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Abstract
Background: To identify the determinants of invasiveness, comparisons of traits of invasive and native species are
commonly performed. Invasiveness is generally linked to higher values of reproductive, physiological and growthrelated traits of the invasives relative to the natives in the introduced range. Phenotypic plasticity of these traits has
also been cited to increase the success of invasive species but has been little studied in invasive tree species. In a
greenhouse experiment, we compared ecophysiological traits between an invasive species to Europe, Acer
negundo, and early- and late-successional co-occurring native species, under different light, nutrient availability and
disturbance regimes. We also compared species of the same species groups in situ, in riparian forests.
Results: Under non-limiting resources, A. negundo seedlings showed higher growth rates than the native species.
However, A. negundo displayed equivalent or lower photosynthetic capacities and nitrogen content per unit leaf
area compared to the native species; these findings were observed both on the seedlings in the greenhouse
experiment and on adult trees in situ. These physiological traits were mostly conservative along the different light,
nutrient and disturbance environments. Overall, under non-limiting light and nutrient conditions, specific leaf area
and total leaf area of A. negundo were substantially larger. The invasive species presented a higher plasticity in
allocation to foliage and therefore in growth with increasing nutrient and light availability relative to the native
species.
Conclusions: The higher level of plasticity of the invasive species in foliage allocation in response to light and
nutrient availability induced a better growth in non-limiting resource environments. These results give us more
elements on the invasiveness of A. negundo and suggest that such behaviour could explain the ability of A.
negundo to outperform native tree species, contributes to its spread in European resource-rich riparian forests and
impedes its establishment under closed-canopy hardwood forests.

Background
Plant invasions, a main component of global change, are a
source of agricultural and economic problems worldwide
but also a major ecological threat for biodiversity [1-3],
which makes it crucial to understand the key mechanisms
that can lead to invasions in an ecosystem. Recent studies
concluded that plant invasions are the result of complex
interactions between the exotic species performances (i.e.,
invasiveness), the recipient environment’s vulnerability
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(i.e., invasibility) and the history of the introductions (see
for instance [4,5]). With regard to species invasiveness, the
success of invasive species seemed to be largely due to
their superiority over native species in terms of growth
rate and spread into recipient ecosystems; this superiority
seemed related to higher values of traits related to fitness
such as growth rate, maturity age, fecundity and seed dispersal [4,6-8]. Invasive tree species are doing a lot of
damage worldwide [9], and a recent meta-analysis [10]
reported that growth rate is a key determinant of the success of invasive tree species. Furthermore, comparative
studies that measured native versus invasive tree growth
have shown that invasive species are associated with
higher growth rates than natives [11-15]. Hence, a
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reasonable starting point for understanding the dynamics
of tree invasion is to precisely quantify growth rate of invasive species in contrast to natives.
In most cases, a higher growth rate results from a more
efficient resource use. Major traits related to resource use
include leaf traits such as Specific Leaf Area (SLA) or
Total Leaf Area (TLA) that serve as a surrogate for light
use and carbon assimilation [16] or physiological traits
such as photosynthetic rates or nitrogen leaf content
[16]. Higher SLA often correlates with a growth advantage for exotic tree species over native ones [13,15,17]. A
recent comparison of 29 invasive and non-invasive pine
species [18] showed that invasiveness could be predicted
by using only species growth rate and SLA. On the other
hand, it was also demonstrated that invasive tree species
were characterised by higher photosynthetic rates compared to native ones [19,20]. The same conclusion was
presented on two species of the genus Acer (A. platanoides vs. A. saccharum, [12]).
However, it is not only their superior morphological or
physiological traits that could confer a competitive advantage to invasive species relative to natives but also the
dynamic response of their traits [21]. Invasiveness can
indeed be related to a higher plasticity of the plant traits in
response to environmental changes [22]. Phenotypic plasticity defined as the ability of organisms to alter their morphology and/ or physiology in response to varying
environmental conditions has thus been cited to increase
the success of invasive species [23-26] since it increases
their realised ecological niches. In general, phenotypic plasticity has been applied to the study of plant invasions
through the following two distinct hypotheses [27]: (1)
invasive species are more plastic than exotic non-invasive
species or native species of the recipient communities
[28-30] and/ or (2) invasive populations of exotic species
have evolved and present a greater plasticity relative to
native populations [30-33]. Hence, it is important to compare phenotypic plasticity amongst related pairs of invasive
and native species [21] as well as amongst exotic species
with different degree of invasive success [26,34,35]. Relative
differences in the mean value of traits associated to their
plastic response to a range of environmental conditions can
provide a powerful tool to explore the invasiveness of exotic
species and thus provide mechanistic explanations of invasion events.
To date, most plant invasion studies have focused on
herbaceous species. However, although many of the
world’s most serious invasive plant species are woody species such as several Pine species [36,37], very few studies
have explored the link between plasticity and invasiveness
in invasive tree species [30,38]. Consequently, empirical
studies on tree species are critical to identify the general
role of plasticity in explaining invasiveness [21]. Box elder
maple (Acer negundo) native to North America has been
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widely planted as an ornamental tree species throughout
central and southern Europe. Recently, it has colonised
riparian habitats in many regions spreading at the expense
of native species and leading to monospecific stands
[39-43] in particular in South-Western France [44]. To
determine whether resource use efficiency contributes to
A. negundo invasiveness, we compared its growth and
related morphological and physiological traits to that of
native co-occurring tree species: Fraxinus excelsior, Fraxinus angustifolia, Populus nigra, Alnus glutinosa and Salix
alba. We used greenhouse treatments spanning different
light regimes, soil nutrient resources and disturbance
levels. Additionally, adult trees in different riparian forests
were compared in situ to ensure that results obtained on
seedlings under artificial environments were relevant. Specifically, three main questions were addressed here: (i) Are
there any growth differences between the invasive Acer
negundo and native species? (ii) Which traits could best
explain the success of the invasive species? (iii) Do the studied species present any plasticity and differences in magnitude of plasticity amongst the environmental conditions?

