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a b s t r a c t

Liana abundance and host tree colonization dynamics during a 10-year period were studied in a subtrop-
ical Atlantic Forest in Northeastern Argentina. The impact of liana and woody bamboo cutting on liana
abundance and diversity, tree infestation and advanced tree regeneration (individuals >5 cm and
<10 cm DBH) was assessed during the same time period. Six permanent 1 ha plots (three control and
three cutting plots) were located in the year 2000 in a native forest stand. Three plots were subjected
to bamboo and liana cutting (BLC) and other three left as control (C). All lianas regardless of their diam-
eters were cut. Liana abundance and basal area increased more than 50% after ten years in C plots, while
the proportion of trees infested with lianas increased from 69% in 2000 to 83% in 2010 in the same plots.
In this time period some trees species were able to shed their lianas but increased liana load was
observed in other tree species which accounted for the increased proportion of infested trees. In BLC plots
the proportion of infested trees was similar (about 60%) in 2000 and 2010, indicating a rapid liana colo-
nization of trees after the treatment. Trees with short branch-free boles were rapidly re-infested com-
pared to taller trees. Liana abundance and basal area were substantially lower in BLC compared to C
plots, consistent with the relatively short period of colonization in the cutting plots. Tendriled lianas
decreased more than twiners and scramblers. Liana richness and species evenness was not affected by
the cutting treatment. Advance tree regeneration was partially affected: tree sapling abundance was sim-
ilar between C and BLC plots but tree basal area was slightly lower in 2010 in C plots indicating that the
treatment enhanced sapling growth. No differences in liana infestation on tree saplings were found
between C and BLC plots in 2010. Our results indicate a rapid recovery of lianas after cutting, particularly
for individuals smaller than 2.5 cm DBH, and a substantial effect of this silvicultural treatment applied to
enhance tree regeneration. Similar to other tropical forests, a relatively large increase in liana abundance
and tree infestation, as observed in C plots, is occurring in this semideciduous forest.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Liana abundance and biomass is increasing worldwide mainly
as a result of disturbance in tropical and subtropical forests, and
probably enhanced by climate change (Phillips et al., 2002;
Schnitzer and Bongers, 2011; Wright et al., 2004). Large gaps
resulting from natural or anthropogenic disturbances enhance
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liana proliferation, which in turn inhibit tree regeneration and stall
succession (Putz, 1984; Schnitzer et al., 2000). Lianas decrease the
amount of solar radiation available for trees, reduce fecundity,
growth and increase tree mortality rates of their hosts (Hegarty
and Caballe, 1991; Ingwell et al., 2010; Kainer et al., 2006;
Laurance et al., 2001; Nabe-Nielsen et al., 2009; Putz, 1984;
Schnitzer and Bongers, 2002). Thus, increasing liana abundance
may have profound consequences on carbon, nutrient and water
cycling in forests ecosystems (Schnitzer and Bongers, 2011).

Liana growth on canopy trees is a natural phenomenon; how-
ever, the term infestation is frequently used to describe liana load.
Ingwell et al. (2010) found that the number of trees with severe
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liana infestation (i.e. >75% of their canopy covered by lianas) in-
creased 65% from 1996 to 2007 in a seasonal forest in Panama.
Most of the trees in tropical and subtropical forests are colonized
by lianas. However, not all the trees are equally infested. Tree spe-
cies with long branch-free boles and smooth bark are likely to be
free of lianas while the opposite is expected for trees with short
trunks or rough bark (Campanello et al., 2007b; Campbell and
Newbery, 1993). Indeed, according to Ingwell et al. (2010), many
trees experienced cycles of heavy crown infestation by lianas fol-
lowed by periods of relatively light infestation, indicating a rather
rapid turnover of lianas in tropical and subtropical forests. The
semideciduous Atlantic Forest where this study took place, has a
high diversity of liana species (Hora and Soares, 2002; Morellato
and Leitão Filho, 1998), and is rich in native woody bamboo species
as well, some of which colonize disturbed sites inhibiting regener-
ation of other plant species (Campanello et al., 2007a; Carvalho
et al., 2011; Montti et al., 2011a; Tabarelli and Mantovani, 1999).

Liana infestation has been early identified as a problem in for-
ests managed for timber production. Removal of lianas before har-
vesting is used to decrease tree damage during logging operations
(Alvira et al., 2004; Fox, 1968; Putz, 1991; Vidal et al., 1997) and
liana biomass in tree crowns with a concomitant increment on
growth rates of canopy trees between harvesting cycles (Putz,
1991). However, not all the species respond to the liana cutting
treatment (Campanello et al., 2007b) and liana cutting may have
undesirable effects on tree regeneration due to direct damage to
tree saplings and seedlings when dead lianas fall to the ground
(pers. obs.), on the fauna that uses lianas for food and refuge (Em-
mons and Gentry, 1983) and in the long term through indirect ef-
fects by altering plant–animal interactions such as pollination and
seed dispersal (Schnitzer and Bongers, 2002). Lianas tend to use
several types of vegetative reproduction including resprouting
and thus it is difficult to predict a priori the impact of liana removal
treatments.

