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Abstract Most existing studies addressing the
effects of invasive species on biodiversity focus on
species richness ignoring better indicators of biodi-
versity and better predictors of ecosystem functioning
such as the diversity of evolutionary histories (phy-
lodiversity). Moreover, no previous study has sepa-
rated the direct effect of alien plants on multiple
ecosystem functions simultaneously (multifunctional-
ity) from those indirect ones mediated by the decrease
on biodiversity caused by alien plants. We aimed to
analyze direct and indirect effects, mediated or not by
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its effect on biodiversity, of the invasive tree Ailanthus
altissima on ecosystem multifunctionality of riparian
habitats under Mediterranean climate. We measured
vegetation attributes (species richness and phylodi-
versity) and several surrogates of ecosystem function-
ing (understory plant biomass, soil enzyme activities,
available phosphorous and organic matter) in plots
infested by A. altissima and in control (non-invaded)
ones. We used structural equation modelling to tease
apart the direct and indirect effects of A. altissima on
ecosystem multifunctionality. Our results suggest that
lower plant species richness, phylodiversity and
multifunctionality were associated to the presence of
A. altissima. When analyzing each function sepa-
rately, we found that biodiversity has the opposite
effect of the alien plant on all the different functions
measured, therefore reducing the strength of the effect
(either positive or negative) of A. altissima on them.
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This is one of the few existing studies addressing the
effect of invasive species on phylodiversity and also
studying the effect of invasive species on multiple
ecosystem functions simultaneously.
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Riparian forests

Introduction

Invasive plant species are a major threat to biodiversity
and ecosystem functioning in many ecosystems around
the world (Vitousek et al. 1997; Liao et al. 2008; Vila
et al. 2011). In recent years, there has been increasing
interest on the effects of invasive species on species
composition, community structure and ecosystem
functioning of invaded habitats (Williamson 1998;
Simberloff et al. 2003; Cantero et al. 2003). Previous
research shows that plant invasions reduce the diversity
of plants (Vila et al. 2011) and animals (Pysek et al.
2012), modify soil properties and alter nutrient cycles,
native microbial communities and their associated
ecosystem processes (Ehrenfeld 2003; Wolfe and
Klironomos 2005; Weidenhamer and Callaway 2010).

Most existing studies deal with these effects of
invasive plants separately, focusing either on biodi-
versity or on ecosystem functioning, thus ignoring the
well-known relationship that exists between both
ecosystem properties. Many ecosystem functions
(sensu Reiss et al. 2009; Jax 2010) are known to be
enhanced with greater species richness (e.g., Tilman
et al. 1997; Zavaleta et al. 2010; Maestre et al. 2012a).
Therefore, reduced diversity or alterations in the
composition and structure of vegetation, often docu-
mented in invaded ecosystems, can result in indirect
changes of ecosystem functioning. The presence of
invasive species can also directly affect ecosystem
functions through a variety of mechanisms, such as by
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releasing allelopathic compounds, altering nutrient
availability, or by soil salinisation (e.g., Vitousek
1986; Levine et al. 2003). Thus, we are still far from
achieving a full mechanistic understanding of the
effect that alien plants have on ecosystems. It is
unclear if their effect on ecosystem functioning is
direct or indirect, mediated or not by their effect on
biodiversity. Insight into the nature of the effects of
invasive species on ecosystem functions and services
may help to improve the body of theory regarding the
ecology of invasions. Although seldom applied to the
effects of plant invasions, assessing the directness or
indirectness of its effect has proven very useful to
guide management aimed to minimize the impacts of
anthropogenic changes on ecosystem functioning
(Isbell et al. 2013). Along these lines, including this
framework in the assessment of the effect of alien
plants could increase the efficiency of management
and restoration plans by providing insights of the main
factors driving ecosystem degradation.

Most of the existing studies regarding the effect of
invasive plants on biodiversity focus solely on the
number of species as a measure of biodiversity ignoring
other indicators of biodiversity which are more closely
related to ecosystem functioning, such as the diversity
of evolutionary histories or phylogenetic diversity
(Forest et al. 2007; Maherali and Klironomos 2007,
see also Santoro et al. 2012; Hejda and de Bello 2013;
Bennett et al. 2014). Numerous important ecological
traits, such as co-evolved relationships with N-fixing
bacteria or other soil organisms, are preserved through
evolutionary times (Flynn et al. 2011; Milcu et al.
2013). Therefore, phylogenetic diversity (hereafter
phylodiversity) is thought to be a good surrogate for
the diversity of functional forms present in a given
community (Prinzing et al. 2001; Webb et al. 2002).
Species assemblages containing phylogenetically
diverse species are more likely to provide a greater
range of different ecosystem functions and services
than communities formed by functionally similar
species (Forest et al. 2007; Maherali and Klironomos
2007; Flynn et al. 2011). This is so because mechanisms
often invoked to justify the relationship between
species diversity and ecosystem functions, such as
complementarity in the use of resources, interspecific
positive interactions or the existence of trade-offs in
important ecological traits featuring different species
(Cardinale et al. 2007; Zavaleta et al. 2010) are more
likely to occur between phylogenetically distant species
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(Burns and Strauss 2011; Soliveres et al. 2012). As a
result, phylodiversity can provide critical information
to help understand the functional effects of biodiversity
loss (Forest et al. 2007; Maherali and Klironomos 2007,
Cadotte et al. 2008).

While the study of ecosystem functions and the
services they provide has been a major topic in
ecology in recent years (reviewed in Hooper et al.
2005), most of these studies focus on single functions
or processes. However, we must study the effect of a
given factor (e.g., invasive species) on ecosystem
functioning whilst considering multiple ecosystem
functions simultaneously (multifunctionality: Hector
and Bagchi 2007; Gamfeldt et al. 2008; Zavaleta et al.
2010; Maestre et al. 2012a). Studying multiple eco-
system functions simultaneously is crucial, since
different ecosystem processes or services may be
affected by a given factor, but in different ways
(Zavaleta et al. 2010). Hence, analyzing single func-
tions could result in contradictory results and mis-
leading conclusions of the role of a given factor in
ecosystem processes and services. For instance, due to
their high growth rates, invasive species could
enhance C-sequestration through increases in plant
productivity, and reduce soil erosion in the midterm
(Liao et al. 2008; Vila et al. 2011). However, they may
also simultaneously slow down nutrient cycling, or
reduce soil fertility or ecosystem resilience due to their
elevated nutrient uptake or the release of allelopathic
compounds, reducing ecosystem functionality (Liao
et al. 2008; Godoy et al. 2010; Weidenhamer and
Callaway 2010). This is especially relevant consider-
ing the reduction of species richness (Gaertner et al.
2009; Vilaetal. 2011), functional diversity (Hejda and
de Bello 2013) or phylodiversity (Bennett et al. 2014)
found in ecosystems affected by the invasion of alien
species. The minimum number of species required to
maintain ecosystem functioning increase with the
number of functions considered (Hector and Bagchi
2007; Gamfeldt et al. 2008; Zavaleta et al. 2010).
Therefore, the indirect impact of alien species on
ecosystem functioning could be much higher than
previously suggested by studies that focus solely on
single functions or processes.

We aimed to analyze the direct and indirect effects,
mediated or not by its effect on biodiversity, of the
invasive tree Ailanthus altissima on the ecosystem
multifunctionality of riparian habitats under Mediterra-
nean climate. We measured vegetation and soil attributes,

together with different ecosystem functions in invaded
and non-invaded riparian forests. Our main hypotheses
were (1) A. altissima reduces not only species richness,
but also the phylodiversity of neighboring vegetation
(Bennett et al. 2014), (2) the effect on ecosystem
multifunctionality caused by A. altissima is direct through
its known effects on nutrient cycles and soil properties,
and 3) the effects of A. altissima on vegetation diversity
indirectly alter ecosystem multifunctionality.

