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ABSTRACT

Lianas are a quintessential feature of tropical forests and are often perceived as being poorly studied. However, liana removal stud-
ies may be one of the most common experimental manipulations in tropical forest ecology. In this review, we synthesize data from 64
tropical liana removal experiments conducted over the past 90 yr. We explore the direction and magnitude of the effects of lianas on
tree establishment, growth, survival, reproduction, biomass accretion, and plant and animal diversity in ecological and forestry studies.
We discuss the geographical biases of liana removal studies and compare the various methods used to manipulate lianas. Overall, we
found that lianas have a clear negative effect on trees, and trees benefitted from removing lianas in nearly every study across all forest
types. Liana cutting significantly increased light and water availability, and trees responded with vastly greater reproduction, growth, sur-
vival, and biomass accumulation compared to controls where lianas were present. Removing lianas during logging significantly reduced
damage of future merchantable trees and improved timber production. Our review demonstrates that lianas have an unequivocally detri-
mental effect on every metric of tree performance measured, regardless of forest type, forest age, or geographic location. However, lia-
nas also appear to have a positive contribution to overall forest plant diversity and to different animal groups. Therefore, managing
lianas reduces logging damage and improves timber production; however, the removal lianas may also have a negative effect on the fau-
nal community, which could ultimately harm the plant community.

Abstract in Spanish is available with online material.
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LIANAS ARE A UBIQUITOUS AND CHARACTERISTIC COMPONENT OF

TROPICAL FORESTS. The presence of lianas, perhaps more than any
other physiognomic feature, is often considered to be the single
most distinguishing characteristic of tropical forests compared to
temperate forests (Schnitzer & Bongers 2002). Lianas are woody
vines that are rooted in the ground and typically use trees to
ascend to the forest canopy. They are a diverse, polyphyletic guild
that can be found in nearly one-quarter of the world’s plant fami-
lies (Gianoli 2015). Lianas commonly contribute 25% of the
woody stems in lowland tropical forests (Schnitzer & Bongers
2002, Schnitzer et al. 2012, 2015a, Wyka et al. 2013). In terms of
diversity, lianas can contribute up to 35% of the woody species,
which is far higher than would be predicted by stem number
alone (Schnitzer et al. 2012, 2015b). Lianas also provide food
sources to insects, birds and mammals, particularly when trees
are not flowering or fruiting (Morellato & Leitao-Filho 1996). By
linking treecrowns, lianas provide aerial pathways that are utilized
by many animal species (Yanoviak & Schnitzer 2013).

Lianas compete intensely with trees in tropical forests. Lianas
climb their tree hosts and deploy their foliage in the high-light
environment at and near the top of the forest canopy, thus

competing intensely for light (Putz 1984b, Toledo-Aceves 2015,
Rodr�ıguez-Ronderos et al. 2016). Lianas also compete with trees
for belowground resources (Dillenburg et al. 1995, Schnitzer et al.
2005, �Alvarez-Cansino et al. 2015). Lianas have been shown to
reduce tree survival (van Der Heijden & Phillips 2009, Ingwell
et al. 2010), fecundity (Kainer et al. 2014, Garc�ıa Le�on et al.
2018), recruitment (Schnitzer & Carson 2010), and the growth of
tree seedlings, saplings, and adults (P�erez-Salicrup 2001, Schnitzer
et al. 2005, �Alvarez-Cansino et al. 2015, Mart�ınez-Izquierdo et al.
2016).

Lianas also appear to reduce several important emergent
properties of communities and ecosystems, such as tree diversity
and forest-level biomass uptake (Schnitzer & Carson 2010, van
der Heijden et al. 2013, 2015, Schnitzer et al. 2014, Schnitzer
2015, Ledo et al. 2016). Given that lianas commonly infest up to
75% of the trees in tropical forests (van der Heijden et al. 2008,
2015, Ingwell et al. 2010), they likely compete with the vast
majority of trees in tropical forests. Thus, determining the ecol-
ogy of lianas and their effects on trees is essential to fully under-
stand the structure, diversity, and dynamics of tropical forests
(Schnitzer et al. 2015a).

