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Phenotypic plasticity of two invasive alien plant species inside
a deciduous forest in a strict nature reserve in Italy
Mirko Umberto Granata, Francesco Bracco, and Rosangela Catoni

Department of Earth and Environmental Sciences, University of Pavia, Pavia 27100, Italy

ABSTRACT
Invasive alien plant species (IAPs) represent one of the main biologi-
cal threats to biodiversity worldwide. Information about their pheno-
typic plasticity are needed to increase awareness about their future
invasive potential. A study about phenotypic plasticity in response to
contrasting light regimes and its quantification by a plasticity index
(PI) of two IAPs (Ailanthus altissima and Robinia pseudoacacia) inside
a Strict Nature Reserve was conducted. R. pseudoacacia showed
a 70% higher PI, with a strongly greater value at morphological leaf
level, associated with a greater ability to survive and grow in forest
understory, explaining its greater widespread. Otherwise, A. altissima
showed its highest PI at physiological level, which was associated
with the ability to colonize and grow in environments with high-light
regimes. Based on these results, the conservative management has
limited the presence of A. altissima by its lower ability to grow in
forest understory. In fact, the small-scale gaps in the forest infrastruc-
ture, that could allow its recruitment, are originated only from the
death of a single tree or small group of trees. Regarding
R. pseudoacacia, it is critical to maintain this type of management
because any disturbances resulting in large openings could further
promote its presence inside the Reserve.
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Introduction

The invasion of alien species is among the main biological threats to biodiversity world-
wide (Pauchard & Shea, 2006). Once established, invasive alien plant species (IAPs) may
affect native plant communities by reducing their diversity and abundance (Vilà et al.,
2011). These effects may be caused directly by allelopathy and competition for resources
(Maron & Marler, 2008) or indirectly by modifying the environment to the detriment of
native species in their own benefit (Niu, Liu, Wan, & Liu, 2007). In particular, the effects
that IAPs can have on the environment range from changing fire and hydrological regimes
(Le Maitre, Van Wilgen, Chapman, & McKelly, 1996) to the alteration of carbon and
nitrogen cycle (Ehrenfeld, 2003) by affecting several processes including nitrogen fixation,
soil nitrogen mineralization (Hawkes, Wren, Herman, & Firestone, 2005), plant nutrient
uptake, and nutrient transfer to soil through litterfall (Lindsay & French, 2005).

Plant traits involved in allowing invasive species to become successful invaders remains
a challenging question in invasion ecology (van Kleunen, Weberm, & Fischer, 2010).
Previous studies together with exhaustive meta-analysis (Davidson, Jennions, & Nicotra,
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2011; Pigliucci & Preston, 2004; Richards, Bossdorf, Muth, Gurevitch, & Pigliucci, 2006)
emphasized how a high phenotypic plasticity in some particular functional traits can be
considered as a potential factor in promoting invasion success since helps these species to
express advantageous phenotypes over a broad range of environments (Matesanz, Gianoli,
& Valladares, 2010). Actually, according to the original definition by Bradshaw (1965)
phenotypic plasticity can be explained as the change in phenotypic expression of
a genotype in response to environmental factors. Among the functional traits, morpholo-
gical leaf traits (e.g. specific leaf area) and physiological leaf traits (e.g. photosynthetic
rates) differ between invasive and noninvasive ⁄ native species and are usually associated
with invasiveness (Godoy, Valladares, & Castro-Díez, 2012). Specifically, IAPs compared
to noninvasive plant species seem to have a high plastic response to light levels
(Yamashita, Ishida, Kushima, & Tanaka, 2000); that, among the environmental factors,
play a key role in plant survival and development (Nascimento, Pastorini, Romagnolo, &
de Souza, 2015). In fact, the ability of plants to capture and utilize light is an important
determinant of species growth, recruitment, and fitness, which is of utmost importance for
introduced plants invading forest ecosystems (Standish, Robertson, & Williams, 2001).
Changes in light availability may therefore induce differentiation in the plant architectural,
morphological, anatomical, and physiological traits that affect plant survival in various
environmental conditions (Oguchi, Hikosaka, & Hirose, 2003). In particular, leaf traits are
highly plastic (Chen, Zeng, Fahey, Yao, & Yu, 2010) and being the leaf the main light-
harvesting organ it requires a great acclimation capacity to enable carbon gain optimiza-
tion under different light environmental conditions (Guo, Li, Gao, & Yang, 2019;
Nascimento et al., 2015). Thus, a better understanding of the invasive ability and future
invasive potential of introduced species can be achieved through information on pheno-
typic plasticity (Wei, Tang, Pan, & Li, 2017). In order to achieve this, a set of common
methods for the quantitative estimation of phenotypic plasticity has been defined, depend-
ing on the purpose of the study (Valladares, Sanchez-Gomez, & Zavala, 2006).