In this study we assessed if: (1) liana abundance, basal area and
tree infestation increased over a 10-year period, (2) liana richness
and abundance changed after liana cutting and if this treatment af-
fected differently lianas grouped by climbing mechanism, (3) liana
re-infested host trees after 10 years since cutting and (4) if the
treatment enhanced advanced tree regeneration in the semidecid-
uous Atlantic Forest in Northern Argentina. To assess these ques-
tions, we measured liana abundance, richness and basal area, and
quantified tree and sapling infestation in a 10-year-old experiment
consisting of three controls (C) and three bamboo and liana cutting
(BLC) plots. We expected abundance and basal area of lianas to in-
crease in ten years as reported for other tropical and subtropical
forests. Also, an increment of tree infestation due to facilitation
(i.e. is easiest for lianas to climb other lianas) and to increased tree
size and age was predicted in control plots after 10 years. Re-infes-
tation in BLC plots was expected to be higher in species with short
branch-free boles. Finally, an increment in tree sapling basal area
was expected due to increased growth rates of saplings in bamboo
and liana cutting plots (Campanello, 2004).
2. Methods

2.1. Study area

The research was conducted in a native subtropical semidecid-
uous forest in northern Argentina (258580S, 548130W). The forest
was subjected to selective logging of commercial trees in the 1960s
and again in 2000. Mean annual rainfall at the study site is about
2000 mm, evenly distributed throughout the year, and the average
annual temperature is 21 �C with mean monthly amplitude of
10 �C (Cabrera, 1976). Frost seldom occurs during winter. The
number of days with freezing temperatures ranges from 2 to 9,
depending on river proximity and altitude of the site (Ligier,
1999). Temperatures can reach �5 �C but values lower than
�1.5 �C were observed only 11 times in a 30 year period (Servicio
Meteorológico Nacional, Argentina, 2005). The soils are derived
from basaltic rocks containing high concentration of Fe, Al and Si,
correspond to the 6a complex type according to local descriptions
(Ligier et al., 1990) and include Alfisols, Mollisols and Inceptisols
(Soil Survey Staff, 1992). Soils in the study area have a relatively
high exchangeable nitrogen of about 11 and 10 mg g�1 of NHþ4
and NOÞ�3 , respectively, and low concentrations of available P
(less than 2 mg g�1 of P determined with anion resin beads)
(Campanello, 2004). Some of the dominant canopy trees are:
Balfourodendron riedelianum (Engl.) Engl. (Rutaceae), Nectandra
megapotamica (Spreng.) Mez (Lauraceae), Bastardiopsis densiflora
(Hook. & Arn.) Hassler (Malvaceae), Cedrela fissilis Vell. (Meliaceae),
Cordia americana L. (Boraginaceae) and Lonchocarpus leucanthus
Burkart (Fabaceae). Lianas are abundant particularly in forest gaps
and disturbed sites. The most abundant liana species belong to the
Bignoniaceae and Fabaceae families, and species in the genera
Adenocalymna, Fridericia and Acacia are common. The understory
has abundant bamboo grasses (Chusquea ramosissima Lindman and
Merostachys clausenii var. clausenii Munro). The species C. ramossis-
ima can be an aggressive colonizer after human disturbance. The
culms of this rhizomatous species can be either erect or scandent
and have a length of 4–15 m (Montti et al., 2011b). In logged
forests, C. ramosissima is very abundant and forms a dense stratum
2–3 m in height (Campanello et al., 2007a), which represents an
aerial biomass of 4000–5500 kg ha�1 (unpublished results) that
significantly reduces solar radiation reaching the ground and
inhibits canopy tree regeneration (Campanello et al., 2009).

2.2. Experimental design

We conducted this study in six permanent 1 ha plots that are
part of an experiment established in May 2000. These plots were
located in a forest with similar canopy dominance and understory
vegetation. A 20 m buffer zone was established around each plot.
Three of these plots had a treatment consisting of bamboo and lia-
na cutting (BLC) and the other three were their control (C). Plots
were arranged in a randomized complete block design. Blocking
was based on soil type, topographic position, understory vegeta-
tion (i.e. C. ramosissima abundance) and stand basal area. In each
plot, all the trees greater than 10 cm in diameter at 1.30 m above
ground (DBH) were identified, marked, mapped, and their DBH
measured with a diameter tape. Stand basal area in C and BLC plots
was 19.5 ± 2.5 and 20.4 ± 0.9 m2 ha�1 with 280 ± 28 and 329 ± 22
tree individuals ha�1, respectively. In September 2000, selective
harvesting of 2–6 large individuals ha�1 was performed according
to local laws. The resulting average basal area was
17.1 ± 1.8 m2 ha�1 with 256 ± 19 tree individuals ha�1 in C plots,
and 18.5 ± 0.2 m2 ha�1 with 304 ± 14 tree individuals ha�1 in BLC
plots.