Materials and methods
Study area

The study was conducted in riparian forests at water
courses and streams located in the Site of European
Community Importance (Directive 92/43/CEE) SCI
Serres de Mariola i el Carrascar de la Font Roja, in
South-East Spain (38°40'46”N, 0°31”19”"W). This is
one of the Mediterranean Basin’s most important areas
regarding diversity since it has acted as flora refuge
after climatic change in the Mediterranean since the
Pleistocene (Serra et al. 2003; Médail and Diadema
2009). The climate is Mediterranean, with a mean
annual precipitation and temperature of 647 mm and
14.7 °C, respectively (Bocairent meteorological sta-
tion located in the study area, at 641 m.a.s.l.; Data
from the period 1985-2006 for temperature and
19662006 for precipitation). Soils are xerorthents
on limestone, with the presence of impermeable clays.
Vegetation in riparian ecosystems is especially impor-
tant for numerous ecological processes, such as
providing habitat for wildlife, stabilizing riverbanks,
filtering sediments and nutrients into streams and
influencing soil properties (see Forman and Godron
1986; Décamps 1993; Tabacchi et al. 2000). The
presence of invasive species in such ecosystems,
therefore, is likely to alter ecosystem functions
indirectly by reducing the high levels of plant diversity
they hold. Moreover, invasive plants can alter ecosys-
tem multifunctionality directly by bank destabiliza-
tion, lowering water tables, soil salinisation, changing
channel capacity for flood flow or altering nutrient
cycling (e.g., Mooney and Drake 1986; Tu 2003;
Hulme and Bremner 2006; Follstad Shah et al. 2010).

Ailanthus altissima (Mill.) Swingle (Simarouba-
ceae), our target species, is a deciduous tree from
China and North Vietnam that has became an
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invasive species since the eighteenth century
because of its use both for ornamental and landscape
restoration purposes (Kowarik and Saumel 2007). It
has occupied numerous ecosystems in the Mediter-
ranean Basin, such as disturbed urban areas, old
fields, pine and oak forests and riparian communities
(Kowarik 1983; Constan-Nava et al. 2007; Kowarik
and Sdumel 2007). A. altissima is known to affect
ecosystem functioning and vegetation composition,
structure and dynamics (Lawrence et al. 1991; Vila
et al. 2006; Motard et al. 2011). Previous research
has shown that A. altissima enhances or diminishes,
in comparison with control (uninvaded) areas,
different ecosystem attributes. It is known that
A. altissima reduces plant diversity (Vila et al.
2006; Motard et al. 2011), alters N cycling (Castro-
Diez et al. 2009), slows down litter decomposition,
and increases the total N, organic C, C/N ratio and
pH in the soils it colonizes (Vila et al. 20006;
Gomez-Aparicio and Canham 2008; Godoy et al.
2010; but see Castro-Diez et al. 2012). The impor-
tance of plants for multiple ecosystem functions and
the sensitivity of riparian ecosystems to invasion,
together with the well-known effects on both
diversity and several ecosystem functions caused
by A. altissima, make both this study area and this
species suitable targets for studying both direct and
indirect effects of invasive plants on ecosystem
multifunctionality.

Study set-up

We established ten 10 m x 10 m control plots (with-
out A. altissima) and ten 10 m x 10 m plots infested
with the invasive species [canopy cover of A. altissima
(young and adults trees) >85 %] in riparian forests in
July 2008 and 2009 (Fig. S1). Distance to the closer
water course was always similar among all our plots
(20-10 m). Thus we do not think that differences in
flooding or soil saturation, very infrequent events
under the climate of our study area, would affect our
results. We acknowledge that this is an observational
study and that we cannot be certain of the causal
relationship between Ailanthus’ invasion and the
changes in ecosystem properties registered. However,
two evidences support the notion that A. altissima
invasion is the cause of changes in diversity and
multifunctionality registered and not the other way
around: (1) management and disturbance levels of
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both invaded and non-invaded plots have remained
exactly the same as the study area has been protected
for over 30 years (Natural Protected Area staff,
personal comm.), and (2) the difference in the degree
of invasion between control and invaded plots is more
likely to be caused by dispersal limitation rather than
by initial differences among the plots. In support of
this latter statement, invaded plots were closer than
control plots to roadsides (one way ANOVA,
Fi19 = 4.8; P = 0.042; Table 1), a well-known dis-
persal corridor for this species (Kowarik and von der
Lippe 2006, 2011). It must be noted, however, that
A. altissima, can also disperse by water (Sdumel and
Kowarik 2010, 2013).

Plant communities in both control and invaded plots
were dominated by mature populations formed by
relatively large (10-15 m) trees. We randomly placed
forty 0.5 x 0.5 m quadrats within each plot and we
visually estimated percentage of plant cover according
to species. To complete the species richness sampling,
we then searched the whole plot for any other species
present in the plot but not encountered within the
quadrats. In half of the sampled quadrats (n = 20), we
also visually estimated the percentage of soil surface
covered by litter. In five quadrats per plot, we removed
all the plant biomass of shrubs and herbs and
transported it to the laboratory where it was oven-dried
at 50 °C until constant weight was achieved. Tree
biomass was not removed because of the important
ecological role and conservation value that riparian
trees hold in the study area. We were only interested in
the effect of A. altissima on soils at the plot-level scale
and not in the within-plot heterogeneity. Thus, we took
a composite sample, implicitly including this within-
plot heterogeneity, from five different randomly located
soil cores of 30 cm depth. Since both invaded and non-
invaded plots were dominated by trees, distances from
the soil sample to a tree were always <2 m. We
acknowledge that most plant limiting resources are
concentrated in the top 20 cm of the soil (Jobbagy and
Jackson 2000). However, we sampled slightly deeper
(30 cm) as we wanted to account for the potential effect
on soil salinization predicted for some alien plants in
riparian systems (e.g., Vitousek 1986; Levine et al.
2003), and salt accumulation is known to occur at
deeper soil profiles (Jobbagy and Jackson 2001).
Although it is likely that our decision makes us to
under-estimate soil nutrient concentrations, we do not
see any reason for it to affect their response to plant
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Table 1 Characteristics of X Y Distance to Distance Species PSE

the studied plots; UTM nearest to nearest richness

coordinates (X, Y), d%stance road (m) building (m)

to nearest road (m), distance

to nearest building (m), Control plots

;I;;;legsegect}ilzessgégzg the 1 709597 4294362 375 370 24 0.25

evenness (PSE) of Control 2 709626 4294321 430 350 23 0.23

and Ailanthus plots 3 709834 4294518 315 180 35 0.37
4 709770 4294609 210 160 32 0.31
5 705060 4286873 90 25 32 0.35
6 705394 4287098 495 350 22 0.29
7 706046 4287571 1,300 1,150 17 0.23
8 705927 4287486 1,140 1,030 19 0.33
9 706478 4288288 2,105 1,960 23 0.25
10 706508 4288480 2,280 2,140 24 0.30
Average 874 771.5 25.1 0.29

Ailanthus plots

1 709608 4294743 8 115 27 0.20
2 716414 4285184 26 219 14 0.17
3 715063 4286121 11 19 13 0.17
4 704655 4286858 33 45 17 0.15
5 709587 4294775 25 77 16 0.20
6 706296 4288086 1,810 1,700 19 0.20
7 717407 4284810 30 6 22 0.21
8 704687 4286882 3 75 9 0.06
9 716138 4285412 7 16 5 0.01
10 707970 4293597 17 1,900 6 0.07
Average 197 417.2 14.8 0.14

invasion. Both control and invaded sites are dominated
by trees and, therefore, no major changes in soil nutrient
re-distribution across the soil profile are expected
(Jobbagy and Jackson 2000).