In such context, the objective of this research was to analyze the phenotypic plasticity
of several leaf traits at anatomical, morphological, and physiological level of two IAPs in
response to contrasting light conditions (understory vs. opening). The selected species
were the tree of heaven (Ailanthus altissima (Mill.) Swingle) and the black locust
(Robinia pseudoacacia L.) considered among the 100 worst invasive species in Europe
(Nentwig, Bacher, Kumschick, Pyšek, & Vilà, 2018) and included in the Italian watch-list
of the invasive species. They are two of the most invasive plant species growing in the
Strict Nature Reserve “Bosco Siro Negri” (Italy) which represents one of the best
conserved relicts of the original alluvial forests that in the past largely covered the
banks of the Ticino river (Motta, Nola, & Berretti, 2009). To date, the alluvial forest
ecosystems are one of the most threatened natural environments of southern Europe
because they have been greatly reduced in size and are now represented exclusively by
fragmented remnants (Schnitzler, Hale, & Alsum, 2007). These two IAPs were intro-
duced into the Ticino Regional Park at the end of the 19th century (Motta et al., 2009);
and are now widespread contributing to significant ecological problems because they
impact biodiversity and forest ecosystem functioning (Motta Fré & Motta, 2000).
R. pseudoacacia is native to the south-eastern United States, and it is recognized as
one of the most problematic invaders in Europe (Kleinbauer, Dullinge, Peterseil, & Essl,
2010), including Italy (Celesti Grapow, Pretto, Brundu, Carli, & Blasi, 2009). A. altissima
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is native to northeastern China expanding on all continents except Antarctica (Kowarik
& Säumel, 2007). The analysis of morphological, anatomical, and physiological changes
in response to contrasting light and quantitative evaluation through a phenotypic
plasticity index could allow a better awareness of the capacity of the two IAPs to expand
inside the Strict Nature Reserve. Therefore, these information could provide more
sustain to the current integrated management of the Reserve in view of maintaining
a sustainable forest. In particular, among all the common methods used to quantify the
phenotypic plasticity, we applied the phenotypic plasticity index based on maximum and
minimum means, which has been used in others previous studies to compared the
phenotypic plastic response to contrasting light regimes (among others, Catoni, Granata,
Sartori, Varone, & Gratani, 2015a; Catoni, Gratani, Sartori, Varone, & Granata, 2015b;
Valladares et al., 2002; Xiao, Wang, Liu, Wang, & Du, 2015). Currently, inside the Strict
Nature Reserve R. pseudoacacia is more widespread in the closed-canopy forest
(Granata, Gratani, Bracco, Sartori, & Catoni, 2016; Motta et al., 2009), compared to
A. altissima. Otherwise, both the IPAs are widespread in the forest edge characterized by
high-light regime, confirming that this environment is more susceptible to the invasion
than forest interior (H.-W. Lee & Lee, 2006; Radtke et al., 2013). Thus, our research
hypothesis was that the greater invasion success of R. pseudoacacia in the forest
understory arises from a higher acclimatization capacity to light environment variations
resulting in a greater plasticity index compared to A. altissima.

Materials and methods

Study area and plant material

The study was carried out in the broadleaf deciduous forest within the Strict Nature
Reserve “Bosco Siro Negri” (45°12ʹ39́’’N; 09°03ʹ26ʹ’E, 74 m a.s.l., Italy) in the period of
May – October 2017.

The Reserve extending over 10 ha and no logging was carried out since its establishment in
1970 (Castagneri, Garbarino, & Nola, 2013). The Reserve belongs to a Site of Community
Importance (IT 2080014, “Bosco Siro Negri and Moriano”) which covers an area of 1,352 ha.

