-Pinetea sylvestris Relict oromediterranean and submediterranean orotemperate dry 
pine forests, juniper woods and related scrub of the 
Mediterranean

vegetation of the nemoral 
forest zone

5

CO
(ERI)

Erico-Pinetea Relict pine forests and related scrub on calcareous and ultramafic 
substrates of the Balkans, the Alps, the Carpathians and Crimea

vegetation of the nemoral 
forest zone

14

CP
(MUG)

Roso pendulinae-Pinetea 
mugo

Pine krummholz in the subalpine belts of the nemoral mountain 
ranges of Europe

vegetation of the nemoral 
forest zone

7

CQ
(RHO)

Rhododendro hirsuti-
Ericetea carneae

Supramontane to subalpine low heath on calcareous skeletal soils,
rocky outcrops, lapiés and boulders of the Alps, the Apennines and
the Dinarides

vegetation of the nemoral 
forest zone

8

CR
(VIR)

Betulo carpaticae-Alnetea 
viridis

Subalpine and subarctic herb-rich alder and willow scrub and 
krummholz of the Alps, the Carpathians, the Hercynicum, the 
Balkans, the Caucasus, Northern Europe and Greenland

vegetation of the nemoral 
forest zone

12

FA
(QUI)

Quercetea ilicis Thermo-mesomediterranean pine and oak forests and associated 
macchia of the Mediterranean

vegetation of the 
mediterranean zone

29

FB
(ROS)

Ononido-Rosmarinetea Mediterranean scrub (tomillar, espleguer, romeral, garrigue, 
phrygana, batha) on base-rich substrates

vegetation of the 
mediterranean zone

17

FC
(LAV)

Cisto-Lavanduletea Mediterranean scrub (jaral, matorral, garrigue, phrygana) on 
acidic siliceous and ultramafic substrates

vegetation of the 
mediterranean zone

6

HA
(POP)

Alno glutinosae-Populetea 
albae

Riparian gallery forests of the Eurosiberian and Mediterranean 
regions

alluvial forests and scrubs 23

HB
(PUR)

Salicetea purpureae Willow and tamarisk scrub and low open forests of riparian 
habitats in the temperate to arctic zones of Europe and Greenland

alluvial forests and scrubs 7

IA
(ALN)

Alnetea glutinosae European mesotrophic regularly flooded alder carr and birch 
wooded mires

swamp forests and scrubs 6

PB
(OXY)

Oxycocco-Sphagnetea Dwarf-shrub, sedge and peat-moss vegetation of the Holarctic 
ombrotrophic bogs and wet heath on extremely acidic soils

vegetation of bogs and fens 5

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry



Zanzottera M et al. - iForest 14: 522-530

To confirm whether the global spectrum
of  plant  form  and  function  (Díaz  et  al.
2016) was reflected within our dataset, we
performed a Principal Component Analysis
(PCA),  followed  by  varimax  rotation,  on
functional traits data using the “principal”
function in the package “psych”. After de-
termining  the  significant  components  of
the PCA (i.e., those that explained most of
the  dataset  total  variance),  we  tested,
within the PCA multidimensional space, for
differences  in  the  spatial  arrangement  of
growth forms and leaf lifespans, by means
of  multivariate  analysis  of  variance
(MANOVA). We then applied one-way anal-
ysis  of  variance  (ANOVA),  followed  by
post-hoc pairwise  comparison,  to  identify
significant differences of growth forms and
leaf lifespans along each significant compo-
nent of the PCA. In order to control for the
effects  of  phylogenetic  correlation (West-
oby  et  al.  1995),  we built  a  phylogenetic

tree and applied phylogenetic MANOVA by
means of the “aov.phylo” function of the
package “geiger”, and phylogenetic ANO-
VA  with  post-hoc tests  using  respectively
the  functions  “phylANOVA”  and  “mult-
compLetters” of packages “phytools” and
“multcompView”.

