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a b s t r a c t

Many woody bamboo species are forest understory plants that become invasive after disturbance. They
can grow rapidly forming a dense, nearly monospecific understory that inhibits tree regeneration. The
principal aim of this study was to understand what functional traits of bamboos allow them to
outcompete tree seedlings and saplings and become successful species in the semideciduous Atlantic
Forests of northeastern Argentina. We studied leaf and whole-plant functional traits of two bamboo
species of the genus Chusquea and five co-occurring saplings of common tree species growing under
similar solar radiation and soil nutrient availabilities. Nutrient addition had no effect on bamboo or tree
sapling survival and growth after two years. Tree species with high-light requirements had higher
growth rates and developed relatively thin leaves with high photosynthetic capacity per unit leaf area
and short leaf life-span when growing in gaps, but had lower survival rates in the understory. The
opposite pattern was observed in shade-tolerant species that were able to survive in the understory but
had lower photosynthetic capacity and growth than light-requiring species in gaps. Bamboos exhibited a
high plasticity in functional traits and leaf characteristics that enabled them to grow rapidly in gaps (e.g.,
higher photosynthetic capacity per unit dry mass and clonal reproduction in gaps than in the understory)
but at the same time to tolerate closed-canopy conditions (they had thinner leaves and a relatively longer
leaf life-span in the understory compared to gaps). Photosynthetic capacity per unit dry mass was higher
in bamboos than in trees. Bamboo plasticity in key functional traits, such as clonal reproduction at the
plant level and leaves with a relatively low C cost and high photosynthesis rates, allows them to colonize
disturbed forests with consequences at the community and ecosystem levels. Increasing disturbance in
some forests worldwide will likely enhance bamboo invasion resulting in profound negative impacts on
forest diversity, structure and function in the long term.

� 2013 Elsevier Masson SAS. All rights reserved.
1. Introduction

Understory vegetation is often a key component of forest eco-
systems that drives tree regeneration, belowground properties, and
long term plant succession (Nilsson and Wardle, 2005). Bamboos
are common in the understory of many forests, but some species
show an invasive behavior (sensu Válery et al., 2008) after distur-
bance (i.e., they become overabundant and spread rapidly into new
ropical, Bertoni 85, CP 3370
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areas). When bamboos become dominant they outcompete other
plant species, particularly trees, decreasing its density and species
diversity (Silveira, 2005; Holz and Veblen, 2006; Lima et al., 2012),
affecting seed dispersal patterns (Rother et al., 2009) and ultimately
arresting forest succession (Griscom and Ashton, 2006; Campanello
et al., 2007, 2009; Ito and Hino, 2007; Larpkern et al., 2010; Montti
et al., 2011).

The competitive advantage of a given invasive species depends
on interactions established with other species (Hayes and
Holzmueller, 2012), the environment (Py�sek et al., 2010) and its
functional traits (Durand and Goldstein, 2001; Leishman et al.,
2007). Successful invasive plant species are associated with
greater resource use efficiency, leaf traits that enable rapid growth
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(e.g. high specific leaf area, high foliar N and P content and high
photosynthetic rate) (Thompson et al., 1995; Pattison et al., 1998;
Baruch and Goldstein,1999; Durand and Goldstein, 2001; Leishman
et al., 2007; Meiners et al., 2008) and high phenotypic plasticity
(Daheler, 2003; Rejmánek et al., 2005; Py�sek and Richardson,
2007). In addition, it has been observed that invasive tree species
may not conform to the general trade-offs in allocation patterns
observed for tropical tree species (Martin et al., 2010), where a
trade-off between high survival under low light vs. rapid growth
under high light conditions occur (Kitajima, 1994; Pacala et al.,
1994; Kobe et al., 1995; Wright, 2002; Díaz et al., 2004).