The climate of the area is characterized by a total annual rainfall of 654 mm most of it
falling in autumn and winter. The mean minimum air temperature (Tmin) of the coldest
month (January) is – 0.2 ± 1.8°C, the mean maximum air temperature (Tmax) of the hottest
month (July) 30.1 ± 1.3°C and the mean annual temperature (Tm) 13.7 ± 8.2°C. Floods
occurred sporadically every 5–10 years during the last 40 years, with water levels up to 1.50 m
height in the forest during exceptional events (Castagneri et al., 2013; Motta et al., 2009). On
average, groundwater level is around – 4.50 m in winter reaching – 3.50 m in summer due to
irrigation in the surrounding area (Lombardia Regional Agency for Environmental
Protection, Meteorological Station of Pavia, Ponte Ticino SS35, data for the period
2002–2016). During the study period total rainfall was 83 mm, Tm 21.1 ± 4.8°C and Tmax

(August) 31.3 ± 2.2°C (Lombardia Regional Agency for Environmental Protection,
Meteorological Station of Pavia, Ponte Ticino SS35, data for the period May –
October 2017) (Figure 1).

Five representative juvenile plants of R. pseudoacacia and of A. altissima growing
outside the forest, in high-light conditions (sun plants) and five representative juvenile
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plants of each species growing in the understory of the forest (shade plants) were
randomly chosen. All the considered morphological, anatomical, and physiological leaf
traits are summarized in Table 1.

Soil and light regime measurements

Soil samples (500 g each, three samples for sun and shade conditions) were collected in July in
the area of the selected plants, at least 5 days after the last rainfall, by a hand auger at 40-cm
depth. Soil analysis was performed according to Violante (2000): pH, soil water content

Figure 1. Trend of mean air temperature (Tmean), minimum air temperature (Tmin), maximum air
temperature (Tmax) and rainfall during the study period (May–October).

Table 1. List of the analyzed leaf traits at morphological, anatomical, and physiological level in
Ailanthus altissima and Robinia pseudoacacia.
Leaf trait unit

Leaf surface area LA cm2

Leaf dry mass DM mg
Specific leaf area SLA cm2 g−1

Total leaf thickness LT µm
Palisade parenchyma thickness PP µm
Spongy parenchyma thickness SP µm
Adaxial cuticle and epidermis thickness CETad µm
Abaxial cuticle epidermis thickness CETab µm
Net photosynthetic rates PN µmol(CO2) m

−2 s−1

Stomatal conductance gs mol(H2O) m
−2 s−1

Transpiration rates E mmol(H2O) m
−2 s−1

Leaf respiration rates RD µmol(CO2) m
−2 s−1

Ratio between leaf respiration rates and net photosynthetic rates RD/PN
Relative chlorophyll content RCc SPAD unit
Maximum PSII photochemical efficiency Fv/FM
Actual quantum yield of photosynthesis of light-adapted leaves ɸPSII

Electron transport rates ETR µmol(e-) m−2 s−1
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(SWC), total soil nitrogen content (N), soil organic matter content (SOM), and soil organic
carbon content (C) were determined. Soil samples were air-dried and then passed through
a 2-mm sieve. The pH (in H2O) was measured by a glass electrode pH meter (Corning Model
220 pH-meter, Labequip Ltd., Canada) on a 1:2.5 soil – water suspension. N was determined
by the Kjeldahl method, and C by the oxidation method using K2Cr2O7- H2SO4 (Sims &
Haby, 1971). The ratio between carbon and nitrogen content (C/N) was calculated. SWC was
determined on soil samples (500 g each) as fresh soil minus dry soil divided by dry soil,
calculated after oven dried at 90ºC to a constant mass.

The photosynthetic photon flux density (PPFD, µmol photon m−2 s−1) was measured
monthly, during the study period, from 09.00 to 12.00 h, in the forest understory (shade
condition) and in the open area (sun condition) by a quantum radiometer photometer
(LI-185B, Licor, USA).

Morphological and anatomical measurements

Fully expanded leaves (n = 10 per each sun and shade plant per species) from the external
medium portion of the crown of the considered plants were collected at the end of May. Leaf
samples were sealed in plastic bags and transported immediately to the laboratory for
measurements. Measurements included leaf surface area (LA), obtained by the image analysis
system (Winfolia Software) and leaf dry mass (DM), determined by drying leaves at 80°C to
a constant mass. The specific leaf area (SLA) was calculated by the ratio of LA and DM.

Fresh leaf sections from fully expanded leaves (n = 10 per each sun and shade plant and
species) were hand cut and analyzed by light microscopy using an image analysis system
(Axiovision AC software). The following parameters were measured: total leaf thickness
(LT), palisade and spongy parenchyma thickness (PP and SP, µm, respectively), thickness
of the adaxial and abaxial cuticle and epidermis (CETad and CETab, µm, respectively). All
measurements were restricted to vein-free areas, according to B.F. Chabot and Chabot
(1977).