In November 2000, all lianas regardless of their diameter were
cut with a machete at 20 cm above the ground in the BLC treat-
ment. Gaps were completed cleared from bamboos and lianas.
The same treatment was applied inside the inner 10 m of the buffer
zone. The cut lianas and bamboos were allowed to decompose
in situ. A year later the treatment was repeated and liana resprout-
ing recut. The dominant semelparous bamboo species C. ramosiss-
ima started to flower in both control and cutting plots in the year
2002. The non-synchronous (i.e. non-gregarious) flowering pattern
of this species and the fast-growing bamboo seedlings enhanced a
rapid recover of bamboo abundance after flowering in C plots
(Montti et al., 2011b). Bamboo did not recover in BLC plots because
sexual reproduction was prevented by the cutting treatment.
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2.3. Liana abundance, richness and climbing mechanisms

Three 20 � 20 m subplots per plot were established within the
three 1 ha C and BLC plots (total area surveyed per plot was
0.24 ha). In C plots the subplots were randomly selected among
the six subplots surveyed in the year 2001 (Campanello et al.,
2007b). All lianas larger than 1 cm diameter were identified, stem
diameter measured at 1.3 m from the rooting point following
Gerwing et al. (2006) and Schnitzer et al. (2008). Climbing
mechanisms of liana species were classified into one of the
following categories: (a) tendril climbers, (b) main stem or branch
twiners, and (c) scramblers. Also, all trees larger than 10 cm DBH
present in the 20 � 20 m subplots were registered and their stem
diameter measured.

2.4. Liana infestation

In each 1 ha plot, 2 subplots 20 � 100 m were established in
2010 and all trees larger than 10 cm DBH were identified, stem
diameter and main stem height (from the ground to the first con-
spicuous branch) were measured. Data on liana infestation for the
year 2000 was available for all the trees larger than 10 cm DBH in C
and BLC plots. In 2010 we quantified liana infestation in BLC and C
plots in the 20 � 100 m subplots. Each tree was classified into one
of the following categories: (1) trees with crowns free of lianas, (2)
trees slightly infested by lianas (<50% of the crown affected), and
(3) trees severely infested (>50% of the crown affected). Inside
20 � 100 m subplots we measured all trees between 10 and
20 cm DBH that were not sampled in 2000 for having less than
10 cm DBH. This information allowed us to determine if there
was an effect of tree age and size on liana infestation.

2.5. Advanced tree regeneration and bamboo abundance in the
understory

All the tree saplings (individuals with DBH larger than five and
lower than 10 cm) in the 20 � 20 m subplots were identified and
measured in the six C and BLC plots. The same three categories
of liana infestation used for trees were employed to study liana
infestation in tree saplings inside 20 � 20 m subplots. Also, we
counted all the bamboo culms rooted inside the subplots as an esti-
mation of changes in bamboo abundance in C and BLC plots.

2.6. Data analysis

To assess whether liana abundance and basal area of individuals
>2.5 cm increased over 10 years in C plots we used a t test for
paired samples. Differences in liana basal area and abundance of
lianas between C and BLC plots were assessed by a two way ANO-
VA (RCBD) with two treatments and three replicates each. The
analysis was done for all the individuals and lianas with stem
diameters between 1 and 2.5 cm, and larger than 2.5 cm. Another
ANOVA was performed to test differences in liana abundance and
basal area according to their climbing mechanism (climbing mech-
anism was included as a treatment in the analysis). Rarefaction
curves for liana richness estimation in C and BLC plots were per-
formed with the software EstimateS 8 (Colwell, 2006). The species
were ranked from high to low basal area and the logarithms of
their relative basal area were plot against ranking scores for a gra-
phic description of liana species abundance distribution and even-
ness, and to assess if there were differences in liana communities
in C and BLC plots.