In undisturbed areas of the semideciduous Atlantic Forest,
bamboo species of the genus Chusquea are a native non-dominant
component of the understory. Selective logging, a common tree
harvesting method in the Atlantic Forest of Northern Argentina
(Giraudo et al., 2003), reduces tree density and increases the rate of
large gap formation which in turn promotes bamboo growth
(Campanello et al., 2007, 2009). In these disturbed forests, Chusquea
species become dominant, particularly in areas with high solar
radiation such as large canopy gaps. Here we studied functional
traits that could help to explain the proliferation of Chusquea
bamboos after canopy disturbance. We first compared survival,
growth rates, photosynthetic capacity, leaf life-span, specific leaf
area and leaf nutrient content of bamboos and co-occurring sap-
lings of tree species with contrasting life history characteristics
growing in natural gaps with and without nutrient addition. Then
we studied the response of bamboos under low and high irradiance
environments in the understory of closed canopy and in gaps,
respectively. We hypothesized that Chusquea species have leaf
functional traits and allocation patterns that enable them to grow
fast when release for light limitation as well as to have high survival
under shaded conditions in order to persist in the forest understory.
High trait plasticity, togetherwith clonal reproduction, would allow
bamboos to outcompete co-occurring canopy tree species in gaps.
Finally, we discuss the impacts of Chusquea spread and its conse-
quences in the structure and dynamics of the semideciduous
Atlantic Forest.

2. Methods

2.1. Study area

The research was conducted in a native forest at the Iguazú
National Park (INP; 25�310e25�430S, 54�080e54�320O) that was
subjected to selective logging during the 1920’s (Devoto and
Rothkugel, 1936; Placci and Giorgis, 1993). This forest has three
strata of trees, with mature trees ranging from 20 to 45 m in height
and abundant lianas, epiphytes and bamboos species in the un-
derstory. Gaps ranging between 4 and 30 m2 are common in this
forest (per. obs.). The canopy is mostly dominated by trees of the
genus Cordia (Boraginaceae), Ocotea and Nectandra (Lauraceae),
Parapiptadenia and Peltophorum (Fabaceae), Cedrela and Trichilia
(Meliaceae) and Plinia, Eugenia and Myrciaria (Myrtaceae) (Srur
et al., 2009). Precipitation (ca. 200 mm yr�1) is evenly distributed
throughout the year. Mean annual air temperature is 21 �C with
monthly means of 25 �C in January and 15 �C in July (i.e., the
warmest and coldest months of the year, respectively). Frost
seldom occurs during winter (Gatti et al., 2008). Soils are mostly
Alfisols and Ultisols derived from basaltic rocks containing high
concentration of Fe, Al and Si (Ligier et al., 1990).

2.2. Study species

We studied the functional traits of two widely distributed
woody bamboos in the semideciduous Atlantic Forest of Argentina:
Chusquea ramosissima Lindm. and Chusquea tenella Nees (Poaceae).
Both species are aggressive colonizers after disturbance. Although
C. ramosissima is not invasive in some neotropical forests (Veldman
et al., 2009), in semideciduous Atlantic Forest of Argentina it grows
rapidly and form dense thickets that inhibit tree regeneration
(Campanello et al., 2009). Both species have erect or scandent
culms of approximately 15 mm diameter and 4e15 m of length that
allows the plants to climb and spread onto the trees (Montti et al.,
2008; Montti, 2010).

Saplings of five tree species with different life-history traits
were also studied. They were (in order of decreasing shade-
tolerance): Balfourodendron riedelianum (Engl.) Engl. (Rutaceae),
Cordia americana (L.) Gottschling & J.S. Mill. (Boraginaceae),
Maclura tinctoria (L.) Steud. ssp. tinctoria (Moraceae), Cordia tri-
chotoma (Vell.) Arrab. ex Steud (Boraginaceae) and Peltophorum
dubium (Spreng.) Taub. (Fabaceae). These species are abundant in
the semideciduous Atlantic Forest and well represent the range of
ecological and physiological characteristics between light-
requiring and shade-adapted species (Campanello et al., 2008,
2011). Congeneric species of Cordia spp. differ in leaf phenology
and shade tolerance. C. trichotoma is a deciduous species with
high light requirements that shows fast growth rates and rela-
tively low wood density. C. americana is an evergreen tree with
higher shade tolerance, lower growth rates and denser wood
(Campanello et al., 2011). M. tinctoria, and P. dubium are decidu-
ous species with high-light requirements and fast growth rates
while B. riedelianum is the most shade-tolerant of the species
under study and shows slow growth rates (Campanello et al.,
2008, 2011; Villagra, 2012).

