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Abstract Plants are connected to habitats by func-

tional traits which are filtered by environmental

gradients. Since tree species composition in the forest

canopy can influence ecosystem processes by chang-

ing resource availability, litter accumulation, and soil

nutrient content, we hypothesised that non-native

invasive trees can establish new environmental filters

on the understorey communities. In the hardwood

floodplain forests in Northern Italy, the invasive trees

Robinia pseudoacacia L. and Prunus serotina Ehrh.

are the dominant canopy species. We used trait data

assembled from databases and iterative RLQ analysis

to identify a parsimonious set of functional traits

responding to environmental variables (soil, light

availability, disturbance, and stand structure) and the

dominant native and invasive canopy species. Then,

RLQ and fourth-corner analysis was conducted to

investigate the joint structure between macro-envi-

ronmental variables and species traits and functional

groups were identified. The trait composition of the

herb-layer was significantly related to the main

environmental gradients and the presence of the

invaders in the canopy showed significant relation-

ships with several traits. In particular, the presence of

P. serotina may mitigate or even erase the effect of

disturbances, maintaining a stable forest microclimate

and thus favouring ‘true’ forest species, while R.

pseudoacacia may slow down forest succession and

regeneration by establishing new stable associations

with a graminoid-dominated understorey. The impact

of the two invasive trees on herb layer composition
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appears to differ, indicating that different management

and control strategies may be needed.

Keywords Floodplain forest � Fourth-corner

analysis � Functional groups � Prunus serotina Ehrh. �
RLQ analysis � Robinia pseudoacacia L. � Woody

invader

Introduction

Numerous studies have shown individual invader

impacts on native community-level responses, such as

species richness, diversity, and composition (Hejda

et al. 2009; Pyšek et al. 2012). In contrast, very few

studies have investigated the functional response of

plant communities to invasion (e.g., Mason et al. 2009

for graminoid and woody species; Chabrerie et al.

2010 for Prunus serotina Ehrh.; Brym et al. 2011 for

Elaeagnus umbellata Thunb.; Byun et al. 2013 for

Phragmites australis (Cav.) Trin. ex Steud.). Nonethe-

less, the degree to which non-native invaders influence

native plant species composition remains poorly

explored and it remains unclear for many invasive

species if they act as ‘driver’ (the invader causes

changes to the native community) or ‘passenger’ (the

invader and the native community respond indepen-

dently to environmental change) of community

change (MacDougall and Turkington 2005; Chabrerie

et al. 2008; Halarewicz and Zołnierz 2014). However,

the impact of an invader is expected to correlate with

its own population density, since any biomass (or

space or energy) controlled by the invader constitutes

resources no longer available to other species (Parker

et al. 1999). Hence, when an invader becomes

abundant in a recipient community, long-lasting shifts

in species composition and ecosystem functioning are

likely to occur (Chabrerie et al. 2008).

One difficulty in assessing invasion impacts is that

changes can be slow and cumulative (Crooks 2005;

Strayer et al. 2006), and might take many years before

any effects become apparent, especially in ecosystems

with low turnover rates like forests (Chabrerie et al.

2010). In contrast, functional attributes of species

diversity and composition relate directly to life-history

traits that are sorted by the environment. Likewise,

functional traits may respond more quickly to inva-

sion-induced environmental changes, independently

from changes in species composition (Lavorel et al.

1997; Chapin et al. 2000; Diaz and Cabido 2001;

Chabrerie et al. 2010). Consequently, analysing the

relationship between invasion and the life-history

traits of species within the recipient herb-layer com-

munity can detect early vegetation responses and/or

changes of ecosystem functions which are not exposed

by variations in species diversity and composition

(McGill et al. 2006; Chabrerie et al. 2010).

Usually, functional traits are defined as any mea-

surable features at the individual level that directly or

indirectly affect overall fitness or performance (e.g.,

growth, fecundity, survival) of organisms (Violle et al.

2007; Bello et al. 2010). They are closely linked to and

filtered by the given environment (Violle et al. 2007).

Thus, identifying traits and their distribution is

essential for understanding long-term ecosystem

dynamics and how environmental change (like species

invasion) drives community composition (Lacourse

2009). Recently, the concept of functional traits and

trait-based approaches has been widely used in

ecological research to learn more about the processes

and patterns of ecosystem development and ecosystem

services in response to environmental changes

(Petchey and Gaston 2006; Bernhardt-Römermann

et al. 2008; Naeem et al. 2009; Lavorel et al. 2013).

The elegance of these approaches is that complex

ecosystem dynamics can be described without fol-

lowing the dynamics of each species individually

(Savage et al. 2007), simplifying the ecological

interpretation of the complexity of a plant community

(Diaz and Cabido 2001). However, the application of

trait-based approaches to understanding the impact of

invasive plant species is still largely limited to linking

the traits of the invader with their invasiveness and to

comparing the functional similarity of traits of the

invader to the invaded community (e.g., Levine et al.

2003; Ordonez et al. 2010; Lamarque et al. 2011;

Drenovsky et al. 2012; Jauni and Hyvönen 2012;

Pyšek et al. 2012; Thuiller et al. 2012).

In this study, we analysed the relationships between

different abiotic and biotic environmental variables

(including the abundance of invasive tree species),

understorey plant communities, and species life-

history traits of a temperate European hardwood

floodplain forest. In general, floodplain forests are

complex and dynamic ecosystems and during succes-

sion the distribution of forest species and communities

is principally filtered by strong gradients in light

2952 A. Terwei et al.

123



availability and disturbance due to the intensity and

frequency of flooding (c.f. flood-shade tolerance trade-

off hypothesis; Battaglia and Sharitz 2006; Mann et al.

2008). Disturbance is strongly related to forest

succession as it can set plant communities back to an

earlier stage of succession or may slow down the

process. Additionally, variation in the temporal and

spatial scales of disturbances leads to a ‘shifting

mosaic’ of successional stages across the landscape

(Schnitzler 1995). A number of studies have revealed

that traits that shift consistently with succession are

also traits that respond strongly to light availability

and disturbance (Bazzaz 1979; Prach et al. 1997;

Schleicher et al. 2011; Douma et al. 2012). Jointly

with the abiotic environmental gradients, the compo-

sition of the dominant tree species in the canopy of

these forests influences ecosystem processes by

changing light and water availability, litter accumu-

lation, and soil nutrients content, or even by phyto-

toxic or allelopathic effects (Gilliam 2007; Barbier

et al. 2008; Blank and Carmel 2012; Catorci et al.

2013), and thus selects for specific life-history traits of

the herb-layer species.

Since in the study area, the Northern Italian

biosphere reserve ‘Valle del Ticino’ (hereafter called

Ticino Park), the two North American tree species

black cherry (Prunus serotina Ehrh.) and black locust

(Robinia pseudoacacia L.) are today the most frequent

non-native tree species and often become the domi-

nant species in the canopy (and/or shrub layer) of

invaded forest stands (Motta et al. 2009; Chabrerie

et al. 2010; Annighöfer et al. 2012; Terwei et al. 2013),

the main aim was to test if these invasive trees are able

to establish new environmental filters to understorey

plant communities. More specifically, the following

questions were addressed: (1) What are the links

between the macro-environmental variables and the

traits of the herb-layer species? (2) Which combina-

tions of traits and functional groups are filtered by the

environment? (3) Are there any specific traits and

functional groups associated with the increase of the

two non-native tree species, P. serotina and R.

pseudoacacia, in the tree and shrub layer? To answer

these questions we applied two increasingly used

methods in plant studies (e.g., Jauni and Hyvönen

2012; Minden et al. 2012; Wesuls et al. 2012; Fischer

et al. 2013; Sterk et al. 2013; Dray et al. 2014) that

represent the most integrated methods to analyse trait-

environment relationships (Kleyer et al. 2012; Dray

et al. 2014): (1) RLQ analysis, a multivariate method

for three table ordination developed by Dolédec et al.