We then investigated whether the func-
tional  spectrum  of  the  classes  differed
from  each  other  according to  their  phys-
iognomy,  through  hierarchical  clustering
on  principal  components  using  the  func-
tion “HCPC” of the package “FactoMineR”.
The  consistency  of  gained  clusters  was
checked  within  the  ternary  space  deter-
mined by CSR strategies by means of phy-
logenetic  MANOVA.  To  account  for  the
compositional  structure  of  the  CSR  data
we  first  transformed  the  dataset  of  CSR
scores  with  Isometric  Log-Ratio  Transfor-
mation, which reduced the ternary dataset
to a two-dimension image (see Dalle Fratte

et  al.  2019a,  and  references  therein).  We
also  compared  the  C-,  S-,  and  R-scores
through phylogenetic ANOVA followed by
post-hoc comparison. We used the R-pack-
age “ggtern” to visualize the ternary plot
of CSR strategies. Finally, we compared na-
tive and neophyte species along both sig-
nificant components of the PCA as well as
C-,  S-  and R-scores  by  means of  phyloge-
netic ANOVA.

Phylogenetic tree
We  built  the  phylogenetic  tree  for  the

study  species  using  the  megaphylogeny
tree implemented in the package “V.Phylo-
Maker”. We adopted their “Scenario 1” to
solve the phylogeny at the species level in
our  dataset,  since it  is  the most  cautious
and  avoids  random  solutions  by  adding
genera  or  species  as  basal  polytomies
within  families  or  genera.  The  phylogeny
implemented  in  the  package  “V.Phylo-
Maker” was based on nomenclature stan-
dardization  according  to  The  Plant  List
(TPL,  http://www.theplantlist.org).  Hence,
before  processing  the  phylogenetic  tree,
we  standardized  names  of  every  taxon
(family, genus and species) in our dataset
according to TPL, using the package “Tax-
onstand”.

Results
The first  two principal  components (PC1

and PC2) of the PCA together explained a
large amount (71%) of the dataset total vari-
ance  (respectively,  42%  and  29%).  Func-
tional  traits  displayed  a  specific  pattern
along  the  PCA  axes:  PC1  correlated  posi-
tively  with  SLA  and  LNC  and  negatively
with LDMC and C/N, while PC2 correlated
positively with LA, H and SM (Fig. 1a,  Tab.
2).  This  displacement  reflected  the  varia-
tion  from  conservative  to  acquisitive  leaf
traits along PC1 (thus representing the leaf
economics spectrum), and the increase in
size dimensions of plants and their organs
along  PC2.  Moreover,  both  leaf  lifespan
(Wilks = 0.59, approx.-F = 74.4, phylog. cor-
rected p < 0.001)  and growth  form cate-
gories (Wilks = 0.37, approx.-F = 46.1, phy-
log. corrected p < 0.001) displaced signifi-
cantly  differently  in  the  multidimensional
space of the PCA, mirroring functional trait
variation. Leaf lifespan showed significant
differences  only  along  the  “PC1-econom-
ics” axis, with deciduous species being rel-
atively acquisitive compared to evergreen
species,  while  growth form variation was
related to  the  “PC2-size”  axis,  with  trees
exhibiting  higher  values  opposed  to  sub-
shrubs (Fig. S2 in Supplementary material).

The  two  dimensions  of  plant  form  and
function  were  strongly  reflected  also
among classes. Both PC1-economics (eta2 =
0.72, p < 0.001) and PC2-size (eta2 = 0.93, p
< 0.001) contributed significantly in the de-
limitation of four groups of classes: (i) ev-
ergreen heaths and scrubs;  (ii)  deciduous
shrublands (meso-hygrophilous formations
of avalanche slopes and riparian habitats);
(iii) evergreen forests (including both coni-
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Fig. 1 - Main varia-
tion among func-

tional traits of
woody diagnostic
species. Principal
Component Anal-

ysis on trait values
of the 221 woody

diagnostic species
considered for the

analysis grouped
by growth form

and leaf life span
(deciduous: DC;
evergreen: EV)