To examine liana resprouting and changes in tree infestation
the following analysis was performed. First, we tested whether lia-
na infestation increased in C plots over 10 years. We analyzed each
infestation category separately performing a t test for paired
samples (percentage data were root-square transformed). The
same analysis was used to test the existence of differences
between each category of liana infestation among trees with DBH
between 10 and 20 cm in 2000 and 2010. Second, the McNemar
non-parametric test was used to test differences between paired
(2000–2010) proportions of liana infestation scores in C and BLC
plots. The analysis indicated whether individuals that had lianas
in the year 2000 also had in 2010 and vice versa after liana
removing compared to control. This test was done for all the trees
and for each of six abundant species in the 20 � 100 m subplots
(B. riedelianum, B. densiflora, Chrysophyllum gonocarpum (Mart. &
Eichler) Engl., Holocalyx balansae Micheli, Machaerium stipitatum
(DC.) Vogel, and N. megapotamica). These species have relatively
small leaves and do not have phylomorphic branches that could
represent an advantage for liana shedding. Third, the degree to
which lianas were associated with trunk height of trees in BLC
was assessed by means of a logistic regression using the pres-
ence/absence of lianas reaching the trees crowns. The resulting
‘odds ratios’ indicate how much more likely it is that lianas are
present over tree crowns when the branch-free bole height of the
tree is increased by a unit of height (Hosmer and Lemeshow,
1989). The percentage of trees and sapling in each of the three
categories in liana infestation in C and BLC plots was analyzed by
a two way ANOVA (RCBD) with two treatments and three repli-
cates each. Data were root-squared transformed to fulfill ANOVA
requirements. The effect of bamboo and liana cutting on the
abundance and basal area of tree saplings was also analyzed by a
two way ANOVA with blocks and treatments as the main factors.
A p-value of 0.05 was used as the alpha level. However, due to
the low number of replicates, in a few cases values between 0.05
and 0.1 were considered significant and are indicated in the text.
3. Results

3.1. Liana abundance, richness and climbing mechanisms

A total of 51 liana species were sampled in both C (control)
and BLC (bamboo and liana cutting) plots (see Table S1 in
Supplementary content). The most abundant species were
Chamissoa altisima, Acacia velutina, Adenocalymna marginatum,
Adenocalymna paulistarum, Fridericia mutabilis, Condylocarpon
isthmicum, Dalbergia frutescens, Pereskia aculeata, and Seguieria
aculeata. This latter species was excluded from subsequent analysis
because most adult individuals were free-standing (may become
attached to a host tree at a latter stage) and they were not equally
cut in all the plots in 2000. This scrambler species behave more as
a tree than as a liana in the study area because very infrequently
can be observed climbing trees.

Liana abundance and basal area of individuals with diameters
larger than 2.5 cm increased by 68% and 50%, respectively, over
ten years in C plots (Fig. 1). In 2010, ten years after liana cutting,
liana abundance of individuals <2.5 cm was similar in C and BLC
plots (p = 0.25; Table 1). When considering all the lianas and lia-
nas > 2.5 cm, a tendency to decreased liana abundance was ob-
served in BLC compared to C plots (but the p-values were only
0.10 and 0.06, respectively). Basal area of lianas was significantly
lower in BLC compared to C plots when considering all the individ-
uals and lianas > 2.5 cm (p < 0.05; Table 1), indicating a reduction
of basal area in the plots where lianas were cut in the years 2000
and 2001. Larger lianas represented the 28% of all lianas in C plots
compared with only a 19% in BLC plots.

Tendriled lianas were the most abundant group followed by
scramblers and twiners both in C and BLC plots (Fig. 2a, Supple-
mentary information). The higher value of basal area in C plots
was due to a significantly higher basal area of lianas with tendrils



Fig. 1. Liana abundance (a) and basal area (b) of individuals with diameters >2.5 cm
in control plots in the years 2000 (solid bar) and 2010 (hatched bar). Bars are
means + SE (t values for paired samples are �3.83 and �3.28, respectively).

Table 1
Abundance (N; individuals 0.1 ha�1) and basal area (BA, m2 0.1 ha�1) of lianas in C
(control) and BLC (bamboo and liana cutting) plots in the year 2010 (ten years after
the treatment) for all the individuals and lianas with stem diameters between 1 and
2.5 cm, and larger than 2.5 cm. Values are mean ± SE. The F and P-values of the
treatments are indicated.

C BLC F1,2 P-value

All
N 317.8 ± 29.7 226.1 ± 51.8 8.19 0.10
BA 0.172 ± 0.021 0.085 ± 0.016 23.6 0.04

<2.5 cm
N 227.7 ± 21.5 183.1 ± 43.4 2.54 0.25
BA 0.049 ± 0.004 0.037 ± 0.009 4.75 0.18

>2.5 cm
N 89.7 ± 13.3 43.1 ± 8.7 15.9 0.06
BA 0.127 ± 0.017 0.048 ± 0.009 24.4 0.04

Fig. 2. Liana abundance (a) and basal area (b) in control (C) and bamboo and liana
cutting (BLC) plots in the year 2010 grouped by climbing mechanisms. For
abundance, treatment�mechanism P-value = 0.54 with F2,10 = 0.64, mechanism p-
value = 0.0003 with F2,10 = 26.36, and treatment P-value = 0.04 with F1,10 = 5.54. For
basal area, treatment�mechanism P-value = 0.01 with F2,10 = 6.99, mechanism p-
value < 0.001 with F2,10 = 35.95, and treatment P-value = 0.002 with F1,10 = 32.73.