(1996); and (2) fourth-corner analysis, a method to

measure and test the direct correlation between single

traits and single macro-environmental variables (Le-

gendre et al. 1997). Few studies have used the RLQ

method for analysing the response of native plant

communities to invasive plants (see Thuiller et al.

2006; Chabrerie et al. 2010, or Jauni and Hyvönen

2012).

Materials and methods

Study site

The study area was located in the North Italian

UNESCO MAB Biosphere Reserve ‘Valle del Ticino’

(Ticino Park). As the largest continuous remnant of

woodlands in the Po Plain and an important ecological

corridor between the Alps and the Apennines, the

biosphere reserve was established in 2002 in order to

conserve the remaining mosaic of alluvial forests

(UNESCO 2005). Situated on the border of the regions

Lombardy and Piedmont, the Ticino Park is approx-

imately 100 km long and between 10 and 20 km wide,

ranging from the Lago Maggiore in the north-west

(45�0602100N, 08�3405300E) with an elevation of about

195 m a.s.l. to the confluence of the Ticino River with

the Po River in the south-east (45�4603800N,

09�1601900E) with an elevation of about 57 m a.s.l.

(Fig. 1). The climate is sub-Mediterranean with aver-

age temperatures in January and July of 1.7 and

22.2 �C, respectively, and an average annual precip-

itation of 1212 mm (meteorological station Milan

Malpensa Airport; Fig. 1; CNMCA 2009). The park is

characterized by long drought periods at irregular

intervals, especially during summer. The forest soil is

a fluvic soil (FAO 1998) showing transitions from pale

sandy soil to darker sand with higher amounts of loam

and gravel.

Before becoming a biosphere reserve, most of the

Ticino forests were managed for wood production and

used as a hunting reserve (Motta et al. 2009). In

general, the current forests are not older than approx-

imately 65 years because almost all forests in the

Ticino Valley were completely cut down during the

harsh winters following the World War II (pers.

comm. Caronni 2011). As the objective of the
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biosphere reserve is to develop near-natural forests in

the future, consisting of native species, all silvicultural

measures were stopped with the establishment of the

reserve in 2002. The typical native and most abundant

phytosociological forest association of the Ticino

Valley is the Polygonato multiflori-Quercetum roboris

(Sartori 1980), a hardwood floodplain forest on well-

drained and fertile soils, mainly consisting of pedun-

culate oak (Quercus robur L.), European hornbeam

(Carpinus betulus L.), and field elm (Ulmus minor

Mill.) (Sartori 1980; UNESCO 2005) mixed with

different sub-dominant tree species. In wetter parts,

black poplar (Populus nigra) and hybrid poplar (P. x

canadensis) are common. This association is subject to

periodic flooding from the Ticino River and its

tributaries; in the last 15 years, floods occurred in

2000, 2002, 2005, 2009, and 2014 (Motta 2009; pers.

comm. Caronni).

Invasive tree species in the study area

Starting at the end of the nineteenth and beginning of

the twentieth century, exotic, invasive species, such as

black cherry (Prunus serotina Ehrh.), black locust

Fig. 1 The location of the

study area ‘Valle del Ticino’

along the Ticino River with

the sample plots (white dots;

n = 63). The Biosphere

Reserve is made up of the

Natural Park (darker grey),

forming the core zone of the

reserve and the Regional

Park (lighter grey)
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(Robinia pseudacacia L.), tree of heaven (Ailanthus

altissima (Mill.) Swingle), and red oak (Quercus rubra

L.), were introduced to the area of the Ticino Park

(Motta et al. 2009; Caronni 2010). Since then, the

abundance of these species has greatly increased.

Today, P. serotina and R. pseudoacacia, both native to

North-East America (Auclair and Cottam 1971; Bor-

ing and Swank 1984), are by far the most frequently

found invasive tree species, occupying 13 and 30 %,

respectively, of the forested area of the park (in

contrast to 23 % covered by native Polygonato

multiflori-Quercetum roboris hardwood forests)

(Boschetti et al. 2005). While R. pseudoacacia grows

scattered all over the park area and is accepted by the

park authorities as part of the forests that cannot be

eradicated, P. serotina is almost absent in the southern

part of the park but is expanding its range from north to

south and increasing its area of distribution inside the

biosphere reserve. Due to this, the goal of the park

administration is to stop R. pseudoacacia from

spreading further south and maintain the species at

the lowest feasible level that technology, finances, and

conditions will allow (pers. comm. Caronni 2011;

Annighöfer et al. 2012, 2015). With regard to forest

structure and composition, both species are supposed

to constitute a major threat to biodiversity conserva-

tion and stability of the native ecosystem (Motta et al.

2009; Caronni 2010).

Sampling design

Vegetation sampling

Vegetation relevés were conducted within different

contiguous stands belonging to the Polygonato mul-

tiflori-Quercetum roboris association (Sartori 1980),

either during summer 2010 or 2011. The stands

belonging to this association were identified using

the forest association maps of Boschetti et al. (2005)

and then 63 stands were randomly selected. The

minimum size for considering a stand for this study

was 30,000 m2. To avoid any edge-effects, a plot with

a size of 20 m 9 20 m was installed temporarily in

the centre of each stand. Attention was paid to ensure

that the plots represented characteristic and homoge-

neous stand conditions and species composition,

avoiding alterations such as clearings, water edges,

paths, and forest roads in the vicinity.

In each plot, all plant species in the herb-layer

(height\0.7 m), shrub layer (0.7–6 m), and tree layer

([6 m) were recorded and the total cover of each

species for each layer was estimated according to the

method of Braun-Blanquet (1964), using the modified

abundance scale from Reichelt and Wilmanns (1973)

with 9 cover classes. For further analysis, the abun-

dance values were transformed into mean %-cover of

each class following Bemmerlein-Lux et al. (1994).

To avoid different interpretations of the degree of

vegetation cover, all observations were conducted by

the same person. As there are no reliable morpholog-

ical characteristics to distinguish definitively between

P. nigra and P. x canadensis hybrids in the field (c.f.

Aas 2006), both were pooled and regarded as native P.

nigra. The nomenclature of plants follows Fischer

et al. (2008), except for black locust for which we used

the more common name Robinia pseudoacacia L.

(Jarvis and Cafferty 2005).

Sampling and analysis of macro-environmental

variables

For the herb-layer vegetation, we calculated mean

indicator values for humidity and light for each plot,

according to Ellenberg et al. (2001), using values

adjusted for Italy by Pignatti et al. (2005). The herb-

layer species were also classified according to Honnay

et al. (1998) if they were ‘true’ forest species in

Europe, being indicators for the ecological value of

‘old’ forests. Typical microclimates for these ‘true’

forest environments are low light availability at the

forest floor, high hygrometry, and low thermic vari-

ations (c.f. also Hermy et al. 1999). The cover of the

herb-layer was used to indicate possible competition

between the seedlings of the tree species and other

herb-layer species. In addition, the total cover of the

tree layer and the cover of the native species C.

betulus, P. nigra, Q. robur, and U. minor in the tree

layer and of the non-native species P. serotina and R.

pseudoacacia in the tree and shrub layer were used to

describe the structure and composition of the different

layers. For the analysis of the upper soil horizon, two

soil samples of the topsoil (0–5 cm) were taken from

each plot, each one in the middle of two opposite

boundary lines of the plot, using a soil sample ring

with a defined volume of 100 cm3. The two organic

layer samples were mixed and stored as composite
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samples. We measured the thickness of the organic

(O) layer, including litter (Ol), fragmentation (Of), and

humus (Oh) layer, and the thickness of the Ah layer

(mineral layer with accumulation of organic matter) in

the field. In the laboratory, the samples were analysed

for pH (soil solution in H2O; VDLUFA methods

according to McLean 1982), plant available phospho-

rous (CAL extraction according to Schüller 1969), and

total nitrogen and total organic carbon (quantitative

elemental analysis DIN ISO 10694 according to DIN

1996) to calculate the carbon to nitrogen (C:N) ratio

(Table 1). C:N ratio was used as an indicator for

available nitrogen. Given that soil samples were free

of CaCO3 (no reaction to 10 % HCl), organic carbon

content was considered equal to total carbon content.