(a), and neophyte
vs. native species
(b). Mean values

of the classes (full
names are report-

ed in Tab. 1) are
also shown (b),
grouped by the
cluster they be-

long to (Fig. S4 in
Supplementary
material). Lines

represent the 50th

percentile of the
distribution of

neophyte (solid
line) and native

species (dashed
line). (C/N): car-
bon to nitrogen
ratio; (H): plant

height; (LA): leaf
area; (LDMC): leaf

dry matter con-
tent; (LNC): leaf

nitrogen content;
(SLA): specific leaf

area; (SM): seed
mass.
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ferous and sclerophyllous formations); and
(iv)  deciduous  forests  (Fig.  S3  in  Supple-
mentary  material).  Specifically,  along  the
PC1-economics  axis,  deciduous  forests
and, even more so, deciduous shrublands,
showed  more  acquisitive  characteristics
compared to heaths and scrubs as well as
evergreen forest, with the class  Robinieta
(CF.ROB) being the most acquisitive, as op-
posed to the most conservative  Junipero-
Pinetea sylvestris (CN.SAB). Along the PC2-
size  axis,  both  deciduous  and  evergreen
forests  exhibited higher  values  compared
to heaths and scrubs as well as deciduous
shrublands.  Specifically,  deciduous forests
showed the highest mean values with the
class  Carpino-Fagetea  sylvaticae (CA.FAG)
and  Alno  glutinosae  -  Populetea  albae
(HA.POP), as opposed to the lowest mean
values  of  the  heath  and  scrub  classes
Ononido-Rosmarinetea (FB.ROS) and  Callu-
no-Ulicetea (CH.ULI – Fig. S4 in Supplemen-
tary material).

Considering the ternary CSR plant  strat-
egy  space  (Fig.  2),  the  mean  values  of
classes were ordinated essentially along a
gradient  from  stress-tolerant  (S)  to  com-
petitive  (C)  strategies.  Deciduous  forests
exhibited significantly higher mean values
of C-scores than evergreen forests as well
as  heath  and  scrub  classes,  which  con-
versely  had significantly  higher  mean val-
ues  of  S-scores.  Specifically,  the  class  Ju-
nipero-Pinetea sylvestris (CN.SAB) was the
most  stress-tolerant,  as  opposed  to  the
most competitive (and neophyte-dominat-
ed) class  Robinietea (CF.ROB). We did not
find  differences  among  these  groups  of
classes regarding their R-scores (Fig. S5 in
Supplementary  material),  despite  a  slight
tendency of deciduous shrublands towards
ruderal strategies.

Neophytes displayed both higher acquisi-
tive characteristics and larger size of their
leaves  and seeds  (i.e.,  higher  mean value
along  both  PC1-economics  and  PC2-size),
and  simultaneously  showed  a  greater
mean  value  of  C-scores  and  lower  of  S-
scores.  We  did  not  find  significant  differ-
ences  of  neophytes  in  terms  of  R-scores
(Fig. 1b,  Fig. 2,  and Fig.  S6 in Supplemen-
tary material).

Discussion

Functional dimension of European 
woody vegetation classes in Northern 
Italy

Our  results  demonstrate  that  the  func-
tional characteristics of woody species, di-
agnostic of phytosociological classes of Eu-
ropean woody vegetation,  can effectively
embody the physiognomy and the ecology
of the vegetation they represent, support-
ing our first hypothesis.  Trade-offs among
the  considered  traits  were  well  captured
by  the  first  two  dimensions  of  principal
component analysis (Fig. 1a), showing that
variation  in  resource  economics  and  size
relevant  to  woody  species  (Fyllas  et  al.
2020)  matches  vegetation  units  resolved

by phytosociology. We determined that Eu-
ropean woody vegetation classes of North-
ern Italy highlight two main axes of varia-
tion: the first represented the leaf econom-
ics axis (Wright et al. 2004), ranging from
resource-acquisitive  communities,  e.g.,
classes Alnetea glutinosae (IA.ALN) and Be-
tulo  carpaticae-Alnetea  viridis (CR.VIR),  to
resource-conservative ones typical of ever-
green classes, such as  Junipero-Pinetea sil-
vestris (CN.SAB).  The  second  axis  corre-
sponds  to  size  variation,  spanning  from
short-stature  and  light-seeded  communi-

ties typical of heath and scrub classes, e.g.,
Ononido-Rosmarinetea (FB.ROS) and  Callu-
no-Ulicetea (CH.ULI),  to  tall-stature  and
possibly heavy-seeded communities typical
of forests classes,  e.g.,  Carpino-Fagetea syl-
vaticae (CA.FAG)  and  Alno glutinosae-Pop-
uletea  albae (HA.POP).  These  adaptive
trends  were  similar  to  those  described
globally  both at the species-level  (Díaz et
al. 2016) and at the community-level (Bruel-
heide et  al.  2018),  confirming the conver-
gence of the evolutionary history of single
species  with  community  assembly.  Com-
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Tab. 2 - Pearson’s correlation coefficients (r) and level of significance (p) of trait val-
ues with the first two axes of the Principal Component Analysis (PC1 and PC2) for the
221 study species (df = 219). (C/N): carbon to nitrogen ratio; (H): plant height; (LA):
leaf area; (LDMC): leaf dry matter content; (LNC): leaf nitrogen content; (SLA): spe-
cific leaf area; (SM): seed mass; (ns): not significant; (*): p ≤ 0.05; (**): p ≤ 0.01; (***):
p ≤ 0.001.