Results
Growth rate

Figure 1 presents the relative growth rate responses to
light level, nutrient availability and disturbance as applied
to the native and invasive tree seedlings. Nutrient availability induced the most significant difference in growth rate
whatever the species: the relative height growth rates
(RGRh values) were 3.2 (p = 0.0013), 2.0 (p = 0.0013) and
1.6 (p < 0.0001) times higher in fertilised compared to
non-fertilised treatments, for the invasive, late-successional
and early-successional species, respectively (table 1). Disturbance did not induce any significant difference in
growth rate whatever the species and whatever the shade
or fertilisation levels. On the other hand, the response to
light varied amongst species. There was no significant
effect of the shade treatment on the RGR h of neither
group of native species. On the contrary, the shade treatment (p = 0.0116) and the interaction shade*fertilisation
(p = 0.0155) had a significant impact on the relative
growth rate of the invasive species. Under fertilised and
full light conditions, A. negundo and early-successional
native species displayed significantly higher RGRh than
late-successional native species (with 50 to 110% increases
according to the treatment); in constrast, under fertilised
and deep shade conditions, A. negundo presented dramatically lowered growth rates relative to the early-successional species. To sum up, the growth rate plasticity in
response to resource (light × nutrient) availability was 9.6
times higher in A. negundo seedlings relative to the native
seedlings: A. negundo growth rate was 13 times higher in
full light and shade (on average) compared to the deep
shade level (Figure 1) under high nutrient availability,
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Figure 1 Relative height growth rates of the invasive and native species according to the environmental conditions. Relative height
growth rates (RGRh, mm. mm-1. d-1. 10-3). Values are means of nine to twelve seedlings (± 1 SE of the mean) for the invasive species (A.
negundo, full diamonds), late-successional native species (F. excelsior and F. angustifolia, grey triangles) and early-successional native species (S.
alba and P. nigra, open squares) across the three shade levels (Full light C, Shade S, Deep shade SS), the two nutrient levels (nutrient supply N+
vs. no supply N-) and the two disturbance regimes (Disturbed D vs. Non-disturbed ND).

whereas the same environmental changes only resulted in
a 1.23 and 1.5 time increase in RGRh for the early- and
late-successional native species, respectively.
Biomass allocation and specific leaf area

Overall, nutrient availability was the main factor affecting
biomass allocation, the response to light availability being
trait and species dependent. Allocation to roots was significantly lower under the fertilised treatments (Table 1),
with a 1.8, 1.2 and 1.6 reduction for the invasive, earlyand late-successional species, respectively. The LWR
increased with fertilisation for all species (Figure 2). However, for the invasive species, responses to fertilisation in
allocation towards foliage were primarily significant under
the fertilised full light and shade treatments only (significant shade*fertilisation p = 0.0213 on LWR, Table 1). TLA
was significantly increased by fertilisation for all species
(Table 1): for the invasive, TLA was 3.7 times higher compared to non-fertilised treatments, vs. only 2.1 and 2.3
times higher for the early-and late-successional species.
The invasive species displayed a lower RSR than the native

species under fertilised conditions whatever the light treatment (0.01 < p < 0.05, Figure 2). Late-successional native
species presented the highest allocation to roots and significant differences in allocation to roots in response to
light availability (shade p = 0.0148, shade*fertilisation p =
0.0161, Table 1, Figure 2) with a fertilisation interaction.
The invasive species also presented a higher allocation to
leaves than the native species across all treatments (0.0003
< p < 0.02; +170 and +74% increase in mean LWR, compared to the native early- and late-successional species,
respectively). Under fertilisation and full light or shade
conditions, the TLA of the invasive species reached threefold higher values than either early- and late-successional
species (p < 0.01), similarly to that observed for relative
growth rate and allocation to foliage (Figure 2).
All the species in the greenhouse experiment presented
significantly lower SLA under increased light regimes (p <
0.001, Table 1), whereas fertilisation and disturbance had
no effect. Furthermore, the invasive species seedlings
exhibited higher SLA than the native ones, SLA values
being 1.6 and 1.3 times higher on average for the invasive
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Table 1 Split -split- plot analysis of variance of tested environmental conditions for measured traits and group of species
Variables

Species

Shade

Fertilization

Disturbance

S×F

S×D

F×D

RGRh

Invasive

0.012

0.001

0.471

0.016

0.964

0.334

Early sc.

0.169

<0.001

0.447

0.312

0.610

0.204

Late sc.

0.504

0.001

0.528

0.085

0.834

0.593

Invasive

0.161

<0.001

0.012

0.390

0.186

0.178

Early sc.

0. 962

0.018

0.762

0.461

0.588

0.097

Late sc.

0. 015

<0.001

0.066

0. 016

0.680

0.849

Invasive

0.065

0.007

0.017

0.084

0.559

0.215

Early sc.
Late sc.

0.156
0.017

0.001
0.001

0.297
<0.001

0.067
0.021

0.770
0.127

0.898
0.099
<0.001

RSR

TLA

SLA

Invasive

< 0.001

0.168

0.115

0.249

0.023

Early sc.

< 0.001

0.020

0.253

0.976

0.720

0.776

Late sc.

0.001

0.052

0.655

0.165

0.988

0.593

LWR

Invasive

0.012

<0.001

<0.001

0.021

0.383

0.965

Amax

Early sc.
Late sc.

0.184
0.437

<0.001
<0.001

0.077
<0.001

0.268
0.034

0.965
0.784

0.801
0.349

Invasive
Early sc.

0.710
0.110

0.043
0.407

0.168
0.041

0.450
0.600

0.897
0.573

0.986
0.417

Late sc.

0.588

0.005

0.008

0.055

0.243

0.553

Invasive

0.023

0.086

0.130

0.242

0.541

0.752

Amaxw

Nm

PNUE

Na

Early sc.

0.002

0.800

0.512

0.771

0.986

0.947

Late sc.

0.098

0.004

0.095

0.013

0.457

0.243

Invasive

0.836

<0.001

0.012

0.008

0.219

0.141

Early sc.

0.603

<0.001

0.459

0.002

0.101

0.371

Late sc.
Invasive

0.037
0.253

<0.001
0.213

0.972
0.171

<0.001
0.398

0.773
0.048

0.548
0.107

Early sc.

0.629

0.090

0.029

0.257

0.634

0.213

Late sc.

0.056

0.037

0.023

0.120

0.777

0.426

Invasive

<0.001

0.006

0.018

0.007

0.445

0.957

Early sc.

<0.001

<0.001

0.479

<0.001

0.028

0.374

Late sc.