Pearson’s correlations were performed between all

macro-environmental variables. As the soil variables

total organic carbon and total nitrogen were highly

correlated with each other and also each of them with

the variable plant available soil phosphorous (Pearson

correlation coefficient[0.9), the two latter variables

were excluded from further statistical analysis and

only the total organic carbon was used. As a proxy for

anthropogenic, management-related disturbance

intensity of the forests in the past, the number of

stumps (with a diameter [10 cm) per plot was

counted. The quantification of disturbances by flood-

ing would require the documentation of flooding

intensity and nature (erosion or deposition processes)

in the floodplain patches. As these parameters are

rather difficult to document, because the stands are

frequently not accessible during floods, the distance to

the main river channel was used as a proxy for flooding

intensity whereas the total organic carbon content of

the topsoil was used as a proxy of the frequency of

sediment reworking. Bornette et al. (2008) stated that

carbon content has been previously demonstrated to be

linked to the disturbance level of floodplain habitats

(Rostan et al. 1987; Schwarz et al. 1996). Erosional

processes export organic matter that accumulates

between flood events whereas deposition of mineral

particles leads to a decreased proportion of organic

matter in the substrate (Bornette et al. 2008).

Plant trait data

Following the mechanistic and pragmatic approach of

Weiher et al. (1999), we selected functional traits that

were associated with the three fundamental challenges

that plants face, i.e. dispersal, establishment, and

persistence. A set of 16 biological traits was retained

(Table 2) . The data on the traits was assembled

mainly from the following four plant-trait databases:

LEDA Traitbase (Kleyer et al. 2008), BIOLFLOR

(Klotz et al. 2002), Electronic comparative plant

ecology (Hodgson et al. 1995), and Kew Royal

Botanic Gardens Seed Information Database (Royal

Botanic Gardens Kew 2008). Gaps were filled by

information supplemented from floras and by averag-

ing data from congeners. If several different entries for

a species were found, the numeric trait values were

aggregated by taking the means of all values present in

the databases. As single occurrences of species do not

provide information on species distributions along

environmental gradients, species that appeared in only

one relevé were excluded from the analyses.

As proposed for categorical traits by Bernhardt-

Römermann et al. (2008), we distinguished two cases:

(1) traits where several entries of different attributes are

likely (e.g., one species can be pollinated by several

pollinating types), and (2) traits with only one possible

attribute per species (Table 2). The second were included

in the analyses without further transformation, while the

first traits (woodiness, life form, leaf anatomy, pollination

type, and strategy type) were dummy-transformed. For

these transformations we used a simple system of linear

interpolation in as many dimensions as trait stages existed.

For example, the trait pollination type was transformed as

follows: entomophily = [1, 0, 0]; anemophily = [0, 1, 0];

self-pollination = [0, 0, 1]; entomophily/anemophily =

(entomophily ? anemophily)/2 = [0.5, 0.5, 0], etc. The

values in this system were weighted by the number of

database entries per category. By definition, the sum per

species of all values is 1 (c.f. Bernhardt-Römermann et al.

2008).

Prior to the main analysis, the trait variable seed

weight (sw) was log10-transformed. To test for corre-

lation between all traits, we used the Spearman’s rank

correlation coefficient, omitting those combinations

with strong correlations (q[ 0.7) from further anal-

yses. Due to this, the trait attributes life form

phanerophyte (lif.phan) and presence of woodiness

(w.wood) (highly correlated to canopy height (ch)) and

annual and biennial life-history (lih.anbi) [highly

correlated to perennial life-history (lih.per)] were

excluded from further analysis.
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Statistical analysis

Since the aim of our study was to relate species traits to

environmental conditions by considering the abun-

dances of species in the plots, we needed to analyse

simultaneously three data tables, i.e. the environmen-

tal table (R), the species composition table (L), and the

species-traits table (Q). An adequate and modern

method for this was to conduct and to combine two

complementary types of three-table analysis: RLQ

analysis (Dolédec et al. 1996) to obtain a graphic

display and fourth corner analysis (Dray and Legendre

2008) for statistical power (Dray et al. 2014).

First, to determine the set of traits from the total set

(Table 2) which best described the variation in species

composition along the given environmental gradients

Table 1 Recorded macro-environmental variables

Variables Abbr. Unit Min. Median Mean Max. Weighted correlation

ratios

RLQ

Axis 1

RLQ

Axis 2

Tree layer

Total cover (TL) Cov_T % 49 84 81 96 -0.438 -0.003

Cover of Carpinus betulus Carp % 0 0 6 88 -0.305 0.253

Cover of Populus nigra Popu % 0 0 8 63 0.612 0.221

Cover of Quercus robur Quer % 0 38 31 88 -0.323 -0.429

Cover of Ulmus minor Ulmu % 0 0 2 38 0.083 -0.368

Cover of Prunus serotina (TL) Prun_T % 0 0 8 63 -0.380 0.043

Cover of Robinia pseudoacacia (TL) Robi_T % 0 1 16 81 -0.189 0.082

Shrub layer

Total cover (SL) Cov_S % 5 70 63 97 0.013 -0.547

Cover of Prunus serotina (SL) Prun_S % 0 0 11 90 -0.429 -0.285

Cover of Robinia pseudoacacia (SL) Robi_S % 0 0 2 22 -0.238 -0.142

Herb-layer

Total cover (HL) Cov_H % 15 80 76 100 0.361 0.641

Mean Ellenberg indicator value for light (for herb-

layer species)

L_mean – 4.2 5.2 5.2 6.4 0.617 -0.377

Soil variables

Thickness of O layer S_O cm 1 4 4 10 -0.227 -0.231

Thickness of Ah layer S_Ah cm 1 7 8 45 0.043 0.159

Mean Ellenberg indicator value for humidity (for

herb-layer species)

H_mean – 4.4 5.4 5.5 7.2 0.708 -0.143

pH value (0–5 cm) S_pH – 3.71 4.81 4.91 7.21 0.813 -0.024

Total soil N* (0–5 cm) S_N lg/g 0.1 0.3 0.4 3 – –

Plant available P (P2O5)* (0–5 cm) S_P mg/

100 g

0.5 2 2.5 17 – –

C:N ratio (0–5 cm) S_C_N – 7.83 12.21 12.22 17.27 -0.701 -0.050

Disturbance variables

Total organic C (0–5 cm) S_C mg/

100 g

0.7 3.2 5.3 33.97 -0.074 -0.055

Distance to main river channel Dist m 23 438 488 1703 -0.489 0.095

Number of stumps Stumps – 0 0 3 30 -0.519 -0.275

Abbr. abbreviation, Min. minimum, Max. maximum

* Variables omitted from further analyses due to significant correlation with other variables (q[ 0.7)
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Table 2 Traits used for analysis; shown are trait names, ecological function, abbreviations (Abbr.), traits values, trait attributes,

and data sources

Trait Ecological

function

Type Abbr. Values Trait attributes Sources

Canopy

structure

COM (P);

plant and

DISP

2 can.bas

can.seb

can.lea

can.seb

can.red

Categorical Basal

Semi-basal

Leafy

Basal or semi-basal but leaves large

Leaves reduced to scales or spines

Hodgson et al. (1995)