Gas-exchange and relative chlorophyll content measurements

Gas-exchange measurements were carried out in the period of May to October 2017 (three
leaves per each sun and shade plant per species). Net photosynthetic rate (PN), stomatal
conductance (gs), leaf transpiration (E), leaf temperature (Tl), and sub-stomatal CO2

concentration (Ci) were measured by an infrared gas analyzer (LCPro+, ADC, UK)
equipped with a leaf chamber (PLC, Parkinson Leaf Chamber, UK). Measurements were
carried out on cloud-free days in the morning from 9.00 to 11.00 h. In particular,
measurements in sun were carried out when PPFD was ≥ 1,200 μmol photon m–2 s–1 to
ensure that the maximum rates were measured. CO2 concentration in the leaf chamber
(Ca) was set at 400 µmol CO2 mol−1 air, while air temperature ranged 25–33 ◦C and the
relative humidity of the incoming air ranged between 40 and 60%. On each sampling
occasion, leaf respiration (RD) was measured after PN measurements (on the same leaves)
as CO2 efflux by darkening the leaf chamber with a black paper, according to Cai, Slot, and
Fan (2005) for 30 min prior to each measurement, to avoid the release of CO2 transient
post irradiation bursts. The shown RD and PN represented the mean values of three days of
measurements per month characterized by the same weather conditions. The ratio
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between RD and PN was calculated as indicative of the leaf carbon balance according to
Catoni and Gratani (2014).

The relative chlorophyll content (RCc, SPAD unit) was determined by means of SPAD-
502 chlorophyll meter (Minolta, Japan). Measurements were carried out on the same
leaves used for gas-exchange and chlorophyll fluorescence measurements (three leaves per
each sun and shade plant per species).

Chl fluorescence measurements

Chlorophyll fluorescence measurements including maximum PSII photochemical effi-
ciency (Fv/FM), actual quantum yield of photosynthesis of light-adapted leaves (ɸPSII)
and electron transportation rate (ETR) were carried out by a portable modulated fluo-
rometer (OS5p, Opti-Sciences, USA) on fully expanded leaves (three leaves per each sun
and shade plant per species). For measurements of Fv/FM, leaves were first dark-adapted
for 30 min by leaf clips then a saturating pulse was applied to measure initial (F0) and
maximum (FM) fluorescence. FV/FM was estimated as:

FV=FM ¼ FM � F0ð Þ=FM:

ɸPSII was calculated on light-adapted leaves, according to Genty, Briantais, and Baker
(1989) as:

ϕPSII ¼ ðFM0 � FSÞ=FM

where FM´ was the maximum fluorescence obtained with a light-saturating pulse
(∼8000 µmol m−2 s−1) and Fs was the steady-state fluorescence of illuminated leaves
(1600 µmol m−2 s−1).

ETR (µmol e- m−2s−1) was calculated according to Krall and Edwards (1992) as:

ETR ¼ ϕPSII

� � � PPFD � 0:5 � 0:84

Leaf traits plasticity

A phenotypic plasticity index was calculated for each of the considered anatomical (PIa),
morphological (PIm), and physiological (PIp) leaf traits measured in May, since previous
studies have demonstrated that longer-term foliage traits versus light relationships are
stable during most of the growing season (Hallik, Niinemets, & Kull, 2012; Niinemets,
Kull, & Tenhunenet, 2004).

The index was calculated as the difference between the minimum and the maximum
mean value between sun and shade leaves divided by the maximum mean value, according
to Valladares, Wright, Lasso, Kitajima, and Pearcy (2000). Higher PI values closer to 1
indicate that the variable is more plastic (Valladares et al., 2005). The mean plasticity
index (PI) was calculated by averaging the plasticity index for all the considered anato-
mical, morphological, and physiological leaf traits. The PI had the advantage that variable
with different units and contrasting ranges can be compared (Peperkorn, Werner, &
Beyschlag, 2005; Valladares et al., 2000).
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Statistical analysis

Differences in morphological, anatomical, and physiological leaf traits were analyzed by
one-way analysis of variance (ANOVA). Repeated measure ANOVA was performed on
physiological variables to test for significant difference (p ≤ 0.05) among months (i.e. main
factor) and sampling days (i.e. within effect) in sun and shade plant and species. Simple
regression analysis was carried out among the considered leaf traits. All statistical tests
were performed using a statistical software (Statistica, Statsoft, USA).