2.3. Experimental design

As part of a long-term study of forest dynamics we performed an
experiment that included four treatments with five replicates in a
complete random design. The experiment included 20 plots, 10
located in gaps (i.e., canopy opening with high irradiance, 28� 0.3%
of full sun) and the remaining 10 plots in areas under closed-canopy
(low irradiance, less than 10 � 0.5% of full sun). Five plots of each
canopy condition were randomly assigned to a nutrient addition
treatment (N þ P) and the other five remained as control plots.
Fertilization consisted of 100 kg ha�1 year�1 of Nitrogen (N) (50:50
urea and nitrate ammonium), and 100 kg ha�1 year�1 of Phos-
phorus (P) (calcium triple superphosphate) applied (sprinkled in
granular form) on the organic soil surface three times per year from
2004 to 2007. Plots size was 15 �15 m plus a peripheral area buffer
of 5 mwhere manipulations were also applied to reduced the edge
effect. Tree species composition, soil type, slope and elevationwere
similar among plots (Villagra, 2012). At the beginning of the study
we manually removed herbaceous non-tree vegetation (including
bamboos) in all the plots in order to isolate canopy effects from any
potentially confounding influence of pre-existing understory
plants. Harvested biomass was stacked out of the plots and left to
decompose in situ. For detailed initial microclimatic conditions at
the plots see Appendix A.

During 2005, we planted between 4 and 5 saplings of similar
height (22e29 cm) of each bamboo species (C. ramosissima and
C. tenella) in each plot and 10e15 saplings of the five canopy tree
species (B. riedelianum, C. americana, M. tinctoria, C. trichotoma and
P. dubium) of similar height (24e49 cm). One year after planting,
and during two consecutive years, we measured the functional
traits described below in all these saplings. Mean values of traits
measured for each species at each plot were then used in the
analysis of variance (see below). As tree saplings were part of a
long-term study of forest dynamics, the harvesting of whole in-
dividuals was not possible.
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2.4. Functional traits

a) Survival and growth rates

We counted all alive and dead plants per species per plot at the
end of experiment in the year 2007 in order to calculate percent-
ages of survival. Relative growth rate was estimated as annual leaf
area increments (LA RGR). Leaf area is a driving variable for relative
growth rates of whole-plants (Lambers et al., 1998), and was
considered here as a representative measure of aboveground
colonization and radiation interception during the earliest stages in
the life-cycle of both bamboos and trees. In the case of bamboos
relative growth rate was also estimated in terms of dry mass (DM
RGR). LA RGR was estimated as the difference between the final
(2006) and initial (2005) total leaf area (LA), divided it by its initial
value (LA RGR is a dimensionless variable). Plant total LA was
estimated based on the mean area per leaf multiplied by the
number of fully expanded leaves per plant. To calculate the mean
LA, we collected eight leaves per plant that were scanned and their
areas measured using Scion Image Software (National Institute of
Health, Bethesda, MD, USA). Additional traits were measured in
harvested bamboo plants. One bamboo plant per plot was
randomly collected to calculate DMRGR. Plant material was divided
in leaf, culms and rhizome, dried at 60 �C for 5 days, and weighted.
DM RGR was calculated as: DM RGR ¼ (lnSMt1 � lnSMt0)/(t1 � t0)
where SM is seedling mass. Five bamboo seedlings of each species
were randomly selected, dried andweighted at the beginning of the
study to calculate the initial mass of seedlings (SM at t0). We esti-
mated clonal reproduction by counting the number of culms and
shoots produced per plant during two consecutive years. Clonal
production was expressed as the increment in this variable divided
by its initial value.

Comparisons among tree species and bamboos (except survival)
were only made in gaps because most of the trees of high-light
requirement species growing under closed-canopy did not sur-
vive or produced enough leaves for measuring.

b) Leaf traits and leaf life-span

Different leaf traits weremeasured in tree and bamboo saplings.
Specific leaf area, N and P foliar content and photosynthetic ca-
pacities were studied both in gap and closed-canopy conditions for
bamboos and only in gaps for tree. For specific leaf area (SLA)
samples of fresh leaves (five per plant, and four to five plants per
plot) were collected in the field. Leaves were scanned to estimate
leaf area and then dried at 60 �C for five days and weighted to
obtain dry weight. To determine foliar N and P concentrations (% of
dry weight) we collected 2 g of fully expanded leaves per plant
growing in each treatment (in gaps, sun-exposed leaves were
selected). The foliar N and P content were determined by the micro
Kjeldahl technique and flame photometry.