Max. canopy

height

COM (P);

plant

2 ch.1

ch.2

ch.3

ch.4

ch.5

ch.6

ch.7

ch.8

Categorical Foliage less than 100 mm in height

101–299 mm

300–599 mm

600–999 mm

1.0–3.0 m

3.1–4.0 m

4.1–15.0 m

Taller than 15.0 m

Hodgson et al. (1995)

Lateral spread COM(P) and

(R); stem

2 las.s1*

las.s2*

las.s3*

las.s4*

las.s5*

Categorical s1: Therophytes (i.e. lateral spread of

exceedingly limited extent and

duration)

s2: Perennials with compact

unbranched rhizomes or small

tussocks (less than 100 mm in

diameter)

s3: Perennials with rhizomatous

systems or tussocks attaining

100–250 mm

s4: Perennials attaining a diameter of

251–1000 mm

s5: Perennials attaining a diameter of

more than 1000 mm

Kleyer et al. (2008);

Hodgson et al. (1995)

Seed-bank

type

COM (R);

seed and

life-history

2 sb.tran*

sb.shor*

sb.long*

Categorical Transient

Short-term persistent

Long-term persistent

Hodgson et al. (1995);

Royal Botanic

Gardens Kew (2008)

Woodiness COM (P);

stem

3 w.grass*

w.herb

w.semi

w.wood**

0; 0.33;

0.5; 1

No-woody: grasses***

No-woody: herbs

Semi-woody

Woody

Kleyer et al. (2008);

Fischer et al. (2008)

Life form COM (P) and

(R); plant

3 lif.phan**

lif.cham

lif.hem

lif.geo

lif.ther

0; 0.5; 1 Phanerophyte (including pseudophan.,

nanophan., and macrophan.)

Chamaephyte

Hemicryptophyte

Geophyte

Therophyte

Klotz et al. (2002)

Life-history COM (R);

plant

2 lih.anbi**

lih.per

Categorical Annual and biennial

Perennial

Kleyer et al. (2008)
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and to be included in the RLQ analysis (table Q), we

applied an iterative RLQ analysis as proposed by

Bernhardt-Römermann et al. (2008). For this, we

performed RLQ analyses for each possible 2-trait

combination using the sum of the correlation L metric

of the first two RLQ axes as diagnostic values to

evaluate the goodness-of-fit of the corresponding

RLQ. Subsequently, all further traits were added step

by step to produce 3-trait, 4-trait, 5-trait, etc. combi-

nations and were evaluated by the goodness-of-fit of

each of them. To minimize the need of computing

power, in each step (n) only the 15 combinations

performing best were chosen for the next set of

combinations (n ? 1). This procedure was repeated

until the maximal trait number was reached. Finally,

the correlation L values were plotted against the

Table 2 continued

Trait Ecological

function

Type Abbr. Values Trait attributes Sources

Climbing COM (P);

plant

2 cl.no

cl.spr

cl.oth

Categorical No climbing

Spread climbing

Climbing using adhesive roots,

tendrils, trailing, coiling up

Klotz et al. (2002)

Leaf

phenology

COM (P);

leaf

2 lp.hiv*

lp.ver*

lp.eve*

Categorical Hivernal

Vernal

Evergreen (partially or always)

Klotz et al. (2002)

Leaf anatomy COM (P);

leaf

3 lea.helo

lea.meso

lea.sclero

lea.hygro

0; 0.33;

0.5; 1

Helomorphic

Mesomorphic

Scleromorphic

Hygromorphic

Klotz et al. (2002)

Start of

flowering

period

Life-history 2 fls.m1_4*

fls.m5*

fls.m6*

fls.m7_12*

Categorical January–April

May

June

June–December

Klotz et al. (2002)

Duration of

flowering

period

Life-history 1 fld Continuous Number of months Klotz et al. (2002)

Type of

reproduction

COM (P and

R); plant

2 rep.se

rep.seve

rep.ve

Categorical Seed

By seed and vegetatively

Mostly vegetatively, rarely by seed

Klotz et al. (2002)

Type of

pollination

Life-history 3 po.inse

po.self

po.wind

0; 0.5; 1 Entomophily

Self-pollination

Anemophily

Klotz et al. (2002)

Seed weight COM (R) and

DISP; seed

1 sw* Continuous mg Kleyer et al. (2008);

Royal Botanic

Gardens Kew (2008);

Dispersal type DISP; seed 2 dt.zoo*

dt.ane*

dt.hyd*

dt.unsp*

Categorical Zoochory

Anemochory

Hydrochory

Unspecific

Hodgson et al. (1995);

Kleyer et al. (2008)

The ecological functions are: COM: competitive ability (P: mainly in relation to persistence, R: mainly in relation to regeneration);

DISP: dispersal ability; life-history (traits on time or processes of crucial life-history stages); classification according to Bernhardt-

Römermann et al. (2008) and Chabrerie et al. (2010); the trait types are: 1: numerical, 2: categorical, 3: categorical, transformed into

numerical dummy-variables (see text)

* Traits used for RLQ analysis; ** traits omitted from further analyses due to significant correlation with other trait attributes

(q[ 0.7); *** ‘grasses’ was used pseudonym for graminoids
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number of traits in the combination and the most

parsimonious solution was defined as that point where

the slope of the straight line between two trait numbers

was smaller than 0.005 (see Fig. S1).

Second, with this ‘best trait set’, RLQ analysis was

conducted to provide simultaneous ordinations, and to

analyse the joint structure of the three datasets. It was

developed to study environmental filtering in ecolog-

ical communities by elucidating combinations of traits

that have the highest covariance with combinations of

macro-environmental variables, irrespective of

whether data were quantitative or qualitative (Dolédec

et al. 1996; Dray et al. 2003).

The RLQ analysis is an extension of co-inertia

analysis that performs a double inertia analysis of two

arrays, i.e. table R (sites 9 environmental variables)

and table Q (species 9 traits) with a link expressed by

a contingency table, i.e. table L (sites 9 species).

Before the actual analysis, three separate analyses

were accomplished. First, a correspondence analysis

(CA) was applied on the table L. The CA gave the

optimal correlations between the study sites and the

species scores. Next, an ordination of table R and L

was done by principal component analysis (PCA).

Column weights of table L were used for ordination of

table Q, by performing a Hill and Smith analysis (Hill

and Smith 1976). Subsequently, the RLQ analysis

combines the three separate ordinations to maximize

the covariance between the study site scores con-

strained by the macro-environmental variables of

table R and the species scores constrained by the

traits of table Q. As a result, the best joint combination

of the site ordination by their environmental charac-

teristics, the ordination of species by their attributes

(traits), and the simultaneous ordination of species and

sites was calculated. A Monte-Carlo permutation test

(n = 999) was used to test the significance of the link

between the environmental table (R) and the trait

table (Q). For more details on the method, including a

graphical illustration, see Dolédec et al. (1996).

Third, to quantify the explicit trait-environment

relationship and to test for its significance, we used the

multivariate version of the fourth-corner statistic (Dray

and Legendre 2008). This method measures the link

between species traits and macro-environmental vari-

ables by a Pearson correlation coefficient (for one

quantitative variable), and by a Pseudo-F (for six

qualitative variables). A permutation model (with 999

permutations) was applied using a combination of two

different permutation models (for details see Dray and

Legendre 2008). The null hypothesis H0 was that

species traits are unrelated to the environmental

characteristics of the sites. The first model tested the

null hypothesis H1 that the species assemblages and the

environmental characteristics of the locations where

they were found are unrelated (permutation of site

vectors in the table L, model 2 in Legendre et al. 1997).