Results

Soil and light regime measurements

Soil characterization in sun and shade conditions are shown in Table 2. The results
showed a pH value of 5.15 ± 0.03 and 5.50 ± 0.05 in sun and shade, respectively, and
a soil water content (SWC) of 17.0 ± 1.0% and 25.2 ± 3.3% in sun and shade, respectively.
The soil N content was 47% higher in sun than in shade, while the ratio C/N was 93%
higher in shade than in sun, soil organic matter (SOM) was 3.3 ± 0.3% and 5.2 ± 0.3% in
sun and shade, respectively. During the study period, the average PPFD value in sun
condition was 1,536 ± 100 µmol photon m–2 s–1 (mean value) and in shade condition was
124 ± 20 µmol photon m–2 s–1 (mean value).

Morphological and anatomical responses to contrasting light regimes

Morphological and anatomical leaf traits for sun and shade conditions are shown in Table 3.
Leaf area was 45% lower (mean value of the two species) in sun than in shade

condition, with the greater variation observed in R. pseudoacacia (47.5 ± 1.2 and
203.2 ± 5.5 cm2, sun and shade conditions, respectively). The higher LA in shade resulted,
on an average, in a more than 100% higher SLA, with R. pseudoacacia having the highest
value in shade condition (344.7 ± 18.8 cm2 g−1). At anatomical level, leaves in sun
condition showed a higher leaf thickness and palisade parenchyma (by 37 and 82%,
respectively) compared to shade. Among the two species, R. pseudoacacia had the highest
LT in sun (150.5 ± 2.2 µm), while A. altissima the highest value in shade leaves
(130.8 ± 4.7 µm). On the contrary, spongy parenchyma thickness was 8% higher (mean
value of the two species) in shade than in sun condition. The palisade-to-spongy par-
enchyma ratio resulted 43% lower (mean value) in shade than in sun. CETad and CETab

Table 2. Soil characterization in sun and shade conditions. SWC –
soil water content; N – total soil nitrogen content; C/N – ratio
between carbon and nitrogen content; SOM – soil organic matter
content. Mean values (± SE) are shown (n = 3).
Parameter Sun Shade

SWC[%] 17.0 ± 1.0 25.2 ± 3.3
pH 5.15 ± 0.03 5.50 ± 0.05
N[%] 0.25 ± 0.05 0.17 ± 0.06
C/N 9.2 ± 1.3 17.8 ± 0.8
SOM [%] 3.3 ± 0.3 5.2 ± 0.3
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were 17 and 11%, respectively, higher in sun than in shade condition, both showing
a higher value in A. altissima. The association between higher SLA with lower LT resulted
in a significant (p < 0.05) negative correlation between these two variables, showing that
a 63% of SLA variations was explained by variations at anatomical level. The broken line
in Figure 2 defined a clear separation between sun and shade condition, with this last
placed in the upper leaf part.

Physiological response to contrasting light regimes

Trend of PN during the study period for sun and shade condition is shown in
Figure 3(a). During the study period, leaves in sun condition had, on an average,
more than 100% higher PN compared to shade, with the highest rates in May
(34.7 ± 2.3 and 42.0 ± 1.9 µmol m−2 s−1, in R. pseudoacacia and A. altissima,
respectively) decreasing by 64% (mean value) in October due to the approaching
senescence phase. On an average, leaf respiration (RD) had a 63% higher value in
sun than in shade, with the highest rates reached in May either for sun and shade
condition in both the species (Figure 3(b)). Due to the lowest PN rates, leaves in shade
condition showed a more than 100% higher RD/PN value than sun leaves. RCc was on
an average 14% higher in sun than in shade, with A. altissima showing the highest
value in sun (45.6 ± 0.6 SPAD units, mean value of the study period). RCc showed the
same PN trend during the study period as attested by the significant (p < 0.05) positive
relationship between these two variables (Figure 4).

Chl fluorescence response to contrasting light regimes

The mean value of FV/FM was higher in shade than in sun for both the species
(0.80 ± 0.01 and 0.75 ± 0.01, respectively, mean value of the study period)
(Figure 5(a)). The same behavior was observed for ɸPSII with the highest rates in
shade (0.76 ± 0.02, mean value during the study period) than in sun leaves
(0.55 ± 0.01, mean value) (Figure 5(b)). On the contrary, ETR was more than 100%
higher in sun than in shade leaves.

Table 3. Morphological and anatomical leaf traits of sun and shade conditions in Ailanthus altissima and
Robinia pseudoacacia. CETad – adaxial cuticle and epidermis thickness; CETab – abaxial cuticle and
epidermis thickness. Mean values (± SE) are shown (n = 50). Different letters indicate significant
differences between sun and shade conditions within each species (T-test, p < 0.05).