To estimate leaf photosynthetic capacity we selected four to five
individuals per species per plot, using leaves with similar sun
exposure and size. A chlorophyll fluorescence analyzer with a
pulse-amplitude modulated yield (Mini-PAM,Waltz, Effeltrich,
Germany) was used. Steady-state lighteresponse curves were
generated for a single, young fully expanded leaf per plant using the
external halogen light unit of theMini-PAM. Leaveswere allowed to
adjust to light conditions for at least 10 min at each of five irradi-
ances before a saturation pulse was applied for 0.8 s at
3500 mmol m�2 s�1. Dark-adapted quantum yields (Fv/Fm) of
photsystem II (PSII) were recorded before dawn and corresponded
to the initial points of the light curves. Values of Fv/Fm below 0.8
were considered an indicator of permanent photoinhibition (see
Lüttge et al., 1998; Franco et al., 1999; Krause et al., 2001;
Campanello et al., 2008). Electron transport rates (ETR) through PSII
were calculated from light-adapted quantum yield (DøF/DøFm) as:

ETR ¼ 0:5aðDBF=DBFmÞðPPFÞ

where a is leaf absorbance and the 0.5 factor assumes an even
distribution of absorbed quanta between PSII and PSI so that two
photons are required for each electron passed through PSII. The
ETR correction factor a takes into account that a fraction of the
incident light that is absorbed by the two photosystems. A value of
a ¼ 0.84 was used for calculations (Björkman and Demmig, 1987;
Ehleringer, 1981). Photosynthetic capacity, expressed as the
maximum electron transport rate (ETRmax; mmol m�2 s�1), was
calculated from the light curves as described by Rascher et al.
(2000):

y ¼ ðETRmaxÞ
�
1� e�bx

�

where y is photosynthetic rate, x is irradiance and b is the instan-
taneous fractional growth rate of the exponential function. In
addition we expressed ETRmax per unit leaf mass (mmol g�1 s�1).

To measure leaf life-span (LL) we marked all emergent leaf buds
in all plants at the different treatments. Each leaf bud represented a
cohort of leaves of the same age. Leaves were checked monthly
until all of the originally marked leaves had abscised.

Leaf life-span was estimated via survival analysis using the
KaplaneMeier method, the sample sizes for leaf demography
ranged from 125 to 285 leaves per species.

All leaf traits weremeasured in both bamboo species in gaps and
under closed-canopy conditions and in both nutrient treatments
(control and N þ P), which allows the calculation of a plasticity
index (PI), which spans from 0 (no-plasticity) to 1 (maximal plas-
ticity). The PI for each trait was calculated as the difference between
the mean minimum and maximum values of the trait in the
treatments considered divided by the mean maximum value
(Valladares et al., 2000).
2.5. Data analysis

Differences in morphological and physiological traits between
bamboo species were analyzed by mean of three-way ANOVA, with
species, canopy condition, and nutrient treatments as main factors.
For comparisons among tree species and bamboos growing with
different nutrient availability in gaps we performed a two-way
ANOVA. Data were transformed when was necessary to satisfy
the assumptions of the statistical analysis. Post-hoc comparisons
were performed with a Tukey Honest Significant Difference (HSD)
test. To compare leaf life-span among treatments and species we
performed a log-rank test (Kleinbaum and Klein, 2005). A signifi-
cance level of 5% was used in all cases. All ANOVA analyses were
performed with InfoStat 2009 (Di Rienzo et al., 2009).
3. Results

3.1. Survival and growth rates

The effect of canopy condition on survival rate after two years
varied depending on the species in question (i.e., the interaction
species x canopy condition was significant: df ¼ 6, F ¼ 10.67,
p < 0.0001). All the species showed low mortality rates in gaps
(less than 20% after two years) (Fig. 1c and d). Bamboo species also
have high survival rate under closed-canopy (Fig. 1a and c), but
tree species responded differently to canopy condition according
to their shade-tolerance. Saplings of the most shade tolerant tree



Fig. 1. Survival rate (%) for bamboo and tree sapling after two years under different canopy conditions (gap and closed) and nutrient treatments (control and N þ P addition). Data
are means � (SE) for all variables. Different letters indicate significant differences (p < 0.05) between species and treatment.

Table 1
Foliar nutrient concentration (N and P), Total leaf area (LA), relative increment of LA (LA RGR) and mean leaf life-span (LL), for saplings of two bamboo and five tree species
growing under different canopy conditions (gap and closed) and soil nutrient treatments (control and N þ P addition). Data are means � SE.