Fig. 3. Coleman rarefaction curves for liana species as a function of the number of
individuals measured in control (C) and bamboo and liana cutting (BLC) plots in the
year 2010. Symbols are means ± SE. Curves represent the expected species richness
for different number of individuals.
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compared to the same group in BLC plots and also to lianas with
other climbing mechanisms (Fig. 2b). In BLC plots, the basal area
of twiners was significantly lower to the basal area of scramblers
and tendriled lianas (e.g. the abundance and basal area of the twi-
ner C. isthmicum were three and five times lower in BLC compared
to C plots, see Supplementary information). Liana richness was not
affected by BLC treatment as showed by rarefaction curves (Fig. 3).
The number of species as a function of individuals was preferred
over area sampled to discard liana density effects on species rich-
ness. Lianas did not show substantial differences in the distribution
of their relative specific abundances and species evenness as indi-
cated by the similar slopes of rank–abundance curves of C and BLC
plots (Fig. 4).

3.2. Liana infestation in control plots

The percentage of trees without lianas in their crown decreased
while trees severely infested increased from 2000 to 2010 (Fig. 5).
Trees with DBH between 10 and 20 cm in 2000 and in 2010 had
similar scores of liana infestation indicating an effect of tree size
and age on liana infestation of trees measured in 2000 and 2010
(F1,2 = 0.2, p = 0.70% for tree free of lianas; F1,2 = 0.002, p = 0.96%
for trees slightly infested; F1,2 = 0.14, p = 0.74% for trees severely
infested; data not shown).

Most of the trees (64.3%) in C plots remained infested after
10 years (Table 2). Only 12.2% of the trees free of lianas in 2000
were not infested in 2010 and the 18.8% of trees free of lianas in
2000 were infested in 2010. A small percentage (4.8) of trees ap-
peared to have shed lianas from their crowns (Table 2). In three
of the six tree species analyzed all the individuals that were free
of lianas in 2000 were infested in 2010. In the case of H. balansae,
all the trees were infested by lianas in 2000 in C plots, and a 7.7% of
the individuals lost their lianas by 2010. All the trees of M. stipita-
tum were infested by lianas in 2010 in C plots. This last species, as
well as, B. densiflora and N. megapotamica were not capable of
shedding lianas from their crowns (all the trees infested in 2000
had lianas in 2010 in C plots).



Fig. 4. Rank–abundance plots comparing liana communities in control (C) and
bamboo and liana cutting (BLC) plots 10 years after treatment. The Y-axis
represents the logarithm of the basal area of each species ranked in X-axis from
higher to lower basal area.

Fig. 5. Changes in tree crown infestation by lianas for a total of 740 trees in control
plots between the years 2000 (solid bar) and 2010 (hatched bar) (t values for paired
samples are �3.43 for trees without lianas and 3.14 for trees severely infested).

Fig. 6. Liana infestation in adult trees (a) and saplings (b) in control (C) and bamboo
and liana cutting (BLC) plots in the year 2010. Values are means + SE. A total
number of 335 and 407 trees and 460 and 461 saplings were measured in C and BLC
plots, respectively. ��P-value for the treatment was <0.005 with F1,8 = 15.
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3.3. Liana re-infestation in BLC plots

In BLC plots the probability of having lianas in 2010, if they had
not in 2000, was similar to the probability of not having lianas in
2010 for trees infested in 2000 (16.1% and 16.7%, respectively) (Ta-
ble 2). The 42.9% of the trees in BLC plots that had lianas in their
crowns in 2000 was re-infested by 2010. The proportion of trees
Table 2
McNemar symmetry v-square and P-values from contingency analysis of changes in liana
(d.f. = 1 for all comparisons). The abundance of individuals in each combination is the perce
of the trunk in meters is indicated.

2000 With W

2010 With Without W

All trees C 64.3 4.8 1
BLC 42.9 16.7 1

B. riedelianum C 25.9 8.33 3
(8.6 ± 0.4 m) BLC 3.8 23.1 1
B. densiflora C 42.8 0.0 3
(7.5 ± 0.4 m) BLC 50.0 20.0 2
C. gonocarpum C 82.8 6.9 1
(5.0 ± 0.2 m) BLC 71.9 15.6
H. balansae C 92.3 7.7
(6.6 ± 0.4 m) BLC 47.1 29.4
M. stipitatum C 85.7 0.0 1
(5.3 ± 0.3 m) BLC 68.4 15.8 1
N. megapotamica C 46.6 0.0 4
(5.6 ± 0.2 m) BLC 31.0 17.2 4
with lianas in their crown was around 60% in both 2000 and
2010. Approximately 24% of trees remained without lianas in BLC
plots 10 years after treatment was first applied (Table 2). A rela-
tively high percentage of trees was liana free in BLC compared to
C plots in 2010 (Fig. 6a). In the case of B. riedelianum, the species
with the largest branch-free bole and smooth bark, only 3.8% of
trees were re-infested. For C. gonocarpum and M. stipitatum, both
species with short trunks, the proportion of re-infested trees, on
the other hand, was high (71.9% and 68.4%, respectively).