A. altissima R. pseudoacacia

sun shade sun shade

Mean ± SE Mean ± SE Mean ± SE Mean ± SE

Leaf area (cm2) 18.3 ± 0.5a 21.1 ± 0.5b 47.5 ± 1.2a 203.2 ± 5.5b
Specific leaf area (cm2 g−1) 192.6 ± 13.0a 327.2 ± 15.4b 135.1 ± 1.2a 344.7 ± 18.8b
Leaf thickness (µm) 144.9 ± 1.5a 130.8 ± 4.7b 150.5 ± 2.2a 92.2 ± 4.5b
Palisade parenchyma thickness (µm) 69.7 ± 1.2a 54.6 ± 1.5b 101.5 ± 2.1a 43.1 ± 3.4b
Spongy parenchyma thickness (µm) 47.9 ± 1.1a 48.4 ± 3.3a 27.9 ± 2.1a 32.1 ± 3.6a
CETad (µm) 15.7 ± 0.6a 15.3 ± 1.5a 12.0 ± 0.4a 9.1 ± 0.2b
CETab (µm) 11.7 ± 0.5a 10.9 ± 0.3a 9.1 ± 0.7a 8.0 ± 0.7b
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Plasticity index

Values of phenotypic plasticity index for all the considered anatomical, morphological,
and physiological leaf traits are show in Table 4. The comparison between the two
investigated species resulted in a greater mean PI in R. pseudoacacia (0.46) compared to
A. altissima (0.27), with this last showed the lowest PI for all the three analyzed levels of
plasticity (i.e. PIa, PIm and PIp). Both the species showed the lowest value for the
anatomical leaf traits (0.08 and 0.29 in A. altissima and R. pseudoacacia, respectively),
and among the considered anatomical leaf traits, palisade parenchyma thickness had the
largest variation (0.40, mean value). The highest PI was found for morphological traits in
R. pseudoacacia, with LA having the largest variation between sun and shade conditions
(PI = 0.77). A. altissima showed its highest PI at physiological level (PIp = 0.45), with
a greater variation in ETR values (PI = 0.81).

Discussion

The considered forest in the Strict Nature Reserve is characterized by a high light
extinction at soil level, quantify by a value of the relative intercept irradiance by the
canopy of 0.77 ± 0.12%, which is in the range of the typical closed-canopy forests (0.5–5%;
Chazdon & Percy, 1991; Granata et al., 2016). In this type of environment, the low-light

Figure 2. Regression analysis between specific leaf area (SLA) and total leaf thickness (LT). Regression
equation, determination coefficient (R2) and significance level (p) are shown. (Δ = Ailanthus altissima
shade condition; ◊ = Robinia pseudoacacia shade condition; ▲ = Ailanthus altissima sun condition;
♦ = Robinia pseudoacacia sun condition). The perpendicular, broken line separates the values of shade
leaves (upper left part) and sun leaves (lower right part).

JOURNAL OF SUSTAINABLE FORESTRY 9



level in the understory and the ability of the trees species to acclimatize to shade
conditions may be a driver for the invasion by the IAPs (Martin, Canham, & Marks,
2009). Several leaf traits at anatomical, morphological, and physiological level are involved
in determine the ability of a species to grow and survive under low-light regime.
Considering the need of preventing and limiting the presence of IAPs in forest ecosystem,
a better knowledge of how the latter behave in these environments could be important in
understanding their future potential spread.

Figure 3. Trend of (a) net photosynthetic rates (PN), (b) leaf dark respiration (RD) during the study
period in sun and shade conditions for Ailanthus altissima and Robinia pseudoacacia. Each point is the
mean (±S.E.) of 15 leaves in three sampling days per month. Different letters indicates significant
differences (ANOVA, p ≤ 0.05) during the study period.
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Analysis of leaf traits in response to contrasting light regimes