Species Canopy
condition

Nutrient
treatment

N % P % LA (m2 kg�1) LA RGR LL (days)

C. ramosissima Closed Control 2.7 � 0.1 0.10 � 0.01 0.09 � 0.03 1.12 � 0.3 147 � 8
N þ P 2.8 � 0.1 0.14 � 0.01 0.04 � 0.01 0.59 � 0.2 148 � 7

Gap Control 2.2 � 0.2a 0.12 � 0.01ab 1 � 0.2ab 4 � 1abcd 144 � 4
N þ P 2.4 � 0.1ab 0.14 � 0.01abcd 2 � 0.4abc 6 � 2bcd 129 � 4

C. tenella Closed Control 2.7 � 0.0 0.12 � 0.00 0.2 � 0.05 1.23 � 0.6 163 � 7
N þ P 2.9 � 0.1 0.18 � 0.01 0.1 � 0.02 0.19 � 0.1 156 � 6

Gap Control 2.5 � 0.1ab 0.11 � 0.01a 3 � 3abcd 11 � 3d 163 � 5
N þ P 2.7 � 0.2abc 0.17 � 0.00de 4 � 2abcd 13 � 5d 142 � 5

C. trichotoma Gap Control 3.5 � 0.1d 0.13 � 0.00abc 4 � 0.3bcde 4 � 0.3abcd 138 � 6
N þ P 3.6 � 0.1d 0.15 � 0.00bcde 4 � 1bcde 6 � 1bcd 132 � 4

M. tinctorea Gap Control 3.1 � 0.0cd 0.14 � 0.00abcde 15 � 5ef 6 � 1bcd 125 � 3
N þ P 3.2 � 0.1cd 0.19 � 0.01ef 36 � 8f 10 � 1d 116 � 3

P. dubium Gap Control 2.7 � 0.0bc 0.12 � 0.00ab 1 � 0.3a 9 � 1cd 146 � 5
N þ P 2.8 � 0.1bc 0.15 � 0.00abcd 2 � 0.3abcde 11 � 1d 133 � 6

C. americana Gap Control 2.6 � 0.1ab 0.12 � 0.00ab 3 � 0.6abcd 2 � 1a 213 � 4
N þ P 2.7 � 0.1ab 0.15 � 0.00bcd 8 � 3ef 3 � 1abc 207 � 4

B. riedelianum Gap Control 3.2 � 0.1cd 0.16 � 0.01cde 3 � 0.4abcd 2 � 0.4ab 183 � 4
N þ P 3.3 � 0.1d 0.21 � 0.01f 5 � 1cde 6 � 1bcd 167 � 4

F(df ¼ 6) Sp 33.6** 15.09** 25.18** 11.36**
F(df ¼ 1) N 3.34 90.14** 12.42** 12.92**
F(df ¼ 6) Sp�N 0.36 2.61 0.98 0.96

Different superscript letters indicate differences between treatments (p< 0.05) for bamboos and trees growing in gaps. Differences were evaluated with two-way ANOVAwith
species (Sp) and nutrient treatments (N) as main factors (*p< 0.05; **p< 0.001). Post-hoc comparisons were performed with a Tukey Honest Significant Difference (HSD) test.
Differences between bamboo species under closed-canopy and gap were tested by means of three-way ANOVA. LL obtained by survival curves of KaplaneMeier were
compared by a log-rank test. Results of those analysis are shown in the text.

L. Montti et al. / Acta Oecologica 54 (2014) 36e44 39



Fig. 2. Relationship between the annual increment in total leaf area (LA RGR) in gaps
and survival in closed-canopy after two years for bamboo and tree species. r2 corre-
sponds to tree saplings data.
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species (C. americana and B. riedelianum) exhibited low mortality
under closed-canopy (Fig. 1a and c). The species with high-light
requirements (M. tinctorea, C. trichotoma and P. dubium) showed
relatively high mortality rates under closed-canopy (Fig. 1 a; Tukey
Table 2
Bamboo growth rates under different canopy conditions (gap and closed) and nutrient t

Species Canopy
condition

Nutrient
treatment

Dry mass (g)