In the second model, the permutation procedure tested

the null hypothesis H2 that the distribution of the

species and the traits they possess are unrelated

(permutation of the species vectors of the table L,

model 4 in Legendre et al. 1997). As proposed by Dray

and Legendre (2008), the two models were combined

in order to attain the correct level of Type I error. If both

permutation tests were significant, H0 can be rejected

and thus the environmental characteristics, species

distributions, and traits were considered to be effec-

tively linked. In this sense, if a1 is the significant level

at which H1 is rejected, and a2 is the significant level at

which H2 is rejected, then a0 = a1 9 a2 is the

significant level at which H0 is rejected, thereby

a1 = a2 = Ha0. Considering a trait to be significantly

correlated if both p-values associated to models 2 and 4

were lower than a = 0.05, the significance level will

be a1 = a2 = H0.05 = 0.22. In our study, a Bonfer-

roni correction for the eighteen macro-environmental

variables was used to finally obtain the significance

level (a0 = 0.05/20 = 0.0025). As a consequence, the

adjusted significance levels to reject H1 and H2 (in

permutation models 2 and 4, respectively) was con-

sidered to be a1 = a2 = H0.0025 = 0.05 (c.f. Dray

and Legendre 2008; Gallardo et al. 2009). In combi-

nation, RLQ analysis and the fourth-corner statistic

represent straightforward methods for exploring trait-

environment relationships, and complement each other

by mixing graphical exploratory analysis with formal

statistical tests to unravel processes that remain hidden

when analysing different datasets separately (Wesuls

et al. 2012). The fourth-corner method was adapted by

Dray and Legendre (2008) to deal with species

abundances instead of presence-absence data.

Finally, subsequent to RLQ analysis, functional

groups were generated by conducting hierarchical

clustering of species scores and were projected on the

first two RLQ axes (following the script of Kleyer

et al. 2012) using Ward’s method (Everitt et al. 2011).

The optimal number of groups was determined by

means of Caliński and Harabasz’s index (Caliński and
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Harabasz 1974). These clusters showed the distribu-

tion of functional groups in the trait-environment

space (c.f. Kleyer et al. 2012; Minden et al. 2012). All

statistics were conducted using R 3.0.1 (R Core Team

2013) and the package ade4 (Dray and Dufour 2007).

Results

RLQ analysis

The iterative RLQ analysis of the macro-environmental

variables (Fig. S1) identified seven traits (that split up

into 21 trait attributes; c.f. Table 2) as having a high, but

parsimonious, explanatory power for the distribution of

species across sites: seed weight (sw), seed-bank type

(sb), dispersal type (dt), start of flowering period (fls),

leaf phenology (lp), lateral spread (las), and absence of

woodiness restricted to graminoids (w.grass). These

traits might be roughly grouped into traits that describe

the competitive ability and persistence of the herb-layer

species (w.grass, lp, las), the dispersal ability and

regeneration (dt, sw, sb, las), and processes of crucial

life-history stages (fls, sb). With this optimised trait-set,

the RLQ ordination was calculated.

The first two axes of the RLQ ordination con-

tributed 79 % of the total inertia (57 and 22 %

respectively). The Monte-Carlo test indicated that

the co-structure between R and Q was significant

(p\ 0.001, with 999 random permutations). The first

two RLQ axes accounted for most of the variance of

the corresponding axes in the separate analyses of

environmental descriptors (77 % for PCA of the

R-table) and species traits (80 % for Hill and Smith

analysis of the Q-table). This demonstrates the

strength of the link between environmental filters

and species traits, indicating how macro-environmen-

tal variables structure vegetation and the trait compo-

sition of occurring species. The results were best

summarized by projecting macro-environmental vari-

ables (Fig. 2), traits (Fig. 2), plots (Fig. 3), and

species (ESM Appendix, Fig. S2) in the RLQ diagram.

Correlations between environmental variables and the

first two RLQ axes are shown in Table 1.

The first RLQ axis mainly corresponded to a

positive ‘acidity-nutrient-humidity’ gradient of the

top soil in combination with a ‘light’ gradient spanned

by the variables pH (S_pH), nitrogen availability

(expressed by a decreasing C:N ratio, S_C_N),

humidity (expressed by Ellenberg soil humidity value,

H_mean, and cover of Populus sp. in the tree layer,

Popu), and light availability at the ground floor

(expressed by the Ellenberg light value, L_mean)

(Fig. 2). To a smaller degree, it also corresponded to a

negative gradient of the distance to the main river

channel (Dist), the number of stumps per plot

(Stumps), and total cover tree layer (Cov_T) and cover

of P. serotina in the shrub layer (Prun_S). The second

axis correlated best with an increase of herb-layer

cover (Cov_H) and decrease of shrub layer cover

(Cov_S), as well as decrease of Q. robur cover in the

tree layer (Quer), discriminating almost between tree

and shrub, herb, and graminoid species in the under-

storey. The other variables showed only small corre-

lations with the first two axes (Table 1).

Associated trait attributes of the ‘acidity-nutrient-

humidity-light’ gradient of the first axis were short-

term persistent seed-bank type (sb.shor), dispersal

type hydrochory (dt.hyd), late start of flowering period

(fls.m6, fls.m7_12), hivernal leaf phenology (lp.hiv),

no lateral spread (las.s1, las.s3) (all positively), and

seed weight (sw), dispersal type anemochory (dt.ane),

evergreen leaf phenology (lp.eve), and small lateral

spread (las.s2) (all negatively). The second axis was

positively related to an unspecific dispersal type

(dt.unsp), evergreen and hivernal leaf phenology

(lp.eve, lp.hiv), small and medium lateral spread

(las.s2, las.s3, las.s4), and absence of woodiness in

combination with graminoids (w.grass) (Fig. 2). The

second axis was negatively associated with seed

weight (sw) and extensive lateral spread (las.s5).

Whereas the first and second RLQ axes were

mainly stretched by the abiotic macro-environmental

variables, the presence of the two invasive species P.

serotina and R. pseudoacacia in the tree and shrub

layer only showed low correlations with the axes in

the two-dimensional projection. Both axes were not

able to discriminate between invaded and uninvaded

plots (Fig. 3).

Fourth-corner analysis

The results of the permutation tests of the fourth-

corner analysis revealed numerous significant corre-

lations between macro-environmental variables and

plant traits and were consistent with the RLQ ordina-

tion (Table 3). All traits attributes showed a significant

relationship (p\ 0.05) with at least two variables.
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Moreover, the traits seed weight (sw), short-term

persistent seed-bank (sb.shor), vernal and evergreen

leaf phenology (lp.ver, lp.eve), late start of flowering

period (fls.m7_12), and small lateral spread (las.s2)

possessed the highest number of significant relation-

ships and a strong relationship with at least two of the

environmental variables (except for sb.shor). In addi-

tion, eleven trait attributes had significant correlations

with at least one of the two non-native species in the

shrub or tree layer. Strongest relationships (p\ 0.001)

were found between seed weight (sw) and cover of

herb-layer (Cov_H) and between evergreen leaf phe-

nology (lp.eve) and Ellenberg light value (L_mean). It

should be pointed out that the macro-environmental

variables that show most significant relationships with

the trait attributes were cover of herb-layer (Cov_H),

soil pH value (S_pH), Ellenberg light value (L_mean),

Ellenberg humidity value (H_mean), and cover of

shrub layer (Cov_S), but also cover of R. pseudoacacia

(Robi_T) in the tree layer. A detailed summary of the

results is shown in Table 3.