Overall, A. altissima and R. pseudoacacia develop the well characterized changes at
anatomical, morphological and physiological leaf level that enable them to adjust to
the contrasting light regimes (sun vs shade); although these changes result more
evident in R. pseudoacacia as will be seen through the plasticity index. In particular,
both the IAPs under low-light show a larger SLA due to the lower total leaf thickness,
as confirmed by the regression analysis between these two variables, that returns also
a clear split along the regression line between sun and shade condition, confirming
that SLA is one of the main morphological trait which changes in response to light
variations (Puglielli, Varone, Gratani, & Catoni, 2017). In fact, its change, according to
the light regimes, is an adaptation mechanism to maximize light harvesting per unit of
resources invested in construction of photosynthetic tissue (Lusk, Reich, Montgomery,
Ackerly, & Cavender Bares, 2008). Besides this, in shade condition the lower PP/SP
scatters irradiance internally resulting in an increase in light absorption (Sack,
Melcher, Liu, Middleton, & Pardee, 2006). Otherwise, in high-light conditions the
thicker PP allows a greater light penetration, and the arrangement of chloroplasts on
the cellular surface avoids the absorption of excess light through the shading mechan-
ism (Pereira, Barros, & Scarano, 2009). In the same condition, a higher CET (by 14%,
mean value) protects mesophyll layer against the excess of irradiance. Moreover, the
thicker epidermal cell wall may induce a more humid microclimate, reducing the
gradient of water diffusion between leaf and air (Tenberge, 1992). The wider cuticle
and epidermis can be seen as a possibly response to both soil water shortage and to
higher exposure to light, since the biosynthetic pathway for lignin and cuticle produc-
tion is directly dependent on light (Hrazdina & Jensen, 1992). Furthermore at

Figure 4. Regression analysis between net photosynthetic rates (PN) and relative chlorophyll content (RCc).
Regression equation, determination coefficient (R2) and significance level (p) are shown.
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physiological level, the lower PN rates observed at low light regime, due to anatomical
constraints that limit, among other, the amount of CO2 that reaches carboxylation sites
in chloroplasts (Oguchi, Hikosaka, Hiura, & Hirose, 2006) are associated with a RD

decrease. This is necessary to maintain a positive leaf carbon balance (expressed by the
RD/PN ratio) allowing the growth under low light according to the “carbon gain
hypothesis” (Valladares & Niinemets, 2008). The RCc increases in response to the
high-light level in forest edge, suggesting an increased concentration of chlorophyll
and resulting a common characteristic among light tolerant species (Lambers, Chapin
III, & Pons, 1998). Moreover, another typical response to the high-light regime is to

Figure 5. Trend of A) maximum PSII photochemical efficiency (FV/FM) B) quantum yield of photosynth-
esis of light-adapted leaves (ɸPSII) during the study period in sun and shade conditions for Ailanthus
altissima and Robinia pseudoacacia. Each point is the mean (±S.E.) of 15 leaves in three sampling days
per month. Different letters indicates significant differences (ANOVA, p ≤ 0.05) during the study period.
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reduce the variable fluorescence ratio (FV/FM) leading to a slow recovery process,
allowing an enhanced photosynthetic capacity (Azevedo & Marenco, 2012). In fact,
the lower FV/FM in sun leaves (0.75 ± 0.01, mean value of the two species during the
study period) respect to shade leaves (0.80 ± 0.01, mean value) highlights an efficient
functioning of the photo-protection mechanism without oxidative damage to the
photosynthetic machinery, as suggested by Thiele, Krause, and Winter (1998). In
fact, it should be considered that the PPFD of full sunlight exceeds the energy input
that is exploitable in plant metabolism; as a consequence, excess light energy must be
safely dissipated (Dietz, 2015), otherwise the plants are vulnerable to stress (Demmig-
Adams & Adams, 1992). According, also the lower ɸPSII in high-light (by 27%, mean
value) compared to shade condition highlights their higher capacity to dissipate the
excess of the excitation energy as heat (Björkman & Demmig Adams, 1994), and it is
associated with a more than 100% higher ETR (mean value) according to the results of
Yang, Sun, Zhang, Cochard, and Cao (2014).

Table 4. Plasticity index for the anatomical, morphological, and physiolo-
gical leaf traits of Ailanthus altissima and Robinia pseudoacacia. The anato-
mical (PIa), morphological (PIm), physiological (PIp) plasticity index, are
shown. PP – palisade parenchyma thickness; SP – spongy parenchyma
thickness; CETad – adaxial cuticle and epidermis thickness; CETab – abaxial
cuticle and epidermis thickness; LT – total leaf thickness; LA – leaf area;
DM – dry mass; SLA – specific leaf area; E – transpiration rate; gs – stomatal
conductance; PN – net photosynthetic rate; RD – respiration rate; RD/PN –
ratio between RD and PN; RCc – relative chlorophyll content; FV/FM –
maximal quantum yield of PSII photochemistry; ΦPSII – effective quantum
yield of PSII photochemistry; ETR – electron transport rate. Bold font
indicates leaf traits that significantly differed (p < 0.05) between sun and
shade conditions within each species.