<0.001

<0.001

0.872

<0.001

0.812

0.654

Significant p values (p < 0.05) are presented in bold. Species are grouped by strategy: the invasive species is Acer negundo, early-successional native species are
Salix alba and Populus nigra and late-successional native species are Fraxinus excelsior and Fraxinus angustifolia. Traits are: RGRh relative growth rate in seedling
height, RSR root/shoot ratio, TLA total leaf area, SLA specific leaf area, LWR leaf weight ratio, Amax light-saturated assimilation rate per unit leaf area, Amaxw lightsaturated assimilation rate per unit leaf dry weight, Nm nitrogen content, Na nitrogen content per unit leaf area and PNUE the photosynthetic nitrogen use
efficiency.

species compared to the early- and late-successional species, respectively (Figure 2, Additional file 1). In situ measurements on adult trees (Figure 3) indicated similar
differences between species groups (p < 0.001), with higher
SLA values for the invasive species compared to the native
early- and late-successional ones (ratio 1.7 and 1.4, respectively, Additional file 1).
Physiological traits

The same physiological traits - photosynthetic assimilation
rate, leaf nitrogen content and photosynthetic nitrogen
use efficiency - were measured on seedlings in the greenhouse (Figure 4) and on adult trees in the field (Figure 3).
Amax and Amaxw were quite conservative over the different
environments for all species, with no significant differences according to the shade, fertilisation or disturbance
treatments (except a fertilisation effect for the late-

successional native species, Table 1). The leaf nitrogen
contents (Nm, %) significantly increased with fertilisation,
whatever the light availability and disturbance regime. The
pattern observed in the response of nitrogen content on a
leaf area basis (Na) to shade and fertilisation was similar
for all species: Na significantly increased with fertilisation
in interaction with the shade treatment, the nitrogen content being on average three times higher under full light *
fertilisation treatment (Table 1, Figure 4), compared to the
other modalities. Overall, the treatments had no significant
effects on PNUE (Table 1).
The invasive tree species had significantly lower
photosynthetic capacities (Amax, Amaxw) than both the
native early- and late-successional species which performed equally. In situ, the light saturated assimilation
rate of the invasive species equalled half that of the
natives. The differences observed on the seedlings were
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Figure 2 (A) Root/shoot ratio, (B) leaf weight ratio, (C) total leaf area and (D) specific leaf area of the invasive and native species
according to the environmental conditions. Root/shoot ratio (RSR), total leaf area (TLA, m2), leaf weight ratio (LWR, g. g-1), specific leaf area
(SLA, m2. kg-1). Values are means of nine to twelve seedlings (± 1 SE of the mean) for the invasive species (A. negundo, full diamonds), latesuccessional native species (F. excelsior and F. angustifolia, grey triangles) and early-successional native species (S. alba and P. nigra, open squares)
across the three shade levels (Full light C, Shade S, Deep shade SS), the two nutrient levels (nutrient supply N+ vs. no supply N-) and the two
disturbance regimes (Disturbed D vs. Non-disturbed ND).

quite similar, the early-successional species presenting
the highest photosynthetic rates (species group effect:
0.01 < p < 0.04), from 1.5 to 5.7 time increase, according to the treatment; the invasive species performed
equally to the late-successional natives (Figure 4). No
difference was found between species in leaf nitrogen
content expressed on a biomass basis (N m , Figure 4)
whereas Na of the early-successional species was significantly higher compared to that of the late-successional
and the invasive species (0.003 < p < 0.05, according to
the treatment). In the field on adult trees, stronger differences were found, with both early- and late-successional species presenting higher nitrogen contents than
the invasive species (p < 0.001; 70% more compared to
the natives, Figure 3). On adult trees in situ, PNUE
demonstrated the lower efficiency of the invasive species
compared to the natives (p = 0.002, Figure 3); in the
greenhouse, the photosynthetic nitrogen use efficiency
was not significantly different between the species
(Figure 4).

Discussion
In the present study, we compared the growth, physiology and allocation patterns of an invasive tree species,
A. negundo, to co-occurring native tree species across a

wide range of controlled environmental conditions
including light, nutrient availability and disturbance
using 1 year-old seedlings under greenhouse conditions
and adult trees in the field. Overall, A. negundo seedlings
grew better under high-level resource environments (full
light and fertilised). The relative success of A. negundo
was, however, not related to any physiological advantage
per se but to its higher plasticity in allocation to foliage in
response to increasing nutrients and light.
Functional strategies

We showed that under high resource environments, the
invasive A. negundo exhibited higher growth than the cooccurring native tree species. This finding is consistent
with a large majority of studies conducted on woody species wherein invasives outcompeted natives in the field
[11,13,15,18,19] or in experimental plots [14,45,46]. Using
a transplant design in the field, Saccone et al. [43] showed
that A. negundo could outcompete native species through
a trade-off between high survival in shaded environments
and high growth under full light conditions. For species of
the same genus Acer, Kloeppel and Abrams [12] demonstrated that the height growth increment of the native
A. saccharum was more than two times lower than the
growth rate of the invasive A. platanoides.
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Figure 3 (A) Specific leaf area, (B) light- saturated assimilation
rate, (C) leaf nitrogen content and (D) photosynthetic nitrogen
use efficiency of the invasive and native species in the field.
Specific leaf area (SLA, m2. kg-1), light-saturated assimilation rate
(Amax, μmol CO2. m-2. s-1), leaf nitrogen content (Na, g. m-2 ) and
photosynthetic nitrogen use efficiency (PNUE, μmol CO2. g-1 N. s-1 )
of the invasive species (A. negundo, full bars), the late-successional
native species (F. excelsior, grey bars) and the early-successional
native species (A. glutinosa, light-grey bars) as measured in situ.
Values are means of 25 to 34 adult trees (± 1 SE of the mean).
ANOVA were highly significant for all variables, respectively: F =
18.51 p < 0.0001; F = 26.85 p < 0.0001; F = 19.6 p < 0.0001; F =
6.96 p = 0.0016. Means with the same letters are not significantly
different (a = 0.05).