Soil samples were oven-dried at 50 °C during 72 h
in the laboratory and sieved to obtain the fraction
<2 mm, which was used for the analyses described
below. Soils were collected after removing the litter
layer and during the dry period of summer, as this
minimizes experimental noise due to microbial growth
flushes as a consequence of rain pulses (see Maestre
et al. 2012a, b for example). For all the statistical
analyses described below, each one of the 20 plots was
our sample size as this was the scale of our interest.
Samples within each site could not be considered
independent and we were not interested in A. altissima
effects on intra-site heterogeneity, therefore, the
average of the subsamples taken in each one of these
plots was used.

Analysis of soil functions and attributes

We measured variables representing indirectly eco-
system functions (sensu Jax 2010; soil organic matter,
soil enzymes, biomass). We measured -glucosidase
and acid phosphatase soil enzymatic activities, soil
organic matter and available phosphorous, and the
understory plant dry biomass (described above). Both
enzyme activities were estimated using the methodol-
ogy described in Tabatabai (1982; B-glucosidase) and
Tabatabai and Bremner (1969; acid phosphatase).
Organic matter (OM) was measured using the Walk-
ley—Black acid digestion method (CMA 1973). The
available phosphorus was analyzed by NaHCO;
extraction (Watanabe and Olsen 1965). The functional
variables measured in this study are known to be
strongly related to key ecosystem processes, such as
ecosystem productivity (plant biomass: Tilman 1988;
Flombaum and Sala 2008), Carbon cycling (B-
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glucosidase: Tabatabai 1982), Phosphorus cycling
(phosphatase, available phosphorous: e.g., Sinsabaugh
et al. 2008; Maestre and Puche 2009) or water
infiltration and water holding capacity (organic mat-
ter: Maestre et al. 2012a).

To characterize soil attributes at each site, we also
analyzed pH, electric conductivity (EC) and litter
cover as soil attributes. EC and pH were measured in
1:2.5 mass:volume soil and water suspension (CMA
1973). We acknowledge that both pH and EC are
crucial for many ecosystem processes and probably
should be included as functional variables. However,
they could confound our multifunctionality measure
(see below) since high values of such variables do not
necessarily mean high levels of particular ecosystem
functions. On the other hand, litter cover per se cannot
be regarded as a functional measure, since litter
chemistry, but not litter amount, can play a key role in
several ecosystem functions (Reich et al. 2005).
Hence, we analyzed the effect of A. altissima invasion
on such variables but did not include them in our index
of multifunctionality.

Measurement of evolutionary relationships

We assembled a phylogenetic tree for the 115 species
included in this study (see species list in Table S1 and
phylogenetic tree in Fig. S2), using the Phylomatic
function available at Phylocom 4.1 software (Webb
et al. 2008). All families in the dataset matched the
family names of the angiosperm megatree used in
Phylomatic (R20100701.new), which was based on
the APG III phylogenetic classification of flowering
plant orders and families (Angiosperm Phylogeny
Group 2009). Phylogenetic relationships were further
resolved based on data from various published
molecular phylogenies [Apiaceae (Downie et al.
2000), Asteraceae (Funk et al. 2009), Dipsacales
(Winkworth et al. 2008), Lamiids (Bell et al. 2010),
Fabaceae (Steele et al. 2010), Poaceae (Bouchenak-
Khelladi et al. 2008), Rosaceae (Potter et al. 2007)].
After assembling the phylogenetic tree, we adjusted
its branch lengths using the Phylocom BLADIJ algo-
rithm, which fixes the age of internal nodes based on
clade age estimates, whereas undated internal nodes in
the phylogeny are spaced evenly (Webb et al. 2008).
Thus, BLADJ is a simple tool that fixes the root node
of a phylogeny at a specified age, as well as other
nodes for which age estimates are available. It sets all
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other branch lengths by placing the nodes evenly
between dated nodes, as well as between dated nodes
and terminals (of age 0). We search for divergence
time estimations in the TimeTree database (Hedges
et al. 2006; http://www.timetree.org). TimeTree uses a
hierarchical tree-based system to identify all published
molecular time estimates bearing on the divergence of
two chosen taxa (e.g., species), to compute summary
statistics and to present the results. We mainly used
this database to fix the ages of internal nodes on our
phylogenetic hypothesis, completing TimeTree results
with other published sources when this database did
not provide any date (Lavin et al. 2005; Besnard et al.
2009; Bremer and Eriksson 2009; Bell et al. 2010;
Bouchenak-Khelladi et al. 2008; Torices 2010; Wang
et al. 2010). The procedure described above resulted in
the fixation of 80 nodes (representing more than 70 %
of our tree’s internal nodes; Figure S2).

Data reduction

We avoided conducting an elevated number of anal-
yses on the high number of response variables
obtained by using different methodologies to summa-
rize the dataset. Firstly, we organized soil variables not
included in our multifunctionality index (pH, EC, litter
cover) and reduced these to a single synthetic variable
by using principal component analysis (PCA). Prior to
the PCA, we standardized (sensu Anderson et al. 2008)
the three variables, subtracting the mean and dividing
by its standard deviation. With this a priori data
transformation, we homogenized units for all the
variables. Therefore the greater influence of a given
variable was diminished, simply by using different
units (i.e., parts per million instead of percentage). The
first axis of the PCA explained 79.1 % of the variation
in the data (eigenvalue = 8.98) and so this first axis
was used to infer the effects of A. altissima on soil
attributes (hereafter, this first PCA axis will be referred
to as “soil attributes”). This “soil attributes” axis was
highly related to litter cover (eigenvector = 0.803)
and pH (eigenvector = —0.530), but not to EC
(eigenvector = —0.273).

Secondly, to summarize variables related to eco-
system functioning, we calculated the multifunction-
ality index recently proposed by Maestre et al. 2012b
(see below). The use of this index improved two
aspects of the results: (1) reduce the five variables
(understory  biomass, p-glucosidase and acid
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Table 2 Summary of the standardized direct and total effects for the separate SEM analyses performed for each of the ecosystem
functions studied. Control versus invaded = values of a given variable in the control versus invaded plots (mean + SE, n = 10).