Most observational studies in tropical forest ecology have
ignored lianas and instead have focused on trees. For example, of
the 46 large-scale sampling plots in the Center for Tropical
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Forest Science plot network, only four have sampled lianas
(Makana et al. 2004, Carson & Schnitzer 2008, Schnitzer et al.
2012, 2015a, Bongers & Ewango 2015, Thomas et al. 2015), only
one plot sampled lianas across the entire 50 hectares (Schnitzer
et al. 2012, 2015a), and in all cases, liana censuses were initiated
many years after the tree censuses were completed (but see Lau-
rance et al. 2001). Moreover, very few large-scale studies in tropi-
cal forest ecology have quantified liana abundance or liana
infestation levels of trees. Quantifying the effects of lianas on
trees appears to be especially important in explaining tree growth
and survival, as well as the accumulation of biomass over long
time periods (Ledo et al. 2016, Visser et al. 2018). Additionally,
many of the large-scale and influential studies on lianas have
examined only very large lianas (e.g., Phillips et al. 2002, Chave
et al. 2008), which are not particularly common (Schnitzer et al.
2012, 2015a). However, this latter trend is beginning to change
and more studies now include much smaller lianas (e.g., DeWalt
et al. 2015). With the recent recognition that lianas alter many
important forests processes, there has been a burst of large-scale
experimental studies on lianas (Kainer et al. 2014, �Alvarez-Can-
sino et al. 2015, van der Heijden et al. 2015, Reid et al. 2015,
C�esar et al. 2016, Lussetti et al. 2016, Garc�ıa Le�on et al. 2018).

Although lianas have been largely ignored in observational
studies, experimental work on lianas, mainly liana cutting manipu-
lations, have a long history in ecology and forestry. Indeed, the
effects of lianas on trees may be one of the most experimentally
manipulated plant-plant interaction in tropical forest ecology.
Over the past 90 yr, there have been 64 liana removal studies in
tropical forests. These experiments range from a focus on a
single tree species spanning a time range of 5 mo to 10 yr
(P�erez-Salicrup & Barker 2000, Kainer et al. 2014), to studies on
multiple tree species that spanned 28 yr (Okali & Ola-Adams
1987). Experimental studies have been conducted in many tropi-
cal areas, ranging from the Solomon Islands to Malaysia, to Nige-
ria, Cameroon, Bolivia and Surinam (Neil 1984, Okali & Ola-
Adams 1987, Parren & Bongers 2001, Dekker & de Graaf 2003,
Forshed et al. 2008, Villegas et al. 2009). The wealth of informa-
tion that has been learned from liana removal experiments
includes how lianas reduce tree recruitment, growth, survival,
reproduction, biomass uptake and allocation, and community-
level species diversity and carbon dynamics.

There have been a number of important reviews of the liana
literature (Schnitzer & Bongers 2002, Isnard & Silk 2009, Paul &
Yavitt 2011, Wyka et al. 2013, Schnitzer et al. 2015a) and a recent
study reviewed and quantified part of the literature on the effect
of lianas (and liana cutting) on annualized tree growth and bio-
mass (Marshall et al. 2017). However, no review has comprehen-
sively summarized the full liana removal experiment literature and
synthesized their results. In this review, we examine the extensive
literature on liana removal experiments and summarize the evi-
dence on the effects of lianas on tree establishment, growth, sur-
vival, and reproduction in tropical forests across the globe. We
categorize studies by their focal area, either ecology or forestry,
and whether the liana manipulation was paired with other manip-
ulations such as tree removal and canopy thinning. In each focal

area, we address the following questions: (1) are the effects of lia-
nas on tree establishment, survival, growth, biomass, reproduc-
tion, forest diversity and forest fauna in tropical forests positive
or negative? (2) Are the effects of lianas on tree mortality and
gap formation during logging positive or negative? (3) Where are
liana manipulation studies carried out, and do the effects
observed differ by global region? (4) What are the most common
methods used in liana manipulation experiments, and do they dif-
fer in efficacy? In this review, we examine the extensive literature
on liana removal experiments and summarize the evidence on the
effects of lianas on tree establishment, growth, survival, and
reproduction in tropical forests across the globe. We categorize
studies by their focal area, either ecology or forestry, and whether
the liana manipulation was alone or paired with another manipu-
lation, such as tree removal and canopy thinning. In each focal
area, we examine the extent and magnitude of the effects that lia-
nas have on tree establishment, growth, survival, and reproduc-
tion, which provides a clear picture of the effects of lianas on
tropical forest trees and on community and ecosystem processes.
We also review the limited literature on the positive contributions
of lianas to tropical forest processes, particularly their positive
contribution on forest animals. We identify the geographic loca-
tions and forest types where liana manipulations have been con-
ducted, as well as where they are poorly studied. We discuss the
methods that have been used in liana manipulation experiments
and the efficacy of different methods. Finally, we identify major
gaps in liana experimentation, and provide suggestions for future
experiments that will ultimately provide a more comprehensive
understanding of the role of lianas in forests worldwide.