In our study, the growth success of the invasive tree was
not related to any physiological advantage over its native
counterparts. On the contrary, both in the field for adult
trees and under all light and nutrient controlled conditions
for seedlings, A. negundo photosynthetic rates and leaf
nitrogen contents (Na, Nm) were lower or equivalent to
those measured on the late and early-successional native
species. Several studies reported equivalent photosynthetic
rates or characteristics (Vcmax, Jmax, Fv/Fm) when comparing invasive and native tree species [15,18,20] or shrubs
[47]. In some studies, a physiological advantage was even
demonstrated in favour of the invasives [12,19,48]. No previous study on woody plants demonstated a physiological
inferiority of the invasive species. In the literature regarding the nitrogen leaf content and nitrogen use efficiency,
most studies concluded to a superiority of invasive tree
species [13,15,20,49-51] and some to an absence of differences [12,47]. Again no similar study involving tree species
ever demonstrated a net and significant physiological disadvantage related to nitrogen content of the invasive tree
compared to its local native competitors. Thus although
we have been working on seedlings, the findings of our
study are novel for they represent the first study on woody
plants to our knowledge that demonstrated that the
growth superiority of an invasive tree was associated to a
physiological disadvantage relative to the natives; such a
paradox has only been observed one time out of four on
herbaceous species (review by [25]).
The specific allometric properties of A. negundo clearly
demonstrated that despite its poor physiological performances, it could outcompete local species growth due to a
large investment in the development of aerial structures
(lower RSR, higher LWR and TLA, higher SLA) thus maximising solar radiation capture. Under controlled conditions, its total leaf area can represent up to three times
that of the native seedlings, its leaf weight representing 20
to 40% of its total biomass, in opposition with the compared natives (5-20%). Large relative investment in foliage
of invasive species compared to co-occurring natives was
commonly observed [15,18,52,53]. However few studies
really measured the biomass repartition between compartments of invasive tree species and SLA was more largely
measured in trees as a proxy to detect higher light
resource capture capacities. The higher SLA values that
we observed in A. negundo were in accordance with many
studies covering more than 50 species of woody invasives
[13,15,18,47,49,50,53,54].
Our study also generally supports the conclusions of a
recent synthesis comparing 34 woody species in Argentina, including the invasive A. negundo [54], which found
that large leaf and foliage trait values (SLA and TLA) can
be common characteristics to woody invasive species; but
contrary to our conclusion, they also emphasized a physiological superiority as an explanation for invasiveness.
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invasive and native species according to the environmental conditions. Light-saturated assimilation rate (Amax, μmol CO2. m-2. s-1), leaf
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grey triangles) and early-successional native species (S. alba and P. nigra, open squares) across the three shade levels (Full light C, Shade S, Deep
shade SS), the two nutrient levels (nutrient supply N+ vs. no supply N-) and the two disturbance regimes (Disturbed D vs. Non-disturbed ND).

Hence, this synthesis concluded that invasive and native
woody species differ in functional strategies. Another
synthesis recently published using the relationships
between structural (SLA) and physiological trait values
(Amax, N content) concluded that native and invasive species (122 species in Australia) use similar strategies for
light capture and carbon assimilation [55]; the success of
invasive species was thus generated by their positions at
the higher end of the range of species traits values. Similarly, Thompson and Davis [56] proposed to use a continuous scale of traits to compare species from “loser” to
“winner” species; A. negundo would then be identified as
a “winner” species. However, our results do not support
these hypotheses since the native species physiological
characteristics largely exceeded those of the invasive,
whereas A. negundo clearly demonstrated a specific strategy of massive investment in leaf foliage, which largely
compensated for its lower photosynthetic rates and nitrogen use efficiency. This strategy can explain its elevated
growth rates under high resource environments and its
invasiveness in riparian habitats.
Magnitude of plasticity

Our experiment demonstrated that A. negundo is highly
plastic in growth and traits such as TLA or LWR in

response to changes in nutrient availability and light levels.
A. negundo seedlings performed poorly relative to natives
under low nutrient conditions whatever the light regime
and under fertilised but light-limited environments.
A. negundo also strongly benefited from increases in light
and nutrients whereas native species plasticity remained
limited. Indeed, it seems that the success of invaders relative to local species is highly dependent on the growing
conditions [25], as the native species would stand up to
the competition impeding invasion success under stressful
environments (low nutrient, water or light availability). In
accordance with our results, several studies also showed a
pattern of superior allocation plasticity in invasive species
and a massive investment to foliage in response to
resource enrichment [8,15,21,50,52,53,57]. Very few studies examined the physiological-trait plasticity in invasive
tree species. Nonetheless, three studies have found a
higher plasticity in photosynthetic characteristics [19,21]
and nitrogen content [50] in the natives with increasing
resources compared to the invasives, while several others
found a higher plasticity of invasive woody species in
growth responses to nitrogen and/or light compared to
the natives [14,19,46,49,58,59]. A recent experiment comparing invasive and native vines [53] concluded to the
superior plasticity of the invasives in traits related to
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growth and allocation (LWR, SLA) and not in physiological traits (Amax, WUE), in response to light availability,
which is in total accordance with our conclusions. So both
responses can occur in invaded forests, higher or lower
plasticity of the invasive species, likely depending on the
particular species and the characteristics of the invaded
system. Our study forms a first comparison of native and
invasive tree species that covers both field and controlled
resource conditions, investigating physiology and allometry, which allowed us to increase our knowledge regarding
the mechanisms of invasiveness of A. negundo.
In the conceptual framework of Richards’s theory of
plasticity [27] three strategies were proposed by which
invaders can outcompete native species. (i) Jack-of-alltrade, the invader having superior abilities across stressful
environments, (ii) Master-of-some, the invader being able
to outcompete its counterparts under favourable conditions only and (iii) Jack-and-master a combination of both
strategies. Our results clearly show that A. negundo has a
master-of-some strategy that can explain the secret of its
success at least in the riparian forests. Higher plasticity in
allocation traits can allow A. negundo individuals to
rapidly benefit from changes in their environmental conditions (nutrient availability, light) thereby capitalising on
the fluctuating resources of these specific riparian ecosystems to overgrow local species. Thus, in the actual context
of increasing nitrogen deposition [60], the spread of
A. negundo could be accentuated due to both its greater
performance under high nutrient availability and to its
higher plasticity relative to native species. Dramatic
impacts of nitrogen deposition on forest functioning have
indeed been demonstrated, particularly the increase of the
annual rate of biomass increment [61] and the facilitation
of invasions [62].
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plasticity would perfect its growth and potentially allow
its spread in resource-rich riparian forests down to the
river.