Results for both functional variables and soil attributes are given

Soil variable Ailanthus altissima effect Control versus invaded Percentage

- of change

Direct Total
(direct + indirect)

Functions
Soil organic matter (%) —0.46 —-0.23 7.1 £ 1.0 versus 5.9 + 0.4 —17 %
Available phosphorus (ppm) 0.42 11.7 &£ 1.5 versus 15.9 + 3.8 +36 %
Phosphatase activity (umol PnP g’1 h™h 0.64 0.9 £ 0.1 versus 1.4 + 0.3 +56 %
B-Glucosidase activity (umol PnP g~ hh -0.73 —-0.35 2.2 £ 0.2 versus 1.9 + 0.1 —14 %
Understory biomass (g 0.5 m?) -0.79 —0.86 45.6 £ 5.3 versus 5.6 £ 1.7 —88 %
Attributes
Ph 0.07 7.6 £ 0.0 versus 7.7 £ 0.0 +0.5 %
Electrical conductivity (mS/cm) —0.01 —0.31 3.5 & 0.3 versus 3.5 £ 0.7 +0.2 %
Litter cover (%) -0.31 —0.33 88.4 £ 6.3 versus 87.6 + 4.0 -1 %

phosphatase activities, soil available phosphorous and
organic matter) to one, therefore reducing multiple
testing, and (2) allow us the assessment of the effect of
A. altissima on the ecosystem’s ability to maintain
multiple functions simultaneously. To calculate this
multifunctionality index, we first found the maximum
level of a given function within the 20 study plots.
Then, we calculated the percentage of this maximum
level achieved by each of the 20 studied plots and for
each of the five studied functions. The average of these
percentages for all the functions was used as our index
of multifunctionality for each plot (Zavaleta et al.
2010; Maestre et al. 2012b). Since this averaging can
mask the effect of A. altissima or biodiversity on each
individual function, we also provide the results of the
effect of A. altissima on each ecosystem function
separately (Table 2). None of the functional variables
were correlated (P values > 0.2 in all cases) with the
exception of understory biomass versus phosphatase
activity (p = —0.44; P = 0.05; Table S2.

A substantial number of indices have been pro-
posed to evaluate different aspects of phylodiversity
(see Helmus et al. 2007; Vamosi et al. 2009; Pausas
and Verdd 2010 for recent reviews), including the
most widely-used and accepted of these: the mean
phylogenetic distance (MPD), the mean nearest taxon
distance (MNTD), the phylogenetic species variability
(PSV) and the phylogenetic species evenness (PSE;
see Webb et al. 2002; Helmus et al. 2007; Kraft et al.
2007). In this study, all of these indices were strongly
correlated (r> 0.5 in all cases) and yielded

qualitatively similar results regarding the effect of
A. altissima invasion and their relationships with
ecosystem multifunctionality. For simplicity, only the
results regarding PSE are shown here. This value
incorporates both phylogenetic and species abundance
information; its variability is less sensitive to sample
size and it does not depend on species richness
(Helmus et al. 2007). The maximum value of PSE
(maximum phylodiversity) is 1, corresponding to a
community formed by evolutionarily independent
species (referred to as “star phylogeny”) and to equal
abundances of those species (complete evenness).

Statistical analyses

We used structural equation modelling (SEM; Grace
2006) to test for the effect of A. altissima on biodiver-
sity and multifunctionality. In this technique, an a priori
theoretical model describing the causal relationships
among variables is established allowing the partition of
the direct and indirect effects among variables in a
systems context (Shipley 2000). These relationships are
expressed as standardized path coefficients, which
range between 0-1 and are mathematically related to a
regression weight or partial correlation coefficient.
These path coefficients estimate the influence that one
variable has on another. Probability tests for these path
coefficients are employed to test for significant depar-
tures from zero. Our a priori model predicted the
existence of both a direct and indirect (mediated by its
effect on biodiversity) effect of A. altissima [introduced
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as a binomial variable (present/absent) on multifunc-
tionality. We included A. altissima invasion as a
binomial variable rather than as continuous (i.e.,
A. altissima’s abundance) as we considered it more
statistically correct. A. altissima’s cover had two
contrasted levels [very high (>85 %) and very low
(<5 %)] and introducing it as a continuous variable
would not be correct.

Separate analyses were carried out to test the effect
of A. altissima invasion on species richness or
phylodiversity (PSE). Since our a priori models were
saturated (i.e., with all possible causal pathways
considered), no overall goodness-of-fit test is pro-
vided. Separate SEMs, following exactly the same a
priori model described above, were performed for
each individual functional measure. Due to the
relatively low sample size, we could not perform
more complex models including more variables and
paths, so we also used ANOVAs to test the effect of
A. altissima invasion (included as a two-level fixed
factor: control and invaded) on the “soil attributes”
PCA axis. To aid with the interpretation of the SEM
results, an evaluation of the relationship between
multifunctionality (dependent variable) and either
species richness or PSE (predictors) was undertaken
using linear regressions.

All the variables fulfilled analyses assumptions and
no transformations were needed. We performed SEMs
with AMOS 7.0 (2007 SPSS Inc.). PCA was con-
ducted using the Primer v. 6 statistical package for
Windows (PRIMER-E Ltd., Plymouth Marine Labo-
ratory, UK). We calculated the PSE index using the
Picante package (Kembel et al. 2010) for R version
2.10.1 (R Development Core Team 2009). The rest of
analyses were carried out using SPSS 13.0 for
Windows (Chicago, IL, USA).

Results

We found a significant and direct relationship between
invasion of A. altissima and the loss of species richness,
phylodiversity and ecosystem multifunctionality
(Fig. 1). After accounting for the effect of the alien
plant on both ecosystem attributes, the relationship
between biodiversity and multifunctionality, and there-
fore, the indirect effect of A. altissima on ecosystem
multifunctionality, was very low and not statistically
different from zero. The invasion of A. altissima was

@ Springer

A R2=0.41
N Richness
O
@9
bb‘
QF
o
Ailanthus =
w
(<}
w
o
Multifunc
R2=0.33
B R?2=0.62
Phylodiversity
>
S
o0
A9
(0.
|:‘ o
Ailanthus o
2
% o
‘S -
é‘oog

Multifunc
R2=0.32

Fig. 1 Path analyses for the effects of A. altissima on species
richness and multifunctionality (a) or phylodiversity and
multifunctionality (b). Path coefficients and their associated
P values and the total amount of variance explained for each
response variable are shown. Arrows width are proportional to
the size of the path coefficients

significantly related to lower species richness (25 £ 2
vs 15 &£ 2 plant species in control vs invaded plots,
respectively;  Figs. 1, 2) and phylodiversity
(PSE = 0.29 £ 0.02 vs 0.14 £ 0.02 in control vs
invaded plots, respectively). The latter results show
an increase in phylogenetic clustering in the invaded
communities. The effects of A. altissima on phylodi-
versity were mainly driven by the loss of dominant
species from three different families [Trifolium repens
(Fabaceae), Agrimonia eupatoria (Rosaceae), Scabiosa
atropurpurea (Caprifoliaceae)]. These species were
very abundant (present in at least 50 % of the sites) at
control plots, but became absent after the invasion of
A. altissima (Fig. S2). It must be noted that rare species
of interest for conservation were only encountered
within control plots (Table S1; see “Discussion”).
The negative effects of A. altissima on richness and
phylodiversity also extended to ecosystem multifunc-
tionality (multifunctionality index = 48.9 % =+ 2.9
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Fig. 2 Relationships between species richness (a) and phylod-
iversity (b) and ecosystem multifunctionality. Results from the
linear regressions are shown in each panel (n = 20). To aid
interpretation, the particular relationships for control and
invaded plots are, for species richness versus multifunctionality,
R?>=0.13; P = ns and R®> = 0.49; P = 0.02, respectively. For
the relationship between phylodiversity and multifunctionality
results were: R = 0.39; P = 0.05 for control and R = 0.42;
P = 0.04 for invaded plots

vs 38.0 % =+ 2.4 in control vs invaded plots, respec-
tively) but soil attributes were unrelated to A. altissima
invasion (ANOVA: F, ;3 = 0.44; P = 0.83). Separate
ANOVA analyses for each of the three soil attributes
(pH, CE and litter cover) also supported these latter
results with P > 0.4 in all cases. A. altissima effects
differed depending on the ecosystem function studied
(Table 2); in short, these effects were positive for
functions related to the Phosphorus cycle (available P
and acid phosphatase activity) and negative for the
rest. Interestingly, the total effects (direct + indirect)
of A. altissima on the five different functions studied
were, in all but one case (understory biomass), lower
than its direct effect (Table 2). The fact that the total

effects of A. altissima were generally lower than its
direct effects suggests that biodiversity indirectly
dampened the effect of the alien plant on the different
ecosystem functions studied.