C. ramosissima Closed Control 14 � 5a

N þ P 5 � 0.4a

Gap Control 177 � 29b

N þ P 345 � 117b

C. tenella Closed Control 28 � 9a

N þ P 14�4a

Gap Control 471 � 92b

N þ P 798 � 351b

F(df ¼ 1) Sp 11.11*
F(df ¼ 1) N 0.40
F(df ¼ 1) Cc 200.1**
F(df ¼ 1) Sp � N 0.13
F(df ¼ 1) N � Cc 3.82
F(df ¼ 1) Sp � Cc 0. 03
F(df ¼ 1) Sp � N � Cc 0.14

Different superscript letters indicate differences between treatments (p < 0.05). The diffe
(Cc) and nutrient treatment (N) as main factors (*p < 0.05; **p < 0.001). Post-hoc comp

Table 3
Plasticity index (PI) for both Chusquea species in response to canopy conditions (gap a
functional traits.

Trait Canopy condition

C. ramosissima C. tenella

Total biomass 0.88 0.94
Annual clonal reproduction 0.91 0.82
Leaf area 0.91 0.93
ETRmax (mmol m2 s�1) 0.41 0.48
ETRmax (mmol g�1 s�1) 0.19 0.22
Specific leaf area 0.23 0.25
Foliar N content 0.19 0.07
Foliar P content 0.17 0.08
Leaf life-span 0.06 0.07
Specie’s mean PI 0.44 0.43
test p < 0.05). Nutrient addition had no affect on bamboo and tree
saplings survival (Fig. 1b and d; Tukey test p > 0.05).

Total leaf area (LA) differed among species at the end of the
experiment and increased with nutrient addition in all cases
(Table 1). In general, trees and bamboos had similar total LA but
M. tinctorea (species with high-light requirements) had three times
higher values of total LA than other tree species. The relative
increment in LA (LA RGR) was as fast in bamboos (particularly in
C. tenella) as it was in tree species with high-light requirements.
Nutrient addition increased LA RGR in all species (approximately by
a factor of 1.5) but no statistical differences were found between
species (Tukey test p > 0.05).

The survival rate of tree species under low light in the under-
story (i.e. closed-canopy condition) was negatively correlated with
their growth in gaps (Fig. 2). In contrast, both bamboo species had
high growth in gaps and high survival under closed-canopy, and
thus departing from the negative relationship between growth and
survival observed for tree species (Fig. 2).

Clonal reproduction was a very plastic trait (Table 3). Bamboos
in gaps developed a larger number of culms (Table 2) than bamboos
in the understory. As a consequence, gap condition favored bamboo
growth rates at plant level resulting in 20 times more final biomass
in gap plants than in shaded plants (Table 2). Bamboos biomass was
mainly allocated to culms (50e60%), followed by leaves (25e30%)
and finally to rhizomes (15e20%) (Table 4). Nutrient addition did
not substantially enhanced bamboo growth but plants in fertilized
gaps tended to be bigger than control plants. Although, some dif-
ferences were observed between both Chusquea species (e.g., clonal
reproduction, LA RGR, or total LA), their response to different
treatments was similar.
reatments (control and N þ P addition). Data are means per plant � SE.

Annual clonal
reproduction (culms year�1)

Final total culms
(number of culms per plant)

0.07 � 0.1a 3.0 � 0.6a

0.05�a 2.3 � 0.7a

0.80 � 0.2abc 7.8 � 1.3bc

1.67 � 0.5abc 13 � 2.3c

0.50 � 0.1abc 4.0 � 0.5ab

0.35 � 0.1ab 3.4 � 0.5ab

2.80 � 0.3c 13 � 2.4c

2.90 � 0.7bc 14 � 2.7c

5.37* 6.35*
0.90 2.9�03

24.37** 90.8**
2.40 0.24
1.95 3.92
1.50 0.27
1.21 1.42

rences were tested by mean of tree-way ANOVA with species (Sp), canopy condition
arisons were performed with a Tukey Honest Significant Difference (HSD) test.

nd closed) and nutrient treatments (control and N þ P addition) considering nine

Nutrient treatment Mean PI
of trait

C. ramosissima C. tenella

0.49 0.41 0.68
0.52 0.03 0.67
0.50 0.25 0.65
0.29 0.01 0.30
0.24 0.24 0.22
0.32 0.16 0.24
0.08 0.07 0.10
0.14 0.35 0.19
0.07 0.01 0.05
0.30 0.17



Table 4
Mean biomass allocation (%) in the different organs of two bamboo species when
growing under different canopy condition (gap and closed) and nutrient treatment
(control and N þ P addition). Data are means for all variables.