Species functional clustering

The cluster analysis of the herb-layer species yielded

five stable clusters that were clearly separated in the

trait-environment space (Fig. 4; clusters A to E),

showing how multiple trait expressions combine into

functional groups (FG). This partition can be inter-

preted in terms of traits as shown in Fig. 5. For an

Fig. 2 Ordination diagram of the first two RLQ axes displaying macro-environmental variables (arrows) and plant traits (boxes);

abbreviations are explained in Tables 1 and 2
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overview of the species that were pooled in the five

cluster groups, see Table S3 (ESM appendix). The first

FG, FG-A, contained mainly non-woody but also

some woody species, with vernal and partly also

evergreen leaves, a high proportion of zoochorous

species, start of flowering in early summer, and mainly

transient seed-banks. The second cluster, FG-B, was

characterised by typical species of softwood flood-

plain forests (composed of Salix sp. and Populus sp.),

many of them short living annual and biennial species

with small seed weights, vernal leaf phenology, and

flowering start in late summer or autumn. FG-C was

the biggest and the most homogeneous cluster group.

It was mostly composed of woody shrub and tree

species, with a high proportion of ‘true’ forest species.

In addition, it contained only a handful of small

herbaceous plants but all of these species are as well

typical for ‘true’ forest environments. It was domi-

nated by heavy and animal dispersed seeds, a transient

seed-bank, an only vernal leaf phenology, and the

absence of graminoids. Almost all species showed a

very high lateral spread and an early start of flowering

before June. The smallest cluster, FG-D, contained

mostly non-woody species, mostly herbs that are also

related typically to the softwoods and wetter parts of

the floodplain. Thus, hydrochorous seed dispersal

dominated in this group. In addition, it showed a high

proportion of short living therophytes which produce

Fig. 3 Ordination diagram of the first two RLQ axes displaying

the plots in the field; simple circles indicate plots with R.

pseudoacacia in the tree layer and circles with a cross indicate

plots with P. serotina in the tree layer; the size of the circles

corresponds to the cover value of the two species; a black dot

indicates a plot where one or both of the two species is/are

absent
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very light seeds, build often persistent seed-banks, and

start flowering late in the year. Finally, the species of

FG-E were mainly grass, sedge, and rush species or

ferns. These species showed small seed weights,

mainly a persistent seed-bank and an evergreen leaf

phenology, only small and medium lateral spread, and

a rather late flowering start.

In general, including all FG, the ‘true’ forest species

were clearly concentrated towards the left side of the

ordination graph (Figs. 4, 5). Concerning the environ-

mental gradients, FG-B and especially FG-D showed a

clear relationship with the wetter sites with more

available soil nitrogen, increasing pH value, and

increasing light availability. In contrast, FG-A, FG-C,

and FG-E were correlated with an increasing tree layer

and P. serotina cover, and management-related distur-

bance. Also drier and poorer sites in a bigger distance to

the main river channel, as well as decreasing light

availability were associated with these groups.

Discussion

Species traits associated with the environmental

gradients

RLQ and fourth-corner analyses—conducted with the

traits of the best trait set—reflected well, how macro-

environmental variables and dominant tree cover type

of both native and non-native species had a joint effect

influencing the functional trait composition of the

understorey vegetation. We found that decreasing

light, soil humidity, and nutrient (N) availability,

along with increasing soil acidity were the most

important macro-environmental factors, explaining

the occurrence of the herb-layer vegetation. Accord-

ingly, the distribution of the understorey species along

the first RLQ axis followed principally these environ-

mental gradients that are characteristic for floodplain

forests (Battaglia and Sharitz 2006), driving forest

Table 3 Relationships between best trait set and macro-environmental variables provided by the fourth-corner analysis

sw sb dt fls lp las w.grass

- tran shor long zoo ane hyd unsp m1_4 m5 m6 m7_12 hiv eve ver s1 s2 s3 s4 s5 -

Cov_T · · · · · · · · + + · · · · + + - - · · · - · · 

Carp · · - · · · · · · · · · · · · · · · · · · 

Popu - - · · · · · · · · · + · + + · · + + · · · · · 

Quer + · · · · · · · · · · · · · · · · - · · · 

Ulmu · · · - · · · · · · · · · · · · · · · + · 

Prun_T · · - · · + · · · · · · · · · · + · · · · 

Robi_T · - · + · · · + · + · · · · · · · · + · + 

Cov_S · · · · + - - · · · · · - - · + · - - · · + + · 

Prun_S + + · - · · · · · · + · - - · · · · · · · · · 

Robi_S · · · · · · · · · · · - · · · · · · · · · 

Cov_H - - - · + + · · · + + - · · + · + - - · · · + + - + + 

L_mean · - · · + + · + - · · · · + - - - + + · - · · + + -

S_O · · · · · · - · · · · · · · · · · - · · · 

S_Ah · · · · · · · · · · · · · · · · · · · · · 

H_mean - - · + · · - · · · · · · · - + + - - + · · · 

S_pH - · + + - + · · · - - + + · + - - + · - - · · · · 

S_C_N + + · · · · + · · · + + - · · · · · + + · · · · 
Stumps + + + - · · · · · · · · - - · · · · · · · · · 
S_C · · · · · · + · · · · · · · · · · · · · · 
Dist · · · + - · · · · · · - - · · · · · · · · · 

Tests of significance were obtained using Pearson correlation coefficients (r) for the quantitative attribute sw and the qualitative

attribute w.grass, and pseudo-F for the five qualitative attributes sb, dt, fls, lp, and las. Significant values are marked with ? for

positive (dark grey) and with - for negative (medium grey) correlation. The number of symbols (?/-) indicates the significance level:

‘???/---’ \0.001, ‘??/--’\ 0.01, ‘?/-’\ 0.05, ‘.’ = not significant. The variables related to the two non-native species

were highlighted with light grey (for abbreviations see Table 2 for traits and Table 1 for macro-environmental variables)
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regeneration, and succession from ‘new’ or more

disturbed and open forests to ‘old’ or more closed and

stable forests. As described by Sartori and Bracco

(1996) for the alluvial hardwood forests of the Ticino

Valley, these gradients correspond to a combination of

different zonation and succession stages from (1) light

mixed forests of Q. robur and U. minor, showing a

high presence or dominance of Populus sp. and Alnus

glutinosa with increased natural disturbance due to

more frequent and more intense flooding, to (2) mixed

forests of Q. robur and U. minor (with the latter having

a more dominant role), (3) mixed forests of dominant

Q. robur, and (4) mixed forests of Q. robur and C.

betulus (with the latter having a more dominant role)

(c.f. also Sartori 1980; Siebel and Bouwma 1998),

forming more and more a stable or ‘true’ forest

environment along the gradient (Decocq and Hermy

2003). Along the second RLQ axis, variables con-

nected to aspects of the forest structure, like absence or

presence of herb or shrub layer, become more

important, arranging the understorey species accord-

ing to different ecological guilds. This axis almost

completely differentiated between shrub and tree

species on one side (negative part) and graminoids

on the other side (positive part). Thus, the alignment

along this axis could also be interpreted as different

intermediate succession stages of mixed Q. robur

forests ranging from stands with dense graminoid

communities in the herb-layer with an almost absent

shrub layer and a scattered canopy with more abundant

Fig. 4 Ordination diagram of the first two RLQ axes displaying the five species cluster groups A to E; point positions correspond to the

species positions in Fig. S2 (ESM Appendix); for abbreviations see Table 2
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R. pseudoacacia in the upper part, to a shrub layer-

dominated situation with a high amount of woody

species and decreasing herb-layer but increasing

canopy layer cover with more abundant U. minor in

the lower part of the ordination graph.