Both species richness and phylodiversity were
positively related to ecosystem multifunctionality
(Fig. 2). The SEMs conducted, however, suggest that
this positive relationship was mainly driven by the
effect of A. altissima on both indicators of
biodiversity.

Discussion

This is one of the few existing studies addressing the
effect of invasive species on biodiversity indicators
other than species richness and also studying the effect
of invasive species on multiple ecosystem functions
simultaneously. To the best of our knowledge, this is
also the first study to separate direct and indirect
(mediated by their effect on biodiversity) effects of
invasive plants on ecosystem functioning.

The results of this study support our first hypothesis
since A. altissima reduced not only species richness,
but also the phylodiversity of neighboring vegetation
(see also Bennett et al. 2014). Previous results reported
in this regard are controversial, with negative, nil, or
even positive effects of invasive species on biodiver-
sity (e.g., Sax and Gaines 2003; Meffin et al. 2010).
However, the results in this paper are along the lines of
those studies analyzing the effect of alien plants in
riparian habitats, or with A. altissima as their target
species; such studies have found important decreases
in species richness after the invasion (Vila et al. 2006;
Gaertner et al. 2009; Motard et al. 2011). A more
detailed view of the results obtained in this study
suggests an even more important reduction of plant
biodiversity related to the invasion of A. altissima than
suggested just by looking at species richness or even
phylodiversity. For example, it was observed that
other invasive species, such as Robinia pseudoacacia
L. (which is a N-fixer), were present in the plots
invaded by A. altissima but not in the control plots
(Table S1). It is known that the presence of invasive
species accelerates invasions by other alien species
and amplifies their effects on native communities
(invasional meltdown: see Simberloff and Von Holle
1999). Moreover, rare species of high conservation
interest, such as Cephalanthera damasonium (Mill.)
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Druce, a protected species with one of its biggest
populations in the area (Decreto 70/2009; Serra et al.
2006) were only present in the control plots. It must be
noted that our results are very unlikely to be driven by
invasive species other than A. altissima. Other inva-
sive species (i.e., R. pseudoacacia, Celtis australis)
were present but only in one and two sites, respec-
tively, and with low abundances (cover < 5 %)j; thus,
it is unlikely that they substantially affected our
results.

Our SEM analyses suggest a direct reduction of
ecosystem multifunctionality with the presence of
A. altissima. A. altissima has a rapid growth (Zasada
and Little 2002), increases soil fertility and alter soil C
and N cycling, reducing the C/N ratio (Vila et al. 2006;
Gomez-Aparicio and Canham 2008). Our results,
however, show that this increase in soil fertility does
not translate to a higher productivity of the neigh-
bouring plants. In spite that A. altissima enhanced total
P in our study, it reduced productivity, water retention
and decomposition in comparison with the control
sites. The existence of direct effects of A. altissima on
several ecosystem functions and soil attributes has
been demonstrated in previous experimental studies
(litter decomposition, Godoy et al. 2010; N cycle,
Castro-Diez et al. 2012), and has also been suggested
by observational studies (organic C, C/N ratio, Vila
et al. 2006; Gomez-Aparicio and Canham 2008). Our
study, however, is the first one suggesting the dom-
inance of these direct effects, regarding the indirect
effects mediated by the reduction of the alien species
on biodiversity, when studying multiple ecosystem
functions simultaneously.

Our results, however, are based on an observational
study and therefore should be taken cautiously. The
degree of invasion by A. altissima could be the
consequence, rather than the cause of, differences in
plant composition and ecosystem functioning (Levine
et al. 2003). Indeed, it is known that habitat charac-
teristics and the phylogenetic structure of the host
community can influence the invasion of alien plants
(e.g., Traveset et al. 2008; Vacher et al. 2010; but see
Bennett et al. 2014). However, we believe that this
problem is unlikely in our study as the difference in the
degree of invasion between control and invaded plots
is more likely to be caused by dispersal limitation
rather than by initial differences among the plots (see
“Materials and methods”above). Nevertheless, future
research based on manipulative approaches is required
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to conclude if the invasive species directly or
indirectly alters ecosystem functioning.

Interestingly, when analyzing single functions
separately (Table 2), our results were different from
those obtained with the multifunctionality index
(Fig. 1). It was found that the (direct) effect of
A. altissima on single functions was partially moder-
ated when biodiversity was included in the analyses
(total effect). The difference between the results found
when analyzing single or multiple functions arose due
to the differential sign found for the effects of both
biodiversity and A. altissima on the different functions
studied. While A. altissima and biodiversity affected
negatively and positively variables related to C
cycling and productivity, respectively, the contrary
happened with variables related to P cycling. The
former set of results is easily explained by the well-
known reduction of plant productivity and C storage
and cycling in less diverse communities (Tilman et al.
1997; Hooper and Vitousek 1998; Cardinale et al.
2007), and the reduction of litter decomposition rate of
leaves of A. altissima in comparison with native
species (Godoy et al. 2010). Although we did not
measure any variable directly related to N cycling,
results from previous research have shown a positive
effect of this invasive species on N cycling (Vila et al.
2006; Gomez-Aparicio and Canham 2008; but see
Castro-Diez et al. 2012). Nitrogen availability is
tightly related to the activity of the acid phophatase
enzyme and may explain the positive effect found on P
cycling and availability. The only explanation we
might think of for the negative effect of biodiversity on
the P cycle is that P was depleted from the soil and
captured by the greater understory plant biomass
found in the more diverse communities. Unfortu-
nately, our data do not allow us to be certain about the
latter. An interesting finding was the correlation
between soil enzymatic activities and the amount of
resources to which they are related to. While this is
commonly observed in the case of beta-glucosidase
and soil C (Sinsabaugh et al. 2008; Maestre et al.
2012a), it was unexpected in the case of phosphatase
and P availability (e.g., Burns et al. 2013). We can
only speculate about two potential explanations for
this latter result: (1) excessive enzymatic activity can
generate accumulation in soil P, as observed in other
stressful environments (Weintraub and Schimel
2005), or (2) although more P is available in the soil,
A. altissima might be more efficient than the
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microorganisms taking this nutrient, and therefore that
would cause a pulse in phosphatase enzymatic activ-
ity. Regardless of the mechanisms behind, the con-
trasting results found (contrary effects on different
functions, different results drawn from the analyses of
single functions vs multiple functions simultaneously)
clearly illustrate the interest of studying multiple
ecosystem functions to avoid misleading conclusions
and gain insights on the overall effect of alien plants
on ecosystem functionality.

Concluding remarks

Our main findings show that plant species richness,
phylodiversity and ecosystem multifunctionality were
reduced in the presence of A. altissima. The indirect
effect of the alien plant on multifunctionality was
negligible, mainly because the strong effects of
A. altissima on biodiversity and multifunctionality
obscured the relationship between both ecosystem
properties. However, when addressing single func-
tions, we found that biodiversity reduced the strength
of the direct effects of A. altissima on such functions.