A. altissima R. pseudoacacia

Anatomical leaf traits Plasticity index Plasticity index

PP 0.22 0.58
SP 0.01 0.13
CETad 0.03 0.24
CETab 0.06 0.12
LT 0.10 0.39
Mean PIa 0.08 0.29
Morphological leaf traits
LA 0.13 0.77
DM 0.33 0.42
SLA 0.41 0.61
Mean PIm 0.29 0.60
Physiological leaf traits
E 0.28 0.61
gs 0.75 0.80
PN 0.74 0.80
RD 0.46 0.23
RD/PN 0.52 0.74
RCc 0.23 0.04
FV/FM 0.04 0.07
ɸPSII 0.22 0.21
ETR 0.81 0.93
Mean PIp 0.45 0.49
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Comparative analysis of leaf traits plasticity

Plants may have high or low plasticity at morphological, anatomical, and physiological
levels, which enable their acclimatization, survival, and growth under different light
regimes in the forest (Valladares et al., 2000). The comparative analysis of the phenotypic
plasticity index allows us to better understand the response of the two IAPs to contrasting
light environment, and then to obtain information also about the future capacity to
widespread in the Strict Nature Reserve. According to our working hypothesis, based on
the widespread presence of R. pseudoacacia in the forest interior, it shows a 70% higher PI,
and, among the three level of analyzed plasticity index, it has a strongly greater PIa and
PIm (more than 100% higher compared to A. altissima). In particular, R. pseudoacacia
shows the highest value at morphological level, which can be associated with a greater
ability to survive and grow in the forest understory (Catoni et al., 2015a; Niinemets &
Valladares, 2004; Valladares et al., 2002). Otherwise, A. altissima shows its highest
plasticity index at physiological level (PIp = 0.45), which is associated with the ability to
colonize and grow in environments with high-light regime (Catoni et al., 2015b;
Niinemets & Valladares, 2004; Valladares et al., 2002), because it ensures adjustments of
gas exchange in response to stress factors changes in the short term (Zunzunegui et al.,
2009). In particular, among the considered physiological traits, A. altissima shows a higher
photosynthetic plasticity which determines a larger photosynthetic capacity to use full
sunlight, which results in a more efficient avoidance of photo-inhibition (Valladares et al.,
2002).

Conclusion

The results highlight a greater capacity of both the species to grow in the forest edge,
characterize by a high-light conditions, by preventing photo-inhibition of photosynthesis
through several adaptations at anatomical, morphological and physiological level (i.e.
a higher CETab, a lower LA, lower FV/FM and ɸPSII) according to Celesti-Grapow et al.
(2009).

At the same time, we found that R. pseudoacacia shows a higher capacity to acclimatize
to low-light conditions in the forest understory as expressed by its higher PI and indeed its
presence in the closed-canopy forest is well known (Catoni et al., 2015b; Granata, Gratani,
Bracco, & Catoni, 2019; Granata et al., 2016; Motta et al., 2009). Moreover, our data
support the traditional description of A. altissima as highly shade-intolerant species (Kobe,
Pacala, Silander, & Canham, 1995). In particular, Knapp and Canham (2000) analyzed the
invasion of A. altissima in an old-growth forest in New York concluding that the species is
gap-obligate rather than gap-facultative. It is able to establish a ramet bank in the forest
understory that can persist until gap open in the forest canopy and then, once established
and exposed to light in a gap, A altissima is capable to growing in the upper forest canopy
(Knapp & Canham, 2000). Due to these considerations and taking into account its high
growth rates, high reproductive capacity and dispersal potency of its seeds associated with
its early maturation (Swearingen, 2006) it is an imperative to maintain closed undisturbed
forest conditions. Thus, the conservative management of the Reserve carried out since its
establishment has limited the presence of A. altissima because the small-scale gaps arise in
the forest infrastructure, which could allow the A. altissima recruitment, are originated
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from death of a single tree or small group of trees (Motta et al., 2009). Concerning
R. pseudoacacia it is critical to maintain this type of management in the future because
any disturbances resulting in large openings could further promote its spread inside the
closed-canopy forest.

We aware that this study concerned only two IAPs and for that reason it cannot be
generalized in other threatened forest ecosystems. Nevertheless, our finding together with
a general superior physiological performance of invasive alien species over the native co-
existing ones (Le, Tennakoon, Metali, & Sukri, 2019), as observed in previous works
carried out inside the Reserve (Catoni et al., 2015b; Granata et al., 2019) further reinforce
the imperative to guarantee this type of management in order to maintain over time the
ecosystem integrity of this Reserve.
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