The logistic regression analysis between presence/absence of
lianas reaching tree crowns showed that trunk height of trees
was important for predicting liana re-infestation (Table 3). As
trunk height increases, the likelihood of liana presence decreases.
The analysis demonstrated a good predictive ability (63% correct
predictions), but not a well-defined threshold for the presence
infestation from 2000 to 2010 in C (control) and BLC (bamboo and liana cutting) plots
ntage of the total abundance (N) in each case. For the species the average height (±SE)

ithout McNemar symmetry test

ith Without X2 P N

8.8 12.1 21.39 <0.001 272
6.1 24.3 0.009 0.92 329
3.3 33.3 0.8 0.371 12
9.2 53.8 0.00 1 26
8.1 19.0 6.12 0.01 21
0.0 10.0 0.25 0.62 10
0.3 0.0 0.00 1 29
9.4 3.1 0.125 0.72 32
0.0 0.0 0.00 1 13
5.9 17.6 1.5 0.27 17
4.3 0.0 0.50 0.45 14
5.8 0.0 0.17 0.68 19
6.7 6.7 5.14 0.02 15
1.4 10.4 2.12 0.14 29



Table 3
Logistic regression between liana infestation and height of the branch-free bole of adult trees. Total number of trees in the analysis is 323 (134 trees without lianas, 189 trees with
lianas).

Parameter EE Odds ratio Confidence intervals (95%) Waldv2 P-value

Constant 1.50 0.30 4.49 2.47–8.15 24.33 <0.0001
Height �0.17 0.04 0.84 0.77–0.91 17.08 <0.0001

The model is log (p/(1 � p) = a + bv; where p is the probability of liana presence from the tree crown given v, v is the branch-free bole height, a is the constant, and b is the
parameter estimate. Odds ratio is the probability lianas present:the probability lianas absent.

Table 4
Results of ANOVA for sapling abundance (individuals 0.1 ha�1) and basal area (m2

0.1 ha�1) in C (control) and BLC (bamboo and liana cutting) plots. Values are
means ± SE. The F and P-values of the treatments (C and BLC) are indicated.

C BLC F1,2 P-value

Abundance 117.8 ± 30.0 125.3 ± 25.4 0.98 0.426
Basal area 0.238 ± 0.058 0.297 ± 0.052 12.75 0.070
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and absence of lianas. For branch-free bole height < 8.5 m, the
probability to find lianas on tree crowns increase over 50%.
3.4. Advanced tree regeneration

There were 1.1 ± 0.2 stems of C. ramosissima per square meter in
C plots while a total of 38 culms were counted in BLC plots indicat-
ing that control of bamboo abundance was achieved. Tree sapling
abundance was similar in C and BLC plots and basal area was
higher in BLC plots at a p-value of 0.07 (Table 4). A total of 66 tree
species were found. In both BLC and C plots the most abundant
species were subcanopy trees (Actinostemon concolor, Sorocea ilici-
folia, Chrysophylum gonocarpum, Pilocarpus pennatifolius, Trichilia
elegans, Trichilia catigua, Solanum inaequale), but also three canopy
trees species were abundant among saplings (N. megapotamica,
B. densiflora and L. leucanthus). No differences in the percentage
of saplings in each of the three categories of liana infestation were
found between C and BLC plots (Fig. 6b).
4. Discussion

4.1. Liana abundance and infestation are increasing over time

According to our results in C plots, basal area and abundance of
lianas are increasing in Northern Argentina as observed in other
forests around the world (Schnitzer and Bongers, 2011). An incre-
ment of more than 50% in 10 years was observed in our study for
lianas larger than 2.5 cm, which is consistent with increasing val-
ues reported by Phillips et al. (2002) in the Amazon forests for large
lianas (i.e. more than 10 cm in diameter). Putative mechanisms
explaining increasing liana abundance and biomass includes high-
er rates of natural and anthropogenic disturbances, increased
evapotranspiration with climate change and the ability of lianas
to growth during adverse drought conditions and elevated atmo-
spheric CO2, which gives them a relative advantage over trees
(Schnitzer, 2005; Schnitzer and Bongers, 2011). The subtropical
forest of Northern Argentina is considered a seasonally dry tropical
forest mainly because of the tree species composition according to
Pennington et al. (2000, 2009) and Prado and Gibbs (1993). Short
dry spells (i.e. 20–30 days without rainfall) occur frequently but
precipitation is relatively high and evenly distributed throughout
the year. Even though there is not a dry season such as in seasonal
dry tropical forests, seasonality is driven by the low temperatures
occurring in the short winter season. In this forest, about 25–50% of
the tree species are deciduous or semi-deciduous (Leite and Klein,
1990), while most lianas tend to retain leaves longer in the mild
cold season (pers. obs). Thus, it is plausible that lianas are being fa-
vored by the low leaf area index during winter as proposed for sea-
sonal dry tropical forests (Andrade et al., 2005; Cai et al., 2009;
Schnitzer, 2005; Swaine and Grace, 2007), and particularly in
logged forests (DeWalt et al., 2000; Schnitzer et al., 2000; Laurance
et al., 2001).