Acknowledgments We thank Language Centre (University of
Alicante) for improving the English of this manuscript. We are
grateful for the collaboration of the staff at the Carrascal de la
Font Roja and Sierra de Mariola Natural Parks. M. J. Nava, A.
Constan, E. Pastor, A. Davila, E. Rico and the rest of
collaborators helped with the fieldwork. F. T. Maestre, Y.
Valifiani, A. Sanz and P. Alonso helped with the enzymatic
assays. This research and SCN PhD fellowship were supported
by the ESTRES Project (063/SGTB/2007/7.1) and RECUVES
Project (077/RN08/04.1) founded by the Spanish Ministerio de
Medio Ambiente and BAHIRA CICYT project (CGL2008-
03649/BTE) founded by the Spanish Ministerio de Ciencia y
Tecnologia. Font Roja Natura UA Scientific Station (ECFRN
UA), depending on the Pro-Vice-Chancellorship for Research,
Development and Innovation (VIDI) of the University of
Alicante, supported also this research. SS was supported by
the European Research Council under the European
Community’s Seventh Framework Programme (FP7/2007-
2013)/ERC Grant agreement 242658 (BIOCOM). RT was
partially supported by a postdoctoral scholarship from the
Spanish Ministerio de Educacién (BVA 2010-0375).

References

Anderson MJ, Gorley RN, Clarke KR (2008) PERMANO-
VA + for PRIMER: guide to software and statistical
methods. Plymouth, PRIMER-E

Angiosperm Phylogeny Group (2009) An update of the
Angiosperm Phylogeny Group classification for the orders
and families of flowering plants: APG III. Bot J Linn Soc
161:105-121

Bell CD, Soltis DE, Soltis P (2010) The age and diversification
of angiosperms re-revisited. Am J Bot 97:1296-1303

Bennett JA, Stotz GC, Cahill JF (2014) Patterns of phylogenetic
diversity are linked to invasion impacts, not invasion
resistance, in a native grassland. J Veg Sci. doi:10.1111/
jvs.12199

Besnard G, Muasya AM, Russier F, Roalson EH, Salamin N,
Christin PA (2009) Phylogenomics of C4 Photosynthesis in
Sedges (Cyperaceae): multiple appearances and genetic
convergence. Mol Biol Evol 26:1909-1919

Bouchenak-Khelladi Y, Salamin N, Savolainen V, Forest F, Van
de Bank M, Chase MW, Hodkinson TR (2008) Large
multi-gene phylogenetic trees of the grasses (Poaceae):
progress towards complete tribal and generic level sam-
pling. Mol phylogenet Evol 47:488-505

Bremer B, Eriksson T (2009) Time tree of Rubiaceae: phylog-
eny and dating the family, subfamilies, and tribes. Int J
Plant Sci 170:766-793

Burns JH, Strauss SY (2011) More closely related species are
more ecologically similar in an experimental test. Proc Natl
Acad Sci USA 108:5302-5307

Burns RG, DeForest JL, Marxsenc J, Sinsabaughd RL, Strom-
bergere ME, Wallensteinf MD, Weintraubg MN, Zoppinih
A (2013) Soil enzymes in a changing environment: current
knowledge and future directions. Soil Biol Biochem
58:216-234

Cadotte MW, Cardinale BJ, Oakley TH (2008) Evolutionary
history and the effect of biodiversity on plant productivity.
Proc Natl Acad Sci USA 105:17012-17017

Cantero JJ, Liira J, Cisneros JM, Gonzalez J, Nuifiez C, Petryna
L, Cholaky C, Zobel M (2003) Species richness, alien
species and plant traits in Central Argentine mountain
grasslands. J Veg Sci 14:129-136

Cardinale BJ, Wright JP, Cadotte MW, Carroll IT, Hector A,
Srivastava DS, Loreau M, Weis JJ (2007) Impacts of plant
diversity on biomass production increase through time due
to complementary resource use: a meta-analysis. Proc Natl
Acad Sci USA 104:18123-18128

Castro-Diez P, Gonzilez-Muiioz N, Alonso A, Gallardo A,
Poorter L (2009) Effects of exotic invasive trees on nitro-
gen cycling: a case study in central Spain. Biol Invasions
11:1973-1986

Castro-Diez P, Fierro-Brunnenmeister N, Gonzalez-Mufioz N,
Gallardo A (2012) Effects of exotic and native tree leaf
litter on soil properties of two contrasting sites in the Ibe-
rian Peninsula. Plant Soil 350:179-191

CMA (1973) Determinaciones analiticas de suelos. Normal-
izacion de métodos. 1. pH, materia organica y nitrégeno.
An Edafol Agrobiol 32:1153-1172

Constan-Nava S, Bonet A, Terrones B, Albors JL (2007) Plan de
actuacion para el control de la especie Ailanthus altissima
en el Parque Natural del Carrascal de la Font Roja, Ali-
cante. Bol Europarc 24:34-38

Décamps H (1993) River margins and environmental change.
Ecol Appl 3:441-445

Decreto 70/2009, de 22 de mayo, del Consell, por el que se crea
y regula el Catalogo Valenciano de Especies de Flora

@ Springer


http://dx.doi.org/10.1111/jvs.12199
http://dx.doi.org/10.1111/jvs.12199

1106

S. Constan-Nava et al.

Amenazadas y se regulan medidas adicionales de conser-
vacién [2009/5938]

Development Core Team R (2009) R: a language and environ-
ment for statistical computing. R Foundation for Statistical
Computing, Vienna

Directive 92/43/EEC of 21 May 1992 on the conservation of
natural habitats and of wild fauna and flora

Downie SR, Katz-Downie DS, Watson MF (2000) A phylogeny
of the flowering plant family Apiaceae based on chloro-
plast DNA rpl16 and rpoCl intron sequences: towards a
suprageneric classification of subfamily Apioideae. Am J
Bot 87:273-292

Ehrenfeld JG (2003) Effects of exotic plant invasions on soil
nutrient cycling processes. Ecosystems 6:503-523

Flombaum P, Sala OE (2008) Higher effect of plant species
diversity on productivity in natural than artificial ecosys-
tems. Proc Natl Acad Sci USA 105:6087-6090

Flynn DFB, Mirotchnick N, Jain M, Palmer MI, Naecem S (2011)
Functional and phylogenetic diversity as predictors of
biodiversity—ecosystem-function relationships. Ecology
92:1573-1581

Follstad Shah JJ, Harner MJ, Tibbets TM (2010) Elaeagnus
angustifolia elevates soil inorganic nitrogen pools in
riparian ecosystems. Ecosystems 13(1):46-61

Forest F, Grenyer R, Rouget M, Davies TJ, Cowling RM, Faith
DP, Balmford A, Manning JC, Proches S, van der Bank M,
Reeves G, Hedderson TA, Savolainen V (2007) Preserving
the evolutionary potential of floras in biodiversity hotspots.
Nature 445:757-760

Forman RTT, Godron M (1986) Landscape ecology. John Wiley
and Sons Inc, New York

Funk VA, Anderberg AA, Baldwin BG et al (2009) Compositae
metatrees: the next generation. In: Funk VA, Susana A,
Stuessy TF, Bayer RJ (eds) Systematics, evolution, and
biogeography of Compositae. International Association for
Plant Taxonomy, Vienna, pp 747-777

Gaertner M, Breeyen AD, Hui C, Richardson DM (2009)
Impacts of alien plant invasions on species richness in
Mediterranean-type ecosystems: a meta-analysis. Prog
Phys Geogr 33:319-338

Gamfeldt L, Hillebrand H, Jonsson PR (2008) Multiple func-
tions increase the importance of biodiversity for overall
ecosystem functioning. Ecology 89:1223-1231