Plant trait
PC1 PC2

r p r p

C/N -0.90 *** -0.18 *

H -0.06 ns 0.86 ***

LA 0.37 *** 0.76 ***

LDMC -0.74 *** 0.25 ***

LNC 0.90 *** 0.13 *

SLA 0.80 *** 0.03 ns

SM -0.08 ns 0.78 ***

Fig. 2 - Plant adaptive strategies of woody diagnostic species. Ternary visualization of
Grime’s CSR (Competitive, Stress-tolerant, Ruderal) plant strategies of the 221 woody
diagnostic species selected for the analysis, showing neophyte vs. native species, and
mean values of classes (full names are reported in Tab. 1), grouped by the cluster they
belong to (see Fig. S4 in Supplementary material). Lines represent the 50 th percentile
of  the distribution of neophyte (solid line) and native species (dashed line).  (DC):
deciduous; (EV): evergreen.
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pared  to  the  work  of  Bruelheide  et  al.
(2018), who considered species abundance
data, our analysis  – referred to diagnostic
species  regardless  of  their  abundance  –
stresses the strong ecological significance
of diagnostic species. Whereas globally the
size axis was the most relevant in explain-
ing the total variance of species and com-
munities,  we  observed  that  the  PC1-eco-
nomics captured most of the total variance
of  our  dataset.  This  result  is  presumably
due  to  the  presence  of  both  woody  and
herbaceous  species  (Díaz  et  al.  2016)  or
communities (Bruelheide et al. 2018) in the
analyzed  datasets,  while  we  only  consid-
ered woody species,  which are known to
be mainly  differentiated  by  resource  eco-
nomics (De la Riva et al. 2016, Leuschner &
Meier 2018, Rueda et al. 2018).

Woody  vegetation  classes  were  ordi-
nated within the two-dimensional space of
the  PCA according  to  four  main  physiog-
nomic groups, as identified by the cluster
analysis  (Fig.  1b).  Classes  of  evergreen
heaths and scrubs, as well as of evergreen
forests, converged toward lower values of
the economics axis, thus exhibiting conser-
vative  leaf  traits.  These  groups  include
classes  dominated  by  needle-leaved  and
sclerophyllous  species,  typical  of  boreal-
alpine climatic zones,  e.g.,  Loiseleurio pro-
cumbentis-Vaccinietea (AC.LOI),  Rhododen-
dro hirsuti-Ericetea carneae (CQ.RHO), Vac-
cinio-Piceetea (BA.PIC)  and Roso  penduli-
nae-Pinetea  mugo (CP.MUG),  or  Mediter-
ranean  climate,  e.g.,  Cisto-Lavanduletea
stoechadis (FC.LAV), Ononido-Rosmarinetea
(FB.ROS),  Junipero-Pinetea  sylvestris
(CN.SAB) and Quercetea ilicis (FA.QUI), and
therefore  include  species  adapted  to  en-
dure  adverse  environmental  conditions
such  as  drought,  extreme  temperatures
(high  and/or  low)  and  prolonged  snow
cover  (De la Riva et  al.  2016,  Fyllas  et  al.
2020,  Zanzottera  et  al.  2020).  Indeed,
classes of both evergreen heaths and for-
ests  showed  a  marked  tendency  toward
the  stress-tolerant  (S)  strategy  (Fig.  2),
confirming also for woody vegetation that
in  harsh habitats  the  environmental  filter
(i.e., abiotic stress) is a key determinant of
the  community  functional  composition
(Thonicke et  al.  2020),  leading species  to
share  similar  traits  as  a  common  adapta-
tion  to  physical  constraints  (Grime  2006,
De Bello et al.  2009). Our results support
evidence of a convergence toward similar
functional  response of  structural  diagnos-
tic species of syntaxa that phytosociology
considers  to  be  completely  different,  as
they do not exhibit species in common.