Methods
Studied species

Native to North America, Acer negundo L. is the most
widely distributed of all North American maple. A.
negundo was intentionally introduced in Europe during
the seventeenth century (in France around 1749 [64,65]).
It is a small to medium sized tree with pinnately compound leaves that usually have five leaflets. First planted in
parks, this species is now widely used in South of Europe
as an urban tree for avenues for ornamental purposes. The
actual distribution area of A. negundo in Europe now
extends from southern France to Lithuania and from Italy
to Germany [66]. In France, its ongoing invasion takes
place in the southern two-thirds [67], mainly in riparian
habitats. This species is of limited commercial importance
and is considered an ecological pest inducing biodiversity
losses and river banks instability [68].
At the interface between aquatic and terrestrial ecosystems, riparian forests constitute a key ecosystem that
shapes many species’ habitats [69] and are particularly vulnerable to invasions [4]. Acer negundo mostly invades
riparian zones at the ecotone between native softwood and
hardwood communities [43,44,70]. In these habitats, five
native species can commonly be found in France and
thus are likely to compete one or two at a time with
A. negundo: Populus nigra, Salix alba and Alnus glutinosa
are early-successionnal species highly tolerant to disturbances; Fraxinus excelsior and Fraxinus angustifolia are
late-successional and more shade-tolerant species.
Greenhouse experiment design

Conclusions
Our study added to the general debate on the mechanisms
and species traits that explain the success of invasive tree
species over their native counterparts. The success of
A. negundo as an invasive species is likely to be driven by
its superior growth ability compared to native species in
resource-rich environments (light, nitrogen), due to a
higher plasticity in biomass allocation. Moreover, two
further steps would be particularly relevant to determine:
(i) whether the higher magnitude of plasticity is adaptive
by relating trait values to fitness proxies under different
environments [59] and (ii) whether the invasive populations present genetic differentiation in the plasticity of
their traits [10,63] by comparing populations from both
the native and invasive ranges.
High plasticity in biomass allocation could be a key to
understanding tree species invasiveness; the plastic
response of A. negundo could impede its establishment
under closed-canopy hardwood forests while its high

The objective was to compare the invasive tree species,
A. negundo, to the four native tree species: F. excelsior,
F. angustifolia, S. alba and P. nigra. During fall 2003 seeds
of A. negundo and both Fraxinus species were collected in
situ on populations located along the Garonne River and
were sown after vernalization, in spring 2004 at the nursery of the INRA Pierroton research station (44°44’N 0°
46’W, west of Bordeaux, Gironde, France). In February
2005, one-year-old seedlings of S. alba and P. nigra were
bought. In March 2005, seedlings of all five species were
transplanted in 4 L pots filled with a commercial sphagnum soil mixture (organic matter 80 % of dry matter,
pH = 6; Le terreau du producteur, HTA, Saint Cyr en Val,
France) and placed in a greenhouse under natural air relative humidity and controlled temperature (day T° 25°C
and night T° 15°C). Plants were watered daily to field capacity. The experiment was arranged in a split-split-plot
design with complete random blocks (3). The treatments
were applied to mimic riparian habitat conditions: shade
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(3 levels, main plot), nutrient availability (2 levels, subplot) and mechanical disturbance (2 levels, sub-sub-plot).
Treatments were applied from April 1st 2005, 15 days
after leaf unfolding, till June 14th. The shade treatments
consisted in a control full light (C, 100% of the ambient
radiation), shade (S, 25% of full light) and deep shade (SS,
7% of full light). It was obtained combining thermal cloths
over the plants. The nutrition treatment was obtained by
providing a complete fertiliser (N+, 4 mg of fertilizer
Compo Floranid Permanent, 16% N; 7% P2O5; 22.5% SO3;
+ metal elements) versus no fertiliser (N-). The fertiliser
was applied three times on the 3rd, 14th and 53rd day after
the start of the experiment. The fertiliser treatment corresponded to a nutrient level equivalent to that of riparian
forest soils in South-West France [71,72]. Finally, disturbance (D) by river bank flooding was simulated by applying a hand-made partial defoliation (25%, on the 21st and
48th day after the start of the experiment) and compared
to non-disturbed (ND) plants. Four individuals per species
were randomly assigned to each of the 12 treatments, leading to a total of 720 individuals.
Growth and biomass measurements

At the beginning and at the end of the experiment, total
height (cm, ruler, nearest mm, H1 and H2 respectively)
was measured on each seedling. The relative height
growth rate (RGR h , mm. mm -1 .d -1 ) was calculated for
each individual as the difference between the logarithms
of final and initial height divided by the number of days
between the beginning of the experiment and the harvest:

RGRh =

ln( H 2 ) − ln( H1 )
t2 − t1

(1)

where ln (H1) and ln (H2) are the ln-transformed plant
heights at the initial (t1) and final (t2) time of the experiments respectively [73].
At the end of the experiment, all seedlings were harvested to measure above- and below-ground biomasses
(oven-dried at 65°C until constant dry weight) which
were used to calculate the root/shoot ratio (RSR, g.g-1).
Within each treatment and block, 180 plants out of the
720 were sampled randomly but equally amongst the
treatments and species to undertake detailed biomass
measurements: leaves, stems (branches + stem) and
roots were separated. All the leaves were immediately
set in distilled water for a minimum of 12 h to reach
full hydration [74] and total leaf area per individual
(TLA, m 2 ) was determined then with a planimeter
(Light box, Gatehouse, Scientific Instruments LTD, Norfolk, UK). Stem, root and leaf dry weights (oven-dried at
65°C until constant weight) were measured. For each
species, specific leaf area (SLA, m2.kg-1) was calculated

as the ratio of TLA to leaf dry weight; the leaf weight
ratio (LWR, g.g-1) as the ratio of leaf dry weight to total
individual biomass (stems + leaves + roots).
Photosynthesis and nitrogen content measurements

Gas exchange measurements were carried out in early
June, between 8.00 am and 12.00 am, with a steady state
through flow chamber (PLC4, PP-Systems, Hitchin, UK)
coupled with an infra-red gas analyzer (CIRAS II, PPSystems, Hitchin, UK). During the measurements, air
CO2 concentration, air temperature and relative humidity (RH) in the chamber were controlled to match ambient air values: 375 ± 3 ppm of CO2, 25 ± 1°C and 70 ±
10% of RH. All the measurements were made at saturated light (PPFD = 1500 μmol.m -2 .s -1 ) in order to
obtain a light-saturated photosynthetic assimilation rate
(A max , μmol CO 2 .m -2 .s -1 ) at ambient CO 2 . No gas
exchange measurements were conducted under the deep
shade treatment due to the very low number of leaves per
individual. For Salix alba, no measurements could be performed either, whatever the treatment, due to a too small
leaf size compared to the leaf chamber surface. Three
repetitions were made per species and per treatment, leading to a total number of 96 photosynthesis measurements.
Light-saturated photosynthetic assimilation rate per unit
leaf dry weight (Amaxw, μmol CO2.kg-1.s-1) was calculated
as the ratio of Amax to SLA.
Leaf nitrogen content was analysed from the leaf samples used for photosynthetic rate measurements (n = 96).
Leaf samples were crushed to powder with a ball mill
(MM 200, Fisher Bioblock Scientific, France), then nitrogen content (Nm, %) was measured with an elementary
analyser Eager 300 CHONS (FlashEA 1112, ThermoElectron Corporation, Waltham, MA, USA). Nitrogen content
per leaf area (Na, g N.m-2) was calculated as Nm divided by
SLA and the photosynthetic nitrogen use efficiency
(PNUE, μmol CO2.g N-1.s-1) as Amax/ Na.
In situ measurements