Godoy O, Castro-Diez P, Van Logtestijn RSP, Cornelissen
JHC, Valladares F (2010) Leaf litter traits of invasive
species slow down decomposition compared to Spanish
natives: a broad phylogenetic comparison. Oecologia
162:781-790

Gomez-Aparicio L, Canham CD (2008) Neighborhood models
of the effects of invasive tree species on ecosystem pro-
cesses. Ecol Monogr 78:69-86

Grace JB (2006) Structural equation modeling and natural sys-
tems. Cambridge University Press, Cambridge, UK

Hector A, Bagchi R (2007) Biodiversity and ecosystem multi-
functionality. Nature 448:188-190

Hedges SB, Dudley J, Kumar S (2006) TimeTree: a public
knowledge-base of divergence times among organisms.
Bioinformatics 22:2971-2972

Hejda M, de Bello F (2013) Impact of plant invasions on
functional diversity in the vegetation of Central Europe.
J Veg Sci. doi:10.1111/jvs.12026

@ Springer

Helmus MR, Bland TJ, Williams CK, Ives AR (2007) Phylo-
genetic measures of biodiversity. Am Nat 169:E68-E83

Hooper DU, Vitousek PM (1998) Effects of plant composition
and diversity on nutrient cycling. Ecol Monogr 68:121-149

Hooper DU, Chapin FS, Ewel JJ et al (2005) Effects of biodi-
versity on ecosystem functioning: a consensus of current
knowledge. Ecol Monogr 75:3-35

Hulme PE, Bremner ET (2006) Assessing the impact of Impa-
tiens glandulifera on riparian habitats: partitioning diver-
sity components following species removal. J Appl Ecol
43:43-50

Isbell F, Reich PB, Tilman D, Hobbie SE, Polasky S, Binder S
(2013) Nutrient enrichment, biodiversity loss, and conse-
quent declines in ecosystem productivity. Proc Natl Acad
Sci USA 110:11911-11916

Jax K (2010) Ecosystem functioning. Cambridge University
Press, Cambridge

Jobbagy EG, Jackson RB (2000) The vertical distribution of soil
organic carbon and its relation to climate and vegetation.
Ecol Appl 10:423-436

Jobbdgy EG, Jackson RB (2001) The distribution of soil nutri-
ents with depth: global patterns and the imprint of plants.
Biogeochemistry 53:51-77

Kembel SW, Cowan PD, Helmus MR, Cornwell WK, Morlon H,
Ackerly DD, Blomberg SP, Webb CO (2010) Picante: R
tools for integrating phylogenies and ecology. Bioinfor-
matics 26:1463-1464

Kowarik I (1983) Colonization by the tree of heaven (Ailanthus
altissima) in the French mediterranean region (Bas-
Languedoc) and its phytosociological characteristics.
Phytocoenology 11:389—405

Kowarik I, Sdumel I (2007) Biological flora of Central Europe:
Ailanthus altissima (Mill.) Swingle. Perspect Plant Ecol
Evol Syst 8:207-237

Kowarik I, von der Lippe M (2006) Long-distance dispersal of
Ailanthus altissima along road corridors through secondary
dispersal by wind. BfN-Skripten 177:184

Kowarik I, von der Lippe M (2011) Secondary wind dispersal
enhances long-distance dispersal of an invasive species in
urban road corridors. NeoBiota 9:49-70

Kraft NJB, Cornwell WK, Webb CO, Ackerly DD (2007) Trait
evolution, community assembly, and the phylogenetic
structure of ecological communities. Am Nat 170:271-283

Lavin M, Herendeen PS, Wojciechowski MF (2005) Evolu-
tionary rates analysis of Leguminosae implicates a rapid
diversification of lineages during the Tertiary. Syst Biol
54:575-594

Lawrence JG, Colwell A, Sexton OJ (1991) The ecological
impact of allelopathy in Ailanthus altissima (Simarouba-
ceae). Am J Bot 78:948-958

Levine JM, DAntonio CM, Dukes JS, Grigulus K, Lavorel S,
Vila M (2003) Mechanisms underlying the impacts of
exotic plant invasions. Proc R Soc Lond 270:775-781

Liao C, Peng R, Luo Y, Zhou X, Wu X, Fang C (2008) Altered
ecosystem carbon and nitrogen cycles by plant invasion: a
meta-analysis. New Phytol 177:706-714

Maestre FT, Puche MD (2009) Indices based on surface indi-
cators predict soil functioning in Mediterranean semiarid
steppes. Appl Soil Ecol 41:342-350

Maestre FT, Castillo-Monroy AP, Bowker MA, Ochoa-Hueso R
(2012a) Species richness effects on ecosystem


http://dx.doi.org/10.1111/jvs.12026

Direct and indirect effects of invasion

1107

multifunctionality depend on evenness, composition and
spatial pattern. J Ecol 100:317-330

Maestre FT, Quero JL, Gotelli NJ, Escudero A, Ochoa V, Del-
gado-Baquerizo M, Garcia-Gémez M, Bowker MA, Soli-
veres S et al (2012b) Plant species richness and ecosystem
multifunctionality ~ in  global  drylands.  Science
335:214-218

Mabherali H, Klironomos JN (2007) Influence of phylogeny on
fungal community assembly and ecosystem functioning.
Science 316:1746-1748

Médail F, Diadema K (2009) Glacial refugia influence plant
diversity patterns in the Mediterranean Basin. J Biogeogr
36:1333-1345

Meffin R, Miller AL, Hulme PE, Duncan RP (2010) Experi-
mental introduction of the alien weed Hieracium lepidulum
reveals no significant impact on montane plant communi-
ties in New Zealand. Divers Distrib 16:804-815

Milcu A, Allan E, Roscher C, Jenkins T, Meyer ST, Flynn D,
Bessler H, Buscot F, Engels C, Gubsch M, Koénig S, Li-
powsky A, Loranger J, Renker C, Scherber C, Schmid B,
Thébault E, Wubet T, Weisser WW, Scheu S, Eisenhauer N
(2013) Functionally and phylogenetically diverse plant
communities key to soil biota. Ecology 94:1878-1885

Mooney HA, Drake JA (1986) Ecology of biological invasion of
North America and Hawaii. Springer-Verlag, New York,
p 321

Motard E, Muratet A, Clair-Maczulajtys D, Machon N (2011)
Does the invasive species Ailanthus altissima threaten
floristic diversity of temperate peri-urban forests? Comptes
Rendus Biol 12:872-879

Pausas JG, Verdd M (2010) The jungle of methods for evalu-
ating phenotypic and phylogenetic structure of communi-
ties. Bioscience 60:614-625

Potter D, Eriksson T, Evans RC, Oh SH, Smedmark JEE,
Morgan DR, Kerr M, Robertson KR, Arsenault MP,
Dickinson TA, Campbell CS (2007) Phylogeny and clas-
sification of Rosaceae. Plant Syst Evol 266:5-43

Prinzing A, Durka W, Klotz S, Brandl R (2001) The niche of
higher plants: evidence for Phylogenetic conservatism.
Proc R Soc Lond 268:2383-2389

Pysek P, Jarosik V, Hulme PE, Pergl J, Hejda M, Schaffner U,
Vila M (2012) A global assessment of invasive plant
impacts on resident species, communities and ecosystems:
the interaction of impact measures, invading species’ traits
and environment. Glob Change Biol 18:1725-1737

Reich PB, Oleksyn J, Modrzynski J et al (2005) Linking litter
calcium, earthworms and soil properties: a common garden
test with 14 tree species. Ecol Lett 8:811-818