With regard to the selected traits seed weight, seed-

bank type, dispersal type, start of flowering period,

lateral spread, leaf phenology, and absence of wood-

iness (restricted to graminoids), we assume that the

differentiation of their abundance between the func-

tional groups was mainly driven by the change in

environmental conditions (i.e. the main environmental

gradients). More in detail, the characteristics and

distribution of these traits as observed in our study can

be interpreted as expressions of different strategies

linked to different succession stages.

For example, in the Ticino Park, flowering but also

leaf phenology was strongly related to light availability

due to canopy and shrub layer cover. Usually, the mean

beginning of the flowering period is connected to species

that exploit the early spring peak of photosynthetically

active radiation before leaves of trees emerge, thereby

reducing interspecific competition, and probably,

avoiding summer drought stress by growing in the off

season (Catorci et al. 2012). Furthermore, as long-lived

leaves may store lipids and proteins that are translocated

to the new leaves at the beginning of the growing season,

also persistent evergreen green leaves were positively

related to spring and early summer flowering strategies

(Catorci et al. 2012, 2013). Thus, in different studies it

was found that the proportion of species with later and

longer flowering periods are higher in young forests than

in the old ones (e.g., Graae and Sunde 2000; Catorci et al.

2012), supporting our results.

Second, the role of vegetative lateral spread was

observed to increase with succession from lighter to

denser forests. Consistent with Prach et al. (1997), an

extensive lateral spread above and below ground is a

characteristic of competitive plants whereas limited

lateral spread is a characteristic of ruderals (Grime

1977). Thus, it can be suggested that sexual reproduc-

tion is reduced under closed canopies of older succes-

sion stages (Prach and Pyšek 1994; Eriksson 1997)

while clonal growth is generally less abundant in

disturbed habitats and more abundant in shaded ones

(Catorci et al. 2012). High lateral spread as a ‘guerrilla

Fig. 5 Trait attributes of

each cluster for best trait set;

the letters A to E refer to the

functional groups in Fig. 4;

boxplots show the

quantitative variable with its

ranges in each cluster;

vertical bar graphs show the

qualitative variables with

scaling in % of the different

categories in each cluster

(full bar corresponds to

100 %); dashed lines

indicate absence of

individuals for a particular

category; for abbreviations

see Table 2
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tactic’ could also be advantageous in densely rooted

grass communities (Saar et al. 2012). However, the last

point was not confirmed in our study.

Third, the regeneration strategy of species changed

with increasing competition for light. In accordance to

our results, a number of studies have shown an

increase in seed mass during succession (Bazzaz 1979)

while the role of a persistent seed-bank decreases

(Prach et al. 1997). Dispersal ability and regeneration

of forest plants is strongly connected to seed weight

and seed-bank type. Seed size and weight are gener-

ally linked to seed-bank type, so that species with

larger seeds do not tend to form persistent seed-banks

(Thompson 1987; Verheyen et al. 2003). In addition,

the large seeds of many herbs, shrubs, and trees of

woodlands are suspected to be of crucial importance in

seedling emergence through tree litter (Thompson

1987). However, the results of Endels et al. (2007)

showed, especially for alluvial forests, that species

with unassisted dispersal and large seeds are severely

limited in their potential to colonize recent forests.

In general, stable forest ecosystems are character-

ized by species with slow growth, an early start of

flowering, high vegetative spread, large seeds, and a

transient seed-bank (Graae and Sunde 2000). More-

over, high lateral spread, and long seed longevity, as

well as high seed mass are considered important for

rapid recovery. Recovery and resistance of the vege-

tation are properties of resilience that ensure the

capacity of the ecosystem to maintain functioning

(Sterk et al. 2013). Hence, as stated by Hermy et al.

(1999), the stress-tolerant strategy type is significantly

more common among ‘true’ forest species than

expected when compared with other forest plant

species. ‘True’ forest species are generally slow

colonizers and are indicative for high forest quality

or old forests (Hermy et al. 1999; Brown and Boutin

2009). In contrast, in new forests or early succession

stages, high light availability determines the estab-

lishment of short life-cycle species (i.e. ruderal

species) which are adapted to efficient resource

acquisition and are more abundant than in old forests

(Graae and Sunde 2000; Catorci et al. 2012). Such

species may be considered as being ‘transient’ sensu

Grime (1977); they spread rapidly in the forest

undergrowth by means of the local seed-bank or the

seed-rain from the surrounding landscape (Catorci

et al. 2012) and have long lasting effects on species

composition (Gilliam 2007; Brown and Boutin 2009).

In summary, the revealed trait shifts in the Ticino

Park floodplain forests, related to different succession

stages, were consistent with those of other studies

conducted in temperate forests (e.g., Bazzaz 1996;

Garnier et al. 2004; Aubin et al. 2009; Catorci et al.

2012, 2013). Catorci et al. (2012) stated that changes

in plant traits during forest succession reflect the

development from fast growing species which acquire

external resources rapidly and hence dominate the

early stages, towards slower growing species which

tend to conserve internal resources more efficiently.

As indicated by Grime et al. (1997), this pattern

appears to reflect a trade-off between attributes

conferring an ability for high rates of resource

acquisition in productive habitats, such as in high

light conditions of young stands, and those responsible

for retention of resource capital in unproductive

conditions, like in the shaded understorey of mature

stands (Catorci et al. 2012).

Relationships between invasive P. serotina and R.

pseudoacacia and understorey plants

In general, P. serotina is thought to not be tolerant to

flooding (Bourtsoukidis et al. 2014) and is often

missing in intact floodplains with their natural fluvial

dynamics (Roloff et al. 1994). In the floodplain of the

Ticino Park, P. serotina was absent in the wetter parts

of the forests and associated principally with drier

soils. This was consistent with the findings of Ver-

heyen et al. (2007), referring to other studies conducted

in the Netherlands, Belgium, Germany, and Poland that

confirmed the higher abundance of P. serotina on drier

soils. In contrast to other areas in Central Europe where

P. serotina was intentionally introduced to dry and

poor soils, its dispersal into the Ticino Park occurred by

natural means. The less frequent presence on wetter

sites could be explained by the presence of soil-borne

diseases (Verheyen et al. 2007). A possible cause for

such diseases could be Pythium spp. which is a so

called water mould, known to be responsible for low

densities of seedlings near conspecifics of P. serotina

inside its native range (e.g., Packer and Clay 2003).

Pythium spp. tend to have the highest pathogenicity on

moist soils (Martin and Loper 1999). In addition, P.

serotina was also restricted to more acidic soils with

lower nitrogen content. These findings corroborate

those of Chabrerie et al. (2007, 2008) for P. serotina in

France and Godefroid et al. (2005) in Belgium and
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suggest that it occupies a similar niche between regions

with different climates within Europe. In contrast, P.

serotina dominated in forests of Poland with increasing

soil moisture, soil reaction, and nitrogen capacity

(Halarewicz and Zołnierz 2014). However, for the

Ticino Park, this may also be associated with the

relatively low overall variability of the values across

the studied plots.

Thus, in our study area, the stands invaded by P.

serotina were orientated towards the drier parts of the

forests, in a large distance to the main river, with

dominance of C. betulus, a denser canopy, and with

lower levels of soil nitrogen and light availability.

These stands were rather characterized by ‘true’ forest

species (e.g., Convallaria majalis, Maianthemum

bifolium, Paris quadrifolia, Polygonatum multiflorum,

Pulmonaria officinalis, Viola reichenbachiana, and

Vinca minor) (c.f. Honnay et al. 1998; Hermy et al.

1999), being associated with early spring flowering

and transient seeds, which are related to a stress-

tolerant strategy type (Grime 1977). These traits are

typical for stable forest ecosystems (Catorci et al.