In situ measurements were conducted in May 2006 in
four invaded riparian habitats of South-West France.
Two sites were located in Cestas along the Eau Bourde
River (44°45’20.37’’N, 0°40’49.95’’W and 44°44’47.00’’N, 0°
41’17.93’’W), one in Bruges along The Jalles River (44°
54’12.45’’N, 0°36’16.40’’W) and one in Saint-Denis-dePile along the Isle River (44°59’35.66’’N, 0°12’28.45’’W).
In each site, ten adult individuals from the upper canopy
were selected for each species (the invasive species
A. negundo and the co-occurring native species latesuccessional F. excelsior and early-successional Alnus glutinosa). Light-saturated photosynthetic assimilation rate
measurements were carried out following the same protocol as for the greenhouse experiment. Leaves used for
photosynthesis measurements were collected and their
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leaf area, dry weight, SLA and nitrogen contents were
determined as indicated previously.
Statistical analyses

Statistical analyses were conducted using the SAS software package (SAS 9.1, SAS Institute Inc., Cary, NC).
For the controlled conditions experiment, a split-splitplot analysis of variance was performed (proc GLM) and
mean differences assessed with SNK and Tukey multiple
comparison tests (a < 5%). Main plot (shade) and block
effects were tested using shade*block as an error term,
the sub-plot effects (fertilisation, fertilisation*shade)
were tested using block*fertilisation(shade) as an error
term and sub-sub-plot effects (disturbance, disturbance*shade, disturbance*fertilisation, disturbance*shade*fertilisation) were tested using the regular error term
according to Federer and King [75,75]. Analysis of variance (proc GLM) and SNK multiple comparison tests
(a < 5%) were used to test species differences in situ.

Additional material
Additional file 1: Means and Tukey groups per species group for all
measured traits and tested experimental conditions. For a given trait
different letters on the same column indicate significant differences
amongst species groups for a combination of light, fertilisation and
disturbance (Tukey test). Species are grouped by strategy: the invasive
species is Acer negundo. Native early-successional species are Salix alba
and Populus nigra, and native late-successional species are Fraxinus
excelsior and Fraxinus angustifolia. Traits are RGRh relative height growth
rate (mm. mm-1.d-1.10-3), RSR root shoot ratio (g. g-1), TLA total leaf area
(m2), SLA specific leaf area (m2. kg-1), LWR leaf weight ratio (g. g-1), Amax
light-saturated assimilation rate (μmol CO2. m-2. s-1), Nm nitrogen content
(%), Na leaf nitrogen content (g. m-2)and PNUE photosynthetic nitrogen
use efficiency (μmol CO2. g-1N. s-1). Environmental conditions are:
Fertilised (N+), Non-fertilised (N-), Disturbed (D), Non-disturbed (ND), Full
light (C), Shade (S) and Deep shade (SS).

Acknowledgements
We thank the INRA Experimental Unit of Cestas-Pierroton (France) for its
technical assistance with the greenhouse experiment. We are also grateful to
C. Signarbieux, A. Lugot and A. Peytavin for their contribution in data
collection. Our study was supported by grants from the French Ministry of
Environment (Invabio) and from the Conseil Général de Gironde and Conseil
Général du Gers. Laurent J. Lamarque is benefiting from a Doctoral
fellowship from York University, Toronto (Canada).
Author details
UMR 1202 Biodiversité Gènes et Communautés, Université de Bordeaux,
Talence, 33400, France. 2UMR 1202 Biodiversité Gènes et Communautés,
Institut National de la Recherche Agronomique, Cestas, 33610, France.
3
Department of Biology, York University, Toronto, M3J 1P3, Canada.
1

Authors’ contributions
AJP developed the theoretical background and drafted the manuscript. LJL
collected the data, contributed to the data analysis and drafted the
manuscript. CJL contributed to the theoretical background and revised the
manuscript. RM was at the initiative of the project, contributed to the
funding and data analysis. SD constructed the experimental design, carried
out the statistical analysis and drafted the manuscript. All authors read and
approved the final manuscript.