COMPILING AND SUMMARIZING THE
RESULTS OF LIANA REMOVAL
EXPERIMENTS

We found a total of 64 published studies spanning the past 90 yr
that used liana removals to explore the role of lianas in tropical
and subtropical forest ecosystems (Table 1 and Table S1). To
amass the liana experimental literature, we first searched the pub-
lic comprehensive liana data base that is maintained by the
LianaEcologyProject.com. To ensure that we did not omit any
relevant studies, we then searched Web of Science on March 17,
2014, with the words ‘liana’ and ‘experiment’ or ‘removal’. We
selected studies performed in situ in tropical ecosystems and
excluded studies that were conducted exclusively in greenhouses.
We also checked the references of the liana removal studies,
which often lead to additional older experiments. We included
studies published after 2014 as they became available online and
we ended our search in October of 2017.

We begin our review by summarizing experimental studies
on liana-tree competition, emphasizing on more recent studies,
and then show how lianas affect plant growth, biomass
accumulation, reproduction, tree forest diversity and forest fauna.
All the studies, with one exception, reported that lianas reduced
the performance of adult tree, saplings, or seedlings (Table 1
and Table S1).
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RESULTS OF LIANA REMOVAL
EXPERIMENTS

COMPETITION WITH TREES.—Lianas compete with trees for both
light and soil resources, and the use of these resource by lianas
contributes to the reduction in performance of adult trees, sap-
lings and seedlings. A recent review by Toledo-Aceves (2015)
summarized how lianas and trees compete above and below-
ground. We use that review, together with liana removal literature,
to elucidate the complexity of tree- liana competitive interaction.

Five studies found that lianas have a measurable effect on
light penetration into the interior of tropical forests. For example,
in a large liana removal experiment in a moist forest in Panama,
Rodr�ıguez-Ronderos et al. (2016) found that lianas attenuated
approximately 20% of the light that arrived at the forest canopy.
That is, they found that light increased 20% 1-yr following the
removal of lianas in eight 80 9 80 m plots (with eight additional
same-sized plots serving as controls). Light penetration remained
high in the eight liana removal plots compared to the eight con-
trols for the first 2 yr. Four years after the initial liana removal,
however, trees appeared to have fully compensated for the loss
of liana leaves, and light penetration did not differ between liana
removal and control treatments (Rodr�ıguez-Ronderos et al. 2016).
Also in Panama, in 17 natural treefall gaps, Schnitzer and Carson
(2010) found that lianas blocked a significant proportion of light
by comparing the leaf area index before and after removal. Such
changes in the light regime allowed shade-tolerant species to
increase their relative growth rate by 56%, whereas growth rates
of shade-intolerant species were invariant to the increase in light
availability (Schnitzer & Carson 2010). In dry forests in Bolivia
and Brazil, canopy openness and light penetration in the under-
story were 4–12% higher in liana removal than control plots
(P�erez-Salicrup 2001, C�esar et al. 2016), which allowed seedlings
to increase twofold in height and fivefold in biomass. In an
Amazonian dry forest, canopy light transmission doubled from
pre-cutting to post-cutting, and this difference remained for 2 yr
following liana removal (Gerwing 2001). In sum, lianas decrease
light availability for trees, which affects tree growth and survival
is due, in part, to competition for light (see Growth and Biomass
subsections below).

Lianas may also decrease soil moisture, and removing lianas
may result in higher soil moisture availability for trees. Using a
large-scale liana cutting experiment in a moist forest in Panama,
Reid et al. (2015) showed that the removal of lianas increased sur-
face water availability (10 cm depth) 5 mo after liana cutting, and
increased water availability in deeper soil layers after 3 yr. Two
processes may explain the results of Reid et al. (2015). Removing
lianas results in fewer roots that are competing for water, which
increases soil moisture. In the long run, higher evapotranspiration
due to higher irradiance following liana removal can dry the top-
soil layer, while deeper layers remain moist. In fact, lianas are
thought to transpire more water than similar sized trees, and lianas
may also absorb water from deeper soil layers (Restom & Nepstad
2001, 2004, Andrade et al. 2005). However, not all studies were
able to detect an effect of lianas on soil moisture. A study in Boli-
via reported that a reduction in liana abundance did not affect soil
water moisture on the topsoil layer and at 1 m depth (P�erez-Sal-
icrup 2001). Detecting higher soil moisture following liana
removal is difficult because upon liana cutting trees immediately
begin to use available soil moisture (Tobin et al. 2012, �Alvarez-
Cansino et al. 2015), reducing soil moisture to low levels.
Nonetheless, the experimental results from Reid et al. (2015), and
the correlative physiological studies that compare tree and liana
rooting depths, indicate that lianas reduce soil water moisture.