Classes of  deciduous forests  showed an
overall  prominent  competitive  strategy,
with high mean values of C-selection (Fig.
2).  These communities are typical of tem-
perate  climates  and  productive  environ-
ments with abundant resources, and occur
under  much  less  severe  ecological  con-
straints (Kunstler et al.  2016,  Leuschner &
Meier 2018, Costa-Saura et al. 2019). These
habitat characteristics make environmental

filters weaker, allowing more inter- and in-
tra-specific interactions, and hence compe-
tition becomes the main driver shaping the
functional  character  of  the  community
(Grime & Pierce  2012).  Despite  classes  of
deciduous forest being very similar in their
functional  properties,  it  was  possible  to
identify some differences. Some communi-
ties  were  dominated  by  species  denoted
by a lesser resource allocation to stem and
seeds (i.e., low H and SM) and leaves with
fast  economics  traits  (i.e.,  high  SLA  and
LNC – Fig. 1b), which implies rapid growth
and nutrient acquisition, typical of classes
of  wet  environments  (e.g.,  Alnetea  gluti-
nosae, IA.ALN) or that could occur as pio-
neers during secondary succession in tem-
perate  forests  (e.g.,  Robinietea, CF.ROB  –
Silva et al. 2015, Costa-Saura et al. 2019). Al-
ternatively,  species  of  other  classes
showed a major investment in larger seeds,
plant  height and thicker leaves  with slow
resource  economics  characteristics  (Fig.
1b),  typical  of  classes  corresponding  to
later  successional  stages  (e.g.,  Carpino-
Fagetea sylvaticae,  CA.FAG;  Quercetea pub-
escentis,  CB.PUB; and  Quercetea robori-pe-
traeae, CC.QUE – Silva et al. 2015).

Our results demonstrated that the sets of
woody  species  diagnostic  for  phytosocio-
logical classes mainly vary between S- and
C-selection,  as previously observed at the
single species level at both European and
global scales (Pierce et al.  2013,  2017).  All
the diagnostic species exhibited low mean
values of R- selection, which indicates that
they are not successful in habitats with a
high intensity of disturbance (Pierce et al.
2013). Actually, Brzeziecki & Kienast (1994)
classified some tree species as ruderal  (9
out of 36 studied), considering them as pi-
oneers  that  colonize  gaps  in  the  forest
canopy (with a short lifespan, a high poten-
tial growth rate and a long-distance seeds
dispersal),  but  Pierce  et  al.  (2017) argue
that  pioneer  trees  are  classified  as  C-se-
lected because disturbance is not a regular
occurrence  (in  the  same  way  as  annual
mowing or grazing) and plants can attain
large size without being killed. Thus “pio-
neer” is not necessarily  synonymous with
“ruderal”.  Moreover,  in  the  global  spec-
trum of plant form and function (Díaz et al.
2016) only herbaceous species are found at
the most  acquisitive end of  the  leaf  eco-
nomics axis, which broadly corresponds to
the ruderal  strategy.  Nonetheless,  woody
diagnostic species of deciduous shrub for-
mations (Salicetea purpureae,  HB.PUR and
Betulo  carpaticae  -  Alnetea  viridis,  CR.VIR)
displayed traits (i.e., small size and acquisi-
tive resource economics – Fig. 1b) which re-
flected their greater adaptation to survive
destructive events typical of their habitat,
due to high-energy water and snow flows,
such as avalanches, snow creep, floods and
waterlogging  (Leuschner  &  Ellenberg
2017).  Despite  the  fact  that  these  two
classes showed a tendency towards R-se-
lection because of the disturbance they are
exposed to, our results emphasize that, as

a  general  rule,  woody  diagnostic  species
display only low values of R- selection. This
outcome confirms that vegetation classes
they  represent  are  not  successful  in  in-
tensely disturbed habitats (Fig. 2, Fig. S5 in
Supplementary  material),  because  woody
perennial species require time and stability
to accumulate biomass (Pierce et al. 2017),
while marked acquisitive characteristics are
distinctive of other, non-woody, life forms
that  do  not  rely  on  achieving  large  size
over many growth seasons.