Species Canopy
condition

Nutrient
treatment

Leaf Culms Rhizome

C. ramosissima Closed Control 27 55 18
N þ P 24 48 28

Gap Control 24 61 15
N þ P 29 55 16

C. tenella Closed Control 29 54 16
N þ P 33 50 17

Gap Control 23 59 18
N þ P 24 58 18

Fig. 3. Mean (SE) specific leaf area (SLA) and maximum electron transport rate (ETRmax) for s
closed) and nutrient treatments (control and N þ P addition).
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3.2. Leaf traits and leaf life-span

Bamboos had thinner leaves than trees (the highest values of
SLA) (Fig. 3b; df ¼ 6, F ¼ 51.51, p < 0.001). Nutrient addition tended
to increased this trait between 5 and 10% but differences were not
significant (Fig. 3b; df ¼ 1, F < 0.01, p ¼ 0.98). Foliar N content was
different between species (Table 1). Bamboos exhibited lower N
content than tree species, and tree species with high-light re-
quirements (e.g. C. trichotoma) tended to have the highest values of
foliar N content. Fertilization had no effect on this trait. Foliar P
content increased with fertilization and tended to be lower in
bamboo compared to tree species. B. riedelianum had the highest
value of foliar P (Table 1).

ETRmax estimated on a leaf area basis (mmol m�2 s�1) was
different among species and nutrient treatments (i.e., the interac-
tion species x nutrient was significant: df ¼ 6, F ¼ 4.81, p < 0.001).
Trees (except B. riedelianum in control plots) showed higher
aplings of two bamboo and five tree species under different canopy conditions (gap and



Fig. 4. Summary of bamboo impacts in the semideciduous Atlantic Forest based on
Campanello et al. (2007, 2009); Montti et al. (2011) and this study.
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photosynthetic capacity than both bamboo species (Fig. 3c and d).
Among the trees, ETRmax values decreased with decreasing light
requirements (Tukey test, p < 0.05). Nutrient addition tended to
have a negative effect on the ETRmax of most species (Fig. 3d).
However, bamboos showed the higher ETRmax values when
expressed per unit leaf mass (mmol g�1 s�1) (Fig. 3e and f; Tukey
test, p < 0.05) even when they were growing under low irradiance
(i.e., closed-canopy). Nutrient addition did not affect this trait
(Fig. 3f), except in the cases of C. tenella and C. trichotoma that
positive and negative effect on ETRmax, respectively were observed.

Leaf traits of bamboo species differed between two canopy
conditions. SLA and foliar N content decreased 20% for both species
in gaps (Fig. 2a; df ¼ 1, F ¼ 24.4, p < 0.001 and Table 1; df ¼ 1,
F ¼ 14.92, p < 0.001, respectively). In contrast, total LA increased
five times (Table 1; df ¼ 1, F ¼ 236, p < 0.001) and ETRmax
(mmol m�2 s�1) was two times higher for plants in gaps than those
growing under the closed-canopy (Fig. 3c and d; df ¼ 1, F ¼ 9.64,
p < 0.05).

Leaf life-span was different between species for plants growing
in gaps (Table 1; X2

6 ¼ 564.24, p < 0.05). The evergreen tree species
C. americana, had the longest LL (100 days longer than all the other
species). The most shade-tolerant semi-deciduous tree species
(B. riedelianum) and both bamboo species showed intermediate leaf
half-life (140e160 days). Deciduous or semi-deciduous species
with high-light requirements (M. tinctorea, P. dubium and
C. trichotoma) showed a shorter LL (about 125 days). The N þ P
addition tended to decrease leaf life-span, particularly in
B. riedelianum and M. tinctorea (Table 1; X2

1 ¼ 7.33 and X2
1 ¼ 4.52,

p < 0.05 respectively). In the case of bamboos, LL showed a sig-
nificant decrease with fertilization in gaps (Table 1; X2

1 ¼ 3.61 for
C. ramosissima and X2

1 ¼ 8.86 for C. tenella, p < 0.05) but not under
canopy (Table 1; X2

1 ¼ 0.12 for C. ramosissima and X2
1 ¼ 0.14 for

C. tenella).
The PI values of most traits for bamboos growing under con-

trasting canopy conditions were high, but plasticity in response to
fertilizationwas low (Table 3). The most plastic traits were biomass
accumulation, clonal reproduction and total LA, as well as ETR and
SLA. In most cases both species had similar PI values under the
different treatments.