Disturbance, in general, enhances liana abundance in tropical
forests (Schnitzer and Bongers, 2002). In Misiones province, forests
with relatively high basal area (e.g. 30 m2 ha�1) subjected to low
logging intensity in the past have a relatively low liana infestation
(i.e. more than 50% of the trees does not have any lianas and only
2% of the trees has lianas covering most of their crown). In contrast,
heavily logged forests (e.g. basal area of 19 m�2 ha�1) have few
trees without lianas and more than 28% of the trees has lianas cov-
ering most of their crown (Campanello et al., 2009). Lianas grow
rapidly and climb suitable host trees covering most of the upper
canopy when incoming solar radiation is high. Lianas reaching tree
crowns also act as climbing supports, facilitating other lianas ac-
cess to the upper canopy (Campanello et al., 2007b; Nabe-Nielsen,
2001; Putz, 1984). Furthermore, lianas may colonize new gaps
delaying the gap-phase regeneration process and the recovery of
a tall mature forest (Schnitzer et al., 2000). They have also a detri-
mental direct effect on trees, decreasing growth and increasing
mortality rates (Grauel and Putz, 2004; van der Heijden and
Phillips, 2009; Ingwell et al., 2010; Schnitzer and Carson, 2010),
ultimately enhancing gap formation (Schnitzer and Bongers,
2011). This positive feedback loop between disturbance and liana
abundance may contribute to explain the increasing liana basal
area and tree infestation in the forest of Northeastern Argentina
(Campanello et al., 2009).

In this study, liana infestation on tree crowns increased during a
10 year period. Liana infestation in the trees measured in the year
2000 in C plots increased from 69% to 83% in 2010, which is one of
the highest percentage infestation value reported for neotropical
forests (van der Heijden et al., 2008; Ingwell et al., 2010) and sim-
ilar to values reported in a Bolivian forest (Alvira et al., 2004). Small
trees (i.e. 10–20 cm DBH) in 2000 and 2010 had similar liana loads,
which indicates that liana infestation in trees larger than 20 cm
DBH was enhanced as a result of facilitation, increased tree size
and aging. The age of the host tree should play an important role
in liana abundance because older trees provide more opportunities
and time for liana colonization. Thus, trees of slow growing species
such as H. balansae are normally severely infested (Campanello
et al., 2007b). Liana shedding was observed for some individuals
while others became infested in C plots, but three of the focal spe-
cies studied were not able to shed lianas or were rapidly re-colo-
nized. Although liana infestation is a dynamic process, liana
shedding was more infrequent in this study than results reported
recently by Ingwell et al. (2010) in Panama (i.e. less than 5% in
Misiones forests versus 11% in Barro Colorado Island).

4.2. Effect of treatment on liana species, tree infestation and forest
dynamics

The severity of the treatment applied in 2000 and 2001 (i.e. all
the liana stems were cut twice in BLC plots) did not largely affect
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liana species composition after 10 years. As indicated by rarefac-
tion and rank–abundance plots, liana species were similarly abun-
dant in both C and BLC plots. On the other hand, a tendency for a
reduced liana load was observed consistent with a decrease of
abundance and basal area of all the lianas in BLC plots. Basal area
and abundance of individuals >2.5 cm in diameter were signifi-
cantly lower in BLC plots compared to C plots, which suggest that
a longer period of time is necessary for a complete recovery of the
larger lianas.

Lianas grouped by climbing mechanisms responded differently.
The most affected group in BLC plots were tendriled lianas, which
is also the most abundant group in the semideciduous Atlantic For-
est studied (Campanello et al., 2007b) and in forest remnants in
Southern Brazil (Santos et al., 2009). In both cases most of the spe-
cies belong to the Bignoniaceae. On the other hand, twining lianas
were the least abundant group in Northern Argentina, while in
other forests where the most abundant species belong to the Fab-
aceae, Apocynaceae, Rutaceae, Asclepiadaceae and Malpighiaceae
among other families, twiners constitute the most abundant group
of lianas (e.g. Nabe-Nielsen, 2001; Padaki and Parthasarathy, 2000;
Senbeta et al., 2005).