Functional trade-offs among woody 
diagnostic species of alien and native 
and invasion threat

The  set  of  diagnostic  species  of  Robini-
etea (CF.ROB),  a  neophytes-dominated
class recognized as part of European natu-
ral vegetation (Mucina et al. 2016, Viciani et
al.  2020), exhibited the highest degree of
competition  among  all  the  considered
classes. In fact, all neophyte species were
highly C-selected with a slight tendency to-
ward  the  ruderal  strategy  (Fig.  2);  these
species showed effective resource acquisi-
tion  traits,  having  large  leaves  with  high
nutrient  content  (i.e.,  high  SLA,  LA  and
LNC), and rapid and extensive growth (i.e.,
high H – Fig. 1b). Alien woody species tend
to  occupy  disturbed  environments,  often
as part of secondary succession (Pyšek et
al.  2017),  and they are also efficient  com-
petitors  that  thrive  in  high-resource  envi-
ronments  (Dalle  Fratte  et  al.  2019a).  This
confirms  that  the  establishment  of  neo-
phyte  species  is  associated  with  ruderal
and competitive strategies, whereas these
species  are  not  successful  in  heavily
stressed  habitats  (Guo  et  al.  2018).  Yet,
Guo et al. (2018) observed that the natural-
ization incidence and extent of alien trees
at  the  global  scale  were  not  correlated
with either C-, S-, or R- scores, due to the
low number of  tree species  in the global
pool of naturalized plants. Instead, in our
dataset, trees represented more than half
of the neophyte species (8 out of 15), and
two of  them  also  showed  the  highest  C-
scores (Trachycarpus fortunei and Ailanthus
altissima – Tab. S3 in Supplementary Mate-
rial),  suggesting  that  the  link  between
competitive  strategy  and  naturalization
success  can  be  noticeable  even  in  trees.
Therefore,  if  an  increment  in  disturbance
and/or in resource availability should occur
in habitats exploited by woody vegetation
classes of harsh-climate environments as a
consequence of global change, favourable
niches  could  become  accessible  to  alien
woody species that might significantly af-
fect these communities (Davis et al. 2000).
For instance, montane regions are known
to  be  particularly  threatened  by  climate
warming  that  facilitates  woody  alien
species  invasion,  especially  in  already  en-
dangered habitats (Kleinbauer et al. 2010).

Conclusion
In this study we found, for phytosociolog-

ical classes of European woody vegetation,
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a clear correspondence between the func-
tional  ecology  of  their  woody  diagnostic
species and the physiognomy and ecology
of  the  communities  they  represent.  This
confirms  that  functional  traits  and  plant
adaptive strategies reliably indicate plant-
environment relations in  accordance with
the floristic classification on which syntax-
onomy is based. Such correspondence was
particularly evident among classes of ever-
green heaths, scrubs and forests, typical of
extreme  environments  (boreal-alpine  and
mediterranean)  that  showed  a  conver-
gence toward species exhibiting conserva-
tive  characteristics  and  stress-tolerant
strategies, due to the environmental filter
that imposes a common adaptation to abi-
otic constraints. More favourable and pro-
ductive environments, exploited by decidu-
ous  forests,  rather  selected  for  species
with a tendency toward competitive strate-
gies. Accordingly, we highlighted that abi-
otic stress and biotic competition are the
main ecological  drivers that  affect woody
vegetation,  while  no  vegetation  class
showed  a marked ruderal  strategy linked
to highly recurrent disturbance. Neophyte
woody species,  which currently represent
one of the major threats affecting plant as-
semblages, exhibited relatively competitive
strategies than native woody species. This
evidence  implies  that  resource-limited  or
mildly disturbed environments, now occu-
pied by native species, could be the most
exposed to alien species invasion, should a
climate warming or a nutrient increase oc-
cur.

We can conclude that woody diagnostic
species can reliably indicate both structure
and functions of woody vegetation classes
coherently with their ecological character-
istics. Our results represent a progress to-
ward  the  integration  of  phytosociology
and functional ecology, opening the way to
what could be called “functional phytosoci-
ology”.  Anyway,  this  approach  could  be
valuable for more accurate analysis within
conservation programs, as in the planning
of  sustainable  management  guidelines  of
EFTs  and  especially  in  the  monitoring  of
habitat  types  (sensu Habitats  Directive)
identified with specific syntaxa. At least for
woody  vegetation,  we  were  able  to
demonstrate that “functional phytosociol-
ogy” can improve the knowledge of struc-
ture and functions, as required by the Habi-
tat Directive for the identification of typical
species to be used for the assessment of
the conservation status of habitat types.
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