4. Discussion

Bamboos are an important component of forests that can
change its original structure and dynamics when spreading rapidly
after disturbances (Veblen, 1982; Griscom and Ashton, 2006;
Campanello et al., 2007; Montti et al., 2011). In this work we
identified functional traits that enhance bamboo invasiveness over
saplings of co-occurring trees in forests.

Bamboos growing in gaps had more biomass and clonal repro-
duction (increased culms and rhizome production) and leaf area
per plant than bamboos in the understory of the closed-canopy.
Also, C. ramosissima and C. tenella improved their photosynthetic
capacity in gaps, as observed in other bamboo species (Agata et al.,
1985; Lei and Koike, 1998; Kumar et al., 2002). Previous studies
reported low values of photosynthetic capacity for bamboos
compared to trees (Lei and Koike, 1998; Motomura et al., 2008; Ely,
2009; Saha et al., 2009). In this study we found that bamboos had
twice the photosynthetic capacity of trees (including some with
high-light requirements) when values are expressed per unit leaf
mass. In the forest understory, thin leaves (high SLA) can improve
CO2 assimilation with a relatively low C cost, thus conferring
bamboos a significant competitive advantage over tree saplings.
Other traits of bamboos, such a long leaf life-span, may also confer
them competitive advantages over trees (Kikuzawa, 1995; Givnish,
2002). Bamboos, as well as evergreen plants (e.g., C. americana), are
favored over deciduous competitors because of its ability to
photosynthesize during longer periods of time (Lei and Koike,
1998). In the semideciduous Atlantic Forest, where 25e50% of the
canopy tree species drop their leaves during winter (Leite and
Klein, 1990), bamboos in the understory would have a competi-
tive advantage over other species. Also, both bamboo species in this
study allocated a high percentage of biomass to the culms and
leaves, which enabled them to reach the canopy and increase light
interception.

Both bamboo species showed leaf traits that enabled them to
grow rapidly with high solar radiation (i.e., a high photosynthetic
capacity in gaps) and to tolerate and survive under low irradiance
(i.e., very thin leaves and a relatively long leaf-life span in the un-
derstory). Differences in minimum light requirements for the sur-
vival of co-occurring species are central for the understanding of
community and ecosystem dynamics (Bazzaz, 1979; Canham et al.,
1999; Zavala et al., 2007). A trade-off between growth rates in gaps
and survival in the understory was recognized for light-requiring
and shade-tolerant tree species (see Wright, 2002). Bamboos in
our study did not conform to this pattern. Plasticity in leaf traits
allows them both to tolerate low irradiances in the understory and
grow fast in gaps, thus taking advantage over tree saplings.

Identifying the traits that determine plant invasibility is crucial
to develop management strategies for the conservation of forest
ecosystems. Connections between the physiological responses of
individual species and processes at the community and ecosystem-
level are important for our understanding of forest dynamics. Our
results highlight bamboos as a key functional group in the semi-
deciduous Atlantic Forest, and probably in other ecosystems where
they are abundant. A model describing physiological traits to
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ecosystem-level processes impacted by bamboo abundance is
depicted in Fig. 4. In degraded forests with relatively low tree
canopy cover, bamboos rapidly colonize open areas and limit co-
occurring native tree saplings. This occurs because of a combina-
tion of traits typical of early (high photosynthesis capacity, fast
growth rate) and late successional species (shade-tolerance, long
leaf life-span) that enhance bamboo invasiveness in disturbed en-
vironments. Bamboo abundance as a result of forest degradation
affects tree regeneration (germination, survival and growth of tree
saplings), tree basal area, and the physical characteristics of the
environment (e.g., radiation at soil level, soil humidity, air tem-
perature), thereby impacting ecosystem processes such us litter
decomposition rates, nutrient cycling (Campanello et al., 2007,
2009; Montti, 2010; Montti et al., 2011) and, probably the carbon
sequestration capacity of native forests. If forest disturbance con-
tinues to increase, we would expect further invasive spreading of
bamboos, with concomitant impacts on forest diversity, structure
and function.
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