2012). In contrast, uninvaded stands were character-

ized by hygrophilous species and also ruderal species

with rather large ecological amplitudes, i.e. generalists

(Decocq et al. 2004). While the proportion of ‘true’

forest species increased with increasing canopy cover

of P. serotina, we propose that after disturbance events

P. serotina rapidly fills and closes the gaps (c.f.

Closset-Kopp et al. 2007). Thus, P. serotina may

provide or maintain in invaded stands a microclimate

that is close to a ‘true’ forest microclimate of the

native Q. robur-C. betulus association (including low

light availability at the forest floor, high hygrometry,

and low thermic variations). Our findings were

consistent with those of Closset-Kopp et al. (2007),

Chabrerie et al. (2007), and Chabrerie et al. (2010)

suggesting that these characteristics of P. serotina

erase the effects of large- and mid-scale disturbances

of the forest matrix. Thus, they lead to a homogeni-

sation of the forest environment, favouring ‘true’

forest species.

In the shrub layer, P. serotina invasion was less

related to the main environmental gradients than in the

tree layer, being mostly associated with dense oak

forests, increasing management-related disturbance and

organic layer thickness, and decreasing herb-layer

cover. Here, P. serotina was significantly filtering for

higher seed weight which was in agreement with the

results of Mason et al. (2009), arguing that large-seeded

species may use metabolic reserves in the seed to

tolerate shading. In addition, species with a late

flowering were inhibited. A delayed start of flowering

is typical for species growing beneath an open canopy

(Aubin et al. 2007). Instead, woody shade- and half-

shade-tolerant species with heavy seeds were favoured.

According to Hermy et al. (1999) these shrub and tree

species are typical for ‘true’ forest environments. Thus,

also in the shrub layer, P. serotina invasion was

characterized by ‘true’ forest species but also by tree

and shrub regeneration in the understorey. In contrast to

our results, Chabrerie et al. (2008) classified the latter as

indicators for uninvaded stands, suggesting that most

species establishing in disturbance-induced canopy

gaps were subsequently shaded out by invasive P.

serotina trees and thus less abundant in invaded stands.

In addition, Chabrerie et al. (2010) revealed that the

abundance of functionally similar native species

(seedlings and saplings of tree and shrub species) was

lower in invaded than in uninvaded stands, whereas

short-living ruderals were more likely to be found.

However, they assumed that dense thickets of P.

serotina also promote wild boar induced soil erosion

which could be a possible reason for these observations.

Similar to P. serotina, R. pseudoacacia was com-

pletely absent in the wetter parts of the study area,

favouring drier stands. While it is able to grow on

moist to dry soils, it avoids wet or compacted soils

because of a requirement for aerated soil (Cierjacks

et al. 2013). Thus, wet areas appear more resistant to

the invasion of both, P. serotina and R. pseudoacacia.

While R. pseudoacacia was not important in the

shrub layer due to its low abundance, its abundance in

the tree layer was one of the variables showing the

most significant relationships with the trait attributes.

In mixed stands, R. pseudoacacia was associated with

C. betulus dominance in the tree layer and decreasing

light availability at the forest floor. This was in

accordance to Essl and Hauser (2003) who also

recorded the association of R. pseudoacacia and C.

betulus for Northern Austria. There, open stands of R.

pseudoacacia arose from dry oak-hornbeam forests. In

the Ticino Park, the abundance of R. pseudoacacia

was almost independent from the total tree layer cover

but related to increasing herb-layer and decreasing

shrub layer cover, and to the absence ofU. minor in the

canopy. Typically, R. pseudoacacia is associated with

communities of species adapted to very high soil
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nitrogen content (Rahmonov 2009). However, such a

clear pattern could not be found for the Ticino Park.

Among the species that were associated with R.

pseudoacacia, only a few nitrophilous species were

present. Even though the ability of R. pseudoacacia to

fix atmospheric nitrogen, enrich soil nitrogen, and thus

cause a possible shift in vegetation composition is

always quoted as one of the species’ most important

impacts in newly invaded habitats (e.g., Motta et al.

2009; Rahmonov 2009), it was particularly associated

to nitrogen-poor soils in the Ticino Park. However, the

expression ‘nitrogen-poor’ has to be seen in relation to

the generally high nitrogen input in floodplain forests

due to flooding. With a mean C:N ratio \12.5, the

general availability of nitrogen was more than suffi-

cient in the investigation area.

When present in the tree layer, R. pseudoacaciawas

filtering for stress-tolerant graminoid species with

high lateral spread, flowering start in mid spring, and

long-term persistent seed-bank behaviour. In oak and

hornbeam dominated stands, R. pseudoacacia was

also associated with ‘true’ forest species, similar to P.

serotina. Pure R. pseudoacacia stands instead were

typically characterized by a dense graminoid cover in

the herb-layer, often with a single dominant species,

like Carex pilosa in higher and denser forests or C.

brizoides in lower and lighter forests (unpublished

data). In particular, the perennial sedge C. brizoides is

often stand-forming due to its clonal growth type, and

thereby can affect the ground-layer vegetation or

displace resident communities (Chmura and Sierka

2007). These results were in accordance with forests in

Poland which revealed a positive correlation between

R. pseudoacacia tree height and woodland species and

a negative correlation between R. pseudoacacia tree

height and grassland species in the herb-layer (Dz-

wonko and Loster 1997). Likewise, R. pseudoacacia

seems to be able to form new stable associations with a

missing shrub layer but a dense herb-layer cover and

thus is slowing down forest succession. This finding

corresponds to other studies from Europe (e.g.,

Kowarik and Langer 1994; Kowarik 1995); Wilhalm

et al. (2008), for example, described for Northern Italy

a new and discrete association of R. pseudoacacia and

almost pure stands of the perennial grass Melica

ciliate, lacking as well a shrub layer, and also Essl and

Hauser (2003) reported for Northern Austria stable R.

pseudoacacia associations with high abundances of

Bromus sterilis and Poa nemoralis.

Conclusion

As P. serotina and R. pseudoacacia are important

elements of the tree layer at many sites throughout the

studied biosphere reserve, we propose that both species

act as environmental filters to the understorey plant

functional traits. While the presence of P. serotina may

mitigate or even erase the effect of disturbances, acting

as an overstorey-driven stabilizing force, and thus

maintaining a stable forest microclimate and favouring

‘true’ forest species, R. pseudoacacia may slow down

forest succession and tree regeneration by establishing

new stable associations with a dense graminoid-dom-

inated understorey. Nevertheless, as our study has only

analysed correlations between macro-environmental

variables, understorey species distribution, and func-

tional traits, it is not clear if the two invaders are

passengers or drivers of environmental changes. In

addition, in the floodplain forests where we conducted

our research, the strongest underlying environmental

gradients, largely structuring the characteristics of the

plots and the occurrence of the species in them, were

independent of P. serotina and/or R. pseudoacacia

invasion. Hence, as expected and as in accordance with

other studies (Godefroid et al. 2005; Verheyen et al.

2007; Chabrerie et al. 2010; Halarewicz and Zołnierz

2014), only a weak portion of the variance may be

explained by the invasion. For P. serotina, this could be

related to the fact that this species is still spreading

further south in the investigation area, yet not having

reached its full range expansion and thus masking its

impact. However, it is possible that also other factors,

alone or in combination, like forest management history

or small scale elevation differences (data that were not

available for our study area), play an important role in

the composition of the understorey species and the

development of the forest community.
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Thuiller W, Lavorel S (2012) Assessing species and com-

munity functional responses to environmental gradients:

which multivariate methods? J Veg Sci 23:805–821
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