Overall, these results indicate a rapid partial recovery of liana
biomass in BLC plots. Lianas have ecophysiological traits that make
them a distinctive functional group with invasive potential in dis-
turbed forest. They allocate relatively little biomass to structural
support and a higher proportion to leaves than other woody plants
(Schnitzer and Bongers, 2002). Moreover, they have greater photo-
synthetic rates compared to trees (Cai et al., 2009; Zhu and Cao,
2009). Besides, the vascular systems of lianas have a broad array
of tissues that prevent stem breakage or help heal damaged stems
(Isnard and Silk, 2009; Putz and Holbrook, 1991). After distur-
bance, recruitment can derived from vegetative reproduction such
as sprouting of damaged individuals. Experimental gaps created by
cutting have shown a strong sprout response. For example, 46% of
cut lianas resprouted in an Amazonian forest (Gerwing and Vidal,
2002) and 41% in a lowland forest of Bolivia (Alvira et al., 2004).
All of these traits combined should contribute to a rapid liana
recovery. In a Bolivian forest, Perez-Salicrup et al. (2001) found
that, liana cutting reduced tree infestation for at least two years,
but the treatment was very expensive to be applied for liana con-
trol. However, in another Bolivian tropical forest, the effects of
removing lianas persisted for four years (Peña-Claros et al., 2008)
and the authors considered that the treatment was cost effective
to improve tree regeneration.

Schnitzer and Carson (2010) in a seasonal tropical forest in Pan-
ama showed that competition between lianas and trees constrains
tree recruitment, survival and diversity in gaps. In their study,
lianas were particularly harmful to shade-tolerant species. In the
subtropical forest of Misiones, as found in other forests (e.g.
Addo-Fordjour et al., 2009) the abundance of lianas is directly
related to the abundance of trees (Campanello et al., 2007b). In this
semideciduous forest, bamboos are successful competitors in gaps
suppressing both trees (Campanello et al., 2007a; Montti et al.,
2011a) and possibly lianas (pers. obs.). In similar stands of the
Atlantic Forest in Brazil, lianas were comparatively less abundant
in bamboo-dominated areas than in forests without bamboos
(Carvalho et al., 2011). For this reason, liana abundance and basal
area may have been enhanced by the simultaneous bamboo and
liana cutting.

Liana re-infestation in BLC plots was also a rather rapid process.
The percentage of trees without lianas in BLC plots was 40% com-
pared to 20% in C plots but another 40% in the BLC plots showed
slight infestation and 20% was severely infested. At least a 10% of
the slightly infested trees in 2010 will probably become severely
infested within a short period of time. Furthermore, saplings were
equally and highly infested in both C and BLC plots, which is
indicating a relative low efficacy of the treatment to prevent liana
infestation after ten years. Species-specific characteristics of the
tree trunk (i.e. length and type of bark) were found to affect liana
colonization of potential tree hosts (Campanello et al., 2007b).
Accordingly, in this study we observed that the length of the
branch-free bole affected the re-colonization scores of host trees
in BLC plots (i.e. trees with short trunks, besides being unable of
shedding lianas, were quickly re-colonized).

Limited regeneration of trees, particularly of light demanding
species, has been observed in tropical and subtropical forests
(Campanello et al., 2007a; Dickinson and Whigham, 1999; Freder-
icksen and Mostacedo, 2000; Mostacedo and Fredericksen, 1999).
Potential causes for impeded regeneration include the absence of
seed trees, the lack of appropriate environmental conditions for
seed germination and seedling establishment, and the proliferation
of invasive plants that compete with tree sapling and seedling for
light and nutrients (Mostacedo and Fredericksen, 1999). Bamboos
and lianas are ubiquitous competitors in gaps, prevent tree regen-
eration and slow down gap-phase regeneration processes in many
neotropical forests (Griscom and Ashton, 2003; Oliveira-Filho et al.,
1994; Schnitzer et al., 2000, 2005; Tabanez and Viana, 2000;
Tabarelli and Mantovani, 2000), including subtropical forests in
Northern Argentina (Campanello et al., 2007a). The monocarpic
bamboo C. ramosissima started to flower in different areas of
Northeastern Argentina in 2001 (Montti et al., 2011b). Our BLC
treatment drastically reduced bamboo cover mainly because, coin-
cidentally, flowering and die-back of the most abundant species C.
ramosissima occurred after cutting and hence was not able to
reproduce in BLC plots (pers. obs.). A reduction of liana basal area
and abundance was observed in BLC plots after a 10-year period,
particularly for larger lianas. However, the treatment may not be
as effective in reducing liana load and infestation in the long term
as tree saplings were similarly infested in C and BLC plots. In
agreement with our previous results, the BLC treatment did not
increase tree sapling abundance but enhanced tree sapling growth
(Campanello, 2004; Campanello et al., 2007a). The slight increment
of tree sapling basal area in 2010 is denoting that there was
an effect of the silvicultural treatment applied to enhance tree
regeneration. If the effect is expected to be long lasting, liana
cutting should be done more frequently. However, increasing the
frequency of the treatment will substantially increase the cost of
the management practices and may have undesirable effects on
plant-animal interactions and biodiversity in the long term.
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