Page 10 of 12

Received: 21 March 2011 Accepted: 24 November 2011
Published: 24 November 2011
References
1. Mack RN, Simberloff D, Lonsdale WM, Evans H, Clout M, Bazzaz FA: Biotic
invasions: Causes, epidemiology, global consequences, and control. Ecol
Applic 2000, 10:689-710.
2. Pimentel D, Zuniga R, Morrison D: Update on the environmental and
economic costs associated with alien-invasive species in the United
States. Ecol Econ 2005, 52:273-288.
3. Vitousek PM, Dantonio CM, Loope LL, Rejmanek M, Westbrooks R:
Introduced species: A significant component of human-caused global
change. New Zeal J Ecol 1997, 21:1-16.
4. Richardson DM, Pysek P: Plant invasions: merging the concepts of species
invasiveness and community invasibility. Prog Phys Geog 2006, 30:409-431.
5. Sakai AK, Allendorf FW, Holt JS, Lodge DM, Molofsky J, With KA,
Baughman S, Cabin RJ, Cohen JE, Ellstrand NC, et al: The population
biology of invasive species. Ann Rev Ecol Syst 2001, 32:305-332.
6. Rejmanek M, Richardson DM: What attributes make some plant species
more invasive? Ecology 1996, 77:1655-1661.
7. Williamson M, Fitter A: The varying success of invaders. Ecology 1996,
77:1661-1666.
8. Vila M, Weiner J: Are invasive plant species better competitors than
native plant species? evidence from pair-wise experiments. Oikos 2004,
105:229-238.
9. Richardson DM: Forestry trees as invasive aliens. Conserv Biol 1998,
12:18-26.
10. Lamarque LJ, Delzon S, Lortie CJ: Tree invasions: a comparative test of
the dominant hypotheses and functional traits. Biol Invasions 2011,
13:1969-1989.
11. Akasaka M, Tsuyuzaki S: Tree seedling performance in microhabitats
along an elevational gradient on Mount Koma, Japan. Journal of
Vegetation Science 2005, 16:647-654.
12. Kloeppel BD, Abrams MD: Ecophysiological attributes of the native Acer
saccharum and the exotic Acer platanoides in urban oak forests in
Pennsylvania, USA. Tree Physiol 1995, 15:739-746.
13. Stratton LC, Goldstein G: Carbon uptake, growth and resource-use
efficiency in one invasive and six native Hawaiian dry forest tree
species. Tree Physiol 2001, 21:1327-1334.
14. Siemann E, Rogers WE: Changes in light and nitrogen availability under
pioneer trees may indirectly facilitate tree invasions of grasslands. J Ecol
2003, 91:923-931.
15. Gleason SM, Ares A: Photosynthesis, carbohydrate storage and survival of
a native and an introduced tree species in relation to light and
defoliation. Tree Physiol 2004, 24:1087-1097.
16. Lambers H, Poorter H: Inherent variation in growth rate between higher
plants: A search for physiological causes and ecological consequences.
Adv Ecol Res 1992, 22:187-261.
17. Leishman MR, Haslehurst T, Ares A, Baruch Z: Leaf trait relationships of
native and invasive plants: community- and global-scale comparisons.
New Phytol 2007, 176:635-643.
18. Grotkopp E, Rejmanek M, Rost TL: Toward a causal explanation of plant
invasiveness: Seedling growth and life-history strategies of 29 pine
(Pinus) species. Am Nat 2002, 159:396-419.
19. Pattison RR, Goldstein G, Ares A: Growth, biomass allocation and
photosynthesis of invasive and native Hawaiian rainforest species.
Oecologia 1998, 117:449-459.
20. Baruch Z, Goldstein G: Leaf construction cost, nutrient concentration, and
net CO2 assimilation of native and invasive species in Hawaii. Oecologia
1999, 121:183-192.
21. Funk JL: Differences in plasticity between invasive and native plants
from a low resource environment. J Ecol 2008, 96:1162-1173.
22. Yamashita N, Koike N, Ishida A: Leaf ontogenetic dependence of light
acclimation in invasive and native subtropical trees of different
successional status. Plant Cell Environ 2002, 25:1341-1356.
23. Baker HG: The evolution of weeds. Ann Rev Ecol Syst 1974, 5:1-24.
24. Sultan SE: Phenotypic plasticity for fitness components in Polygonum
species of contrasting ecological breadth. Ecology 2001, 82:328-343.
25. Daehler CC: Performance comparisons of co-occurring native and alien
invasive plants: Implications for conservation and restoration. Ann Rev
Ecol Evol S 2003, 34:183-211.

Porté et al. BMC Ecology 2011, 11:28
http://www.biomedcentral.com/1472-6785/11/28

26. Muth NZ, Pigliucci M: Implementation of a novel framework for assessing
species plasticity in biological invasions: responses of Centaurea and
Crepis to phosphorus and water availability. J Ecol 2007, 95:1001-1013.
27. Richards CL, Bossdorf O, Muth NZ, Gurevitch J, Pigliucci M: Jack of all
trades, master of some? On the role of phenotypic plasticity in plant
invasions. Ecology Letters 2006, 9:981-993.
28. Durand LZ, Goldstein G: Photosynthesis, photoinhibition, and nitrogen
use efficiency in native and invasive tree ferns in Hawaii. Oecologia 2001,
126:345-354.
29. Pan X, Geng Y, Zhang W, Li B, Chen J: The influence of abiotic stress and
phenotypic plasticity on the distribution of invasive Alternanthera
philoxeroides along a riparian zone. Acta Oecologica 2006, 30:333-341.
30. Zou JW, Rogers WE, Siemann E: Plasticity of Sapium sebiferum seedling
growth to light and water resources: Inter- and intraspecific
comparisons. Basic Appl Ecol 2009, 10:79-88.
31. Sexton JP, McKay JK, Sala A: Plasticity and genetic diversity may allow
saltcedar to invade cold climates in North America. Ecol Applic 2002,
12:1652-1660.
32. Parker IM, Rodriguez J, Loik ME: An evolutionary approach to
understanding the biology of invasions: Local adaptation and generalpurpose genotypes in the weed Verbascum thapsus. Conserv Biol 2003,
17:59-72.
33. Poulin J, Sakai AK, Weller SG, Nguyen T: Phenotypic plasticity,
precipitation, and invasiveness in the fire-promoting grass Pennisetum
setaceum (poaceae). Am J Bot 2007, 94:533-541.
34. Burns JH: A comparison of invasive and non-invasive dayflowers
(Commelinaceae) across experimental nutrient and water gradients.
Divers Distrib 2004, 10:387-397.
35. Burns JH, Winn AA: A comparison of plastic responses to competition by
invasive and non-invasive congeners in the commelinaceae. Biol
Invasions 2006, 8:797-807.
36. Richardson DM, Rejmanek M: Conifers as invasive aliens: a global survey
and predictive framework. Divers Distrib 2004, 10:321-331.
37. Richardson DM: Pinus: a model group for unlocking the secrets of alien
plant invasions? Preslia 2006, 78:375-388.
38. Spector T, Putz FE: Biomechanical plasticity facilitates invasion of
maritime forests in the southern USA by Brazilian pepper (Schinus
terebinthifolius). Biol Invasions 2006, 8:255-260.
39. Walter J, Essl F, Englisch Th, Kiehn M: Neophytes in Austria: Habitat
preferences and ecological effects. In Biological Invasions - From Ecology to
Control Edited by: Nentwig W 2005, 13-25.
40. Kunstler P: The role of Acer negundo L. inthe structure of floodplain
forests in the middle course of the Vistula river. 5th International
Conference on the Ecology of Invasive Alien Plants; 13-16 October 1999 - La
Maddalena - Sardinia - Italy. 76 .
41. Protopopova VV, Shevera MV, Mosyakin SL: Deliberate and unintentional
introduction of invasive weeds: A case study of the alien flora of
Ukraine. Euphytica 2006, 148:17-33.
42. Saccone P, Pages JP, Girel J, Brun JJ, Michalet R: Acer negundo invasion
along a successional gradient: early direct facilitation by native pioneers
and late indirect facilitation by conspecifics. New Phytologist 2010,
187:831-842.
43. Saccone P, Brun JJ, Michalet R: Challenging growth-survival trade-off: a
key for Acer negundo invasion in European floodplains? Canadian
Journal of Forest Research 2010, 40:1879-1886.
44. Tabacchi E, Planty-Tabacchi AM: Recent changes in riparian vegetation:
Possible consequences on dead wood processing along rivers. River
Research and Applications 2003, 19:251-263.
45. Fogarty G, Facelli JM: Growth and competition of Cytisus scoparius, an
invasive shrub, and Australian native shrubs. Plant Ecol 1999, 144:27-35.
46. Rogers WE, Nijjer S, Smith CL, Siemann E: Effects of resources and
herbivory on leaf morphology and physiology of Chinese tallow (Sapium
sebiferum) tree seedlings. Tex J Sci 2000, 52:43-56.
47. Boyd JN, Xu CY, Griffin KL: Cost-effectiveness of leaf energy and resource
investment of invasive Berberis thunbergii and co-occurring native
shrubs. Can J For Res 2009, 39:2109-2118.
48. McDowell SCL, Turner DP: Reproductive effort in invasive and noninvasive Rubus. Oecologia 2002, 133:102-111.
49. Leishman MR, Thomson VP: Experimental evidence for the effects of
additional water, nutrients and physical disturbance on invasive plants

Page 11 of 12

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.
64.
65.
66.