Reiss J, Bridle JR, Montoya JM, Woodward G (2009) Emerging
horizons in biodiversity and ecosystem functioning
research. Trends Ecol Evol 24:505

Santoro R, Jucker T, Carboni M, Acosta ATR (2012) Patterns of
plant community assembly in invaded and non-invaded
communities along a natural environmental gradient. ] Veg
Sci 23:483-494

Saumel I, Kowarik I (2010) Urban rivers as dispersal corridors
for primarily wind—dispersed invasive tree species. Landsc
Urban Plan 94:244-249

Sadumel I, Kowarik I (2013) Propagule morphology and river
characteristics shape secondary water dispersal in tree
species. Plant Ecol 214:1257-1272

Sax DF, Gaines SD (2003) Species diversity: from global
decreases to local increases. Trends Ecol Evol 18:561-566

Serra L, Pérez Rovira P, Deltoro V, Fabregat C, Laguna E, Pérez
Botella J (2003) Distribution, status and conservation of
rare relict plant species in the Valencian Community. Bo-
cconea 16:857-863

Serra L, Conca A, Lara N, Pérez Botella J, Garcia Alonso F
(2006) Adiciones y correcciones a la orquidoflora valen-
ciana, II. Toll Negre 7:5-8

Shipley B (2000) Cause and correlation in biology: A user’s
guide to path analysis, structural equations and causal
inference. Cambridge University Press, UK

Simberloff D, Von Holle B (1999) Positive interactions of
nonindigenous species: invasional meltdown? Biol Inva-
sions 1:21-32

Simberloff D, Relva MA, Nufiez M (2003) Introduced species
and management of a Nothofagus/Austrocedrus forest.
Environ Manag 31:263-275

Sinsabaugh RL, Lauber CL, Weintraub MN et al (2008) Stoi-
chiometry of soil enzyme activity at global scale. Ecol Lett
11:1252-1264

Soliveres S, Torices R, Maestre FT (2012) Evolutionary rela-
tionships can be more important than abiotic conditions in
predicting the outcome of plant-plant interactions. Oikos
121:1638-1648

Steele KP, Ickert-Bond SM, Zarre S, Wojciechowski MF (2010)
Phylogeny and character evolution in Medicago (Legu-
minosae): evidence from analyses of plastid trnK/matK
and nuclear GA3ox1 sequences. Am J Bot 97:1142-1155

Tabacchi E, Lambs L, Guilloy H, Planty-Tabacchi AM, Muller
E, Décamps H (2000) Impacts of riparian vegetation on
hydrological processes. Hydrol Process 14:2959-2976

Tabatabai MA (1982) Soil enzymes. In: Page AL, Miller RH,
Keeney DR (eds) Methods of soil analysis, Part 2. Amer-
ican Society of Agronomy, Madison, pp 943-947

Tabatabai MA, Bremner JM (1969) Use of p-nitrophenyl
phosphate for assay of soil phosphatase activity. Soil Biol
Biochem 1:301-307

Tilman D (1988) Plant strategies and the dynamics and structure
of plant communities. Monographs in population biology
26. Princeton University Press, Princeton

Tilman D, Lehman CL, Thomson KT (1997) Plant diversity and
ecosystem productivity: theoretical considerations. Proc
Natl Acad Sci USA 94:1857-1861

Torices R (2010) Adding time-calibrated branch lengths to the
Asteraceae supertree. J Syst Evol 48:271-278

Traveset A, Brundu B, Carta M et al (2008) Consistent perfor-
mance of invasive plant species within and among islands
of the Mediterranean basin. Biol Invasions 10:847-858

Tu M (2003) Element stewardship abstract: Elaeagnus angust-
ifolia L., [Online]. In: Invasives on the web: the nature
conservancy wildland invasive species program. Davis,
CA: The Nature Conservancy (Producer)

Vacher C, Daudin JJ, Piou D, Desprez-Loustau ML (2010)
Ecological integration of alien species into a tree—parasitic
fungus network. Biol Invasions 12:3249-3259

Vamosi SM, Heard SB, Vamosi JC, Webb CO (2009) Emerging
patterns in the comparative analysis of phylogenetic
community structure. Mol Ecol 18:572-592

Vila M, Tessier M, Suehs CM et al (2006) Local and regional
assessment of the impacts of plant invaders on vegetation

@ Springer



1108

S. Constan-Nava et al.

structure and soil properties of Mediterranean islands.
J Biogeogr 33:853-861

Vila M, Espinar J, Hejda M et al (2011) Ecological impacts of
invasive alien plants: a meta-analysis of their effects on
species, communities and ecosystems. Ecol Lett
14:702-708

Vitousek PM (1986) Biological invasions and ecosystem
properties: can species make a difference? In: Mooney GA,
Drake JA (eds) Ecology of biological invasions of North
America and Hawaii. Springer-Verlag, New York,
pp 163-178

Vitousek PM, Mooney HA, Lubchenco J, Melillo J (1997)
Human domination of Earth’s ecosystems. Science
277:494-499

Wang W, Manchester SR, Li C, Geng B (2010) Fruits and leaves
of Ulmus from the paleogene of Fushun, Northeastern
China. Int J Plant Sci 171:221-226

Watanabe FS, Olsen SR (1965) Test of an ascorbic acid method
for determining phosphorus in water and NaHCO; extracts
from soil. Proc Soil Sci Soc Am 29:677-678

Webb C, Ackerly DD, McPeek MA, Donoghue MJ (2002)
Phylogenies and community ecology. Annu Rev Ecol Syst
33:475-505

Webb C, Ackerly DD, Kembel SW (2008) Phylocom: software
for the analysis of phylogenetic community structure and
trait evolution. Bioinformatics 24:2098-2100

@ Springer

Weidenhamer JD, Callaway RM (2010) Direct and indirect
effects of invasive plants on soil chemistry and ecosystem
function. J Chem Ecol 36:59-69

Weintraub MN, Schimel JP (2005) The seasonal dynamics of
amino acids and other nutrients in Alaskan arctic tundra
soils. Biogeochemistry 73:359-380

Williamson M (1998) Measuring the impact of plant invaders in
Britain. In: Starfinger U, Edwards K, Kowarik I, Wil-
liamson M (eds) Plant invasions: ecological mechanism
and human responses. Backhuys Plublishers, Leiden. The
Netherlands, pp 57-68

Winkworth RC, Bell CD, Donoghue MJ (2008) Mitochondrial
sequence data and Dipsacales phylogeny: mixed models,
partitioned Bayesian analyses, and model selection. Mol
Phylogenet Evol 46:830-843

Wolfe BE, Klironomos JN (2005) Breaking new ground: soil
communities and exotic plant invasion. Bioscience
55:477-487

Zasada JC, Little S (2002) Ailanthus altissima (P. Mill.) Swin-
gle. In: Bonner, Franklin T (eds). Woody plant seed man-
ual, [Online]. Washington, DC: U.S. Department of
Agriculture, Forest Service (Producer)

Zavaleta ES, Pasari JR, Hulvey KB, Tilman DG (2010) Sus-
taining multiple ecosystem functions in grassland com-
munities requires higher biodiversity. Proc Natl Acad Sci
USA 107:1443-1446



	Direct and indirect effects of invasion by the alien tree Ailanthus altissima on riparian plant communities and ecosystem multifunctionality
	Abstract
	Introduction
	Materials and methods
	Study area
	Study set-up
	Analysis of soil functions and attributes
	Measurement of evolutionary relationships
	Data reduction
	Statistical analyses

	Results
	Discussion
	Concluding remarks

	Acknowledgments
	References