67.
68.

69.

70.
71.

72.

in low fertility Hawkesbury Sandstone soils, Sydney, Australia. J Ecol
2005, 93:38-49.
Schumacher E, Kueffer C, Edwards PJ, Dietz H: Influence of light and
nutrient conditions on seedling growth of native and invasive trees in
the Seychelles. Biol Invasions 2009, 11:1941-1954.
Kurokawa H, Peltzer DA, Wardle DA: Plant traits, leaf palatability and litter
decomposability for co-occurring woody species differing in invasion
status and nitrogen fixation ability. Funct Ecol 2010, 24:513-523.
Peperkorn R, Werner C, Beyschlag W: Phenotypic plasticity of an invasive
acacia versus two native Mediterranean species. Funct Plant Biol 2005,
32:933-944.
Osunkoya OO, Bayliss D, Panetta FD, Vivian-Smith G: Variation in
ecophysiology and carbon economy of invasive and native woody vines
of riparian zones in south-eastern Queensland. Austral Ecol 2010,
35:636-649.
Tecco PA, Diaz S, Cabido M, Urcelay C: Functional traits of alien plants
across contrasting climatic and land-use regimes: do aliens join the
locals or try harder than them? J Ecol 2010, 98:17-27.
Leishman MR, Thomson VP, Cooke J: Native and exotic invasive plants
have fundamentally similar carbon capture strategies. J Ecol 2010,
98:28-42.
Thompson K, Davis MA: Why research on traits of invasive plants tells us
very little. Trends Ecol Evol 2011, 26:155-156.
Littschwager J, Lauerer M, Blagodatskaya E, Kuzyakov Y: Nitrogen uptake
and utilisation as a competition factor between invasive Duchesnea
indica and native Fragaria vesca. Plant Soil 2010, 331:105-114.
Gurevitch J, Howard TG, Ashton IW, Leger EA, Howe KM, Woo E, Lerdau M:
Effects of experimental manipulation of light and nutrients on
establishment of seedlings of native and invasive woody species in
Long Island, NY forests. Biological Invasions 2008, 10:821-831.
Davidson AM, Jennions M, Nicrotra AB: Do invasive species show higher
phenotypic plasticity than native species and, if so, is it adaptive? A
meta-analysis. Ecology Letters 2011, 14:419-431.
Galloway JN, Townsend AR, Erisman JW, Bekunda M, Cai Z, Freney JR,
Martinelli LA, Seitzinger SP, Sutton MA: Transformation of the nitrogen
cycle: recent trends, questions, and potential solutions. Science 2008,
320:889-892.
Magnani F, Mencuccini M, Borghetti M, Berbigier P, Berninger F, Delzon S,
Grelle A, Hari P, Jarvis PG, Kolari P, et al: The human footprint in the
carbon cycle of temperate and boreal forests. Nature 2007, 447:848-852.
Vila M, Corbin JD, Dukes JS, Pino J, Smith SD: Linking Plant Invasions to
Global Environmental Change. In Terrestrial Ecosystems in a Changing
World. Edited by: Canadell JG, Pataki DE, Pitelka LF. Springer Berlin
Heidelberg; 2007:93-102.
Blossey B, Notzold R: Evolution of increased competitive ability in
invasive nonindigenous plants - a hypothesis. J Ecol 1995, 83:887-889.
Lair P-A.: Précis des travaux de la société royale d’agriculture et de commerce
de Caen Caen: Poisson F;1827.
Williams R: French Connections. Cultivating American trees in
revolutionary France. Forest History Today 2008, Spring:20-27.
Medrzycki P: NOBANIS - Invasive Alien Species Fact Sheet - Acer
negundo. Online Database of the North European and Baltic Network on
Invasive Alien Species - NOBANIS 2007 [http://www.nobanis.org].
Muller S, Tabacchi E: Acer negundo L. In Plantes invasives en France. Edited
by: Muller S. Paris: Muséum national d’Histoire naturelle; 2004:26-27.
Lachat B, Adam P, Debiais N: Le génie écologique au service de la
restauration des berges en région Pays de la Loire : exemples sur la
Sarthe et sur la Mayenne. Ingénierie et travaux écologiques en milieu fluvial
Orléans; 1997, 1-19.
Richardson DM, Holmes PM, Esler KJ, Galatowitsch SM, Stromberg JC,
Kirkman SP, Pysek P, Hobbs RJ: Riparian vegetation: degradation, alien
plant invasions, and restoration prospects. Divers Distrib 2007, 13:126-139.
Pont B: Iles de la platière - Plan de Gestion 1999-2003 1999.
Pinay G, Roques L, Fabre A: Spatial and temporal patterns of
denitrification in a riparian fores. Journal of Applied Ecology 1993,
30:581-591.
Pinay G, Black VJ, Planty-Tabacchi AM, Gumiero B, Décamps H: Geomorphic
control of denitrification in large river floodplain soils. Biogeochemistry
2000, 50:163-182.

Porté et al. BMC Ecology 2011, 11:28
http://www.biomedcentral.com/1472-6785/11/28

Page 12 of 12

73. Sanford NL, Harrington RA, Fownes JH: Survival and growth of native and
alien woody seedlings in open and understory environments. Forest
Ecology and Management 2003, 183:377-385.
74. Garnier E, Shipley B, Roumet C, Laurent G: A standardized protocol for the
determination of specific leaf area and leaf dry matter content. Funct
Ecol 2001, 15:688-695.
75. Federer WT, King F: Variations on split plot and split block experiment
designs. Hoboken, New Jersey: John Wiley and Sons, Inc.; 2007.
doi:10.1186/1472-6785-11-28
Cite this article as: Porté et al.: Invasive Acer negundo outperforms
native species in non-limiting resource environments due to its higher
phenotypic plasticity. BMC Ecology 2011 11:28.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