Lianas can alter the water balance of trees, presumably via
competition for water during seasonal drought (Toledo-Aceves
2015). Three studies have shown that removing lianas increased
the water status of trees, which, in turn, enhanced tree growth. In
a seasonal moist forest in Panama, �Alvarez-Cansino et al. (2015)
showed that liana removal significantly increased sap velocity on
53 canopy trees of six species. The increase in sap flow was corre-
lated with a positive effect on diametric growth (�Alvarez-Cansino
et al. 2015). Most importantly, these effects were more pro-
nounced during the dry season, when soil moisture is at its lowest,
and disappeared during the wet season, when soil moisture was
not limited (�Alvarez-Cansino et al. 2015). Working in the same
forest, Tobin et al. (2012) removed lianas from four canopy trees
of different species and found that tree sap velocity increased by
8% compared to the four control trees. They also removed a
comparable amount of tree and liana biomass from canopy trees

TABLE 1. Number of publications, time range of publications, and time for a liana removal to have an effect on trees.

Effect of liana cutting on trees

Liana cutting as silvicultural

treatment

Liana cutting and tree

elimination/harvesting

as silvicultural treatments

Total number of publications 20 21 23

Time range of publications 1987–2017 1960–2016 1927–2013

Data papers 20 18 20

Review papers 0 3 3

Rainfall precipitation range

(papers that report it)

1450–2600 (18) 1200–3050 (14) 1050–4000 (17)

Duration of study 3 d to 10 yr 2 mo to 18 yr 2 mo to 28 yr
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and found that sap velocity did not change following tree removal
compared to the control trees, demonstrating that liana-tree com-
petition has a much larger negative effect on canopy trees than
does tree-tree competition when controlling for biomass (Tobin
et al. 2012). Similarly, in a highly seasonal dry forest in Boliva,
P�erez-Salicrup and Barker (2000) removed lianas from 10 trees of
Senna multijuga (Caelsalpinioideae) and reported that leaf water
potential increased immediately after removing lianas and
remained higher than controls for the 5-mo study period. Further-
more, trees without lianas grew twice as much as controls over
this same period (P�erez-Salicrup & Barker 2000). In a companion
study, however, Barker and P�erez-Salicrup (2000) showed no
noticeable effects of removing lianas on the stomatal conductance
and leaf water potential of four trees of Swietenia macrophylla (Meli-
aceae), indicating that lianas do not have the same negative effect
on the water status on all species. Finally, in a dry forest in Côte
d’Ivoire, Schnitzer et al. (2005) reported that competition from lia-
nas on tree saplings appeared to be for belowground resources,
and was likely for water (see also Dillenburg et al. 1993, 1995).
Similarly, in a moist forest in Panama, Wright et al. (2015) showed
that tree seedlings compete strongly with lianas when rainfall (and
thus soil moisture) is scarcer, whereas tree seedlings compete with
other understory vegetation for light when rainfall is high. In sum,
liana removal experiments show that lianas compete intensely with
trees for soil moisture, particularly during the dry season, and for
light at the top of the canopy.

TREE GROWTH.—Lianas reduce tree growth. For example, follow-
ing liana removal, relative annualized growth rates of large trees
(≥10 cm diam.) increased between 25% to 372% (Grauel & Putz
2004, Campanello et al. 2007, Grogan & Landis 2009, Schnitzer
& Carson 2010, �Alvarez-Cansino et al. 2015). Lianas had a similar
negative effect on tree seedlings and saplings. In an Amazonian
dry forest, mean tree diameter growth doubled over a 2-yr period
in liana removal plots for trees larger than 5 cm diameter and
nearly tripled for trees 2–5 cm diameter (Gerwing 2001). In a
Panamanian forest, tree seedlings of 14 different species grew
300% taller over a 2-yr period in liana removal plots compared
to the control treatments (Mart�ınez-Izquierdo et al. 2016). In a
moist forest in Tanzania, in small plots where lianas were ‘touch-
ing or obstructing all “sapling” trees stems’, seedlings on removal
plots grew 119% more in diameter over a five-period year com-
pared to control plots (Marshall et al. 2017). In studies in
Neotropical forests, many sapling species in the forest understory
grew between 54% to 213% more in removal plots versus con-
trol plots (Gerwing 2001, P�erez-Salicrup 2001, Grauel & Putz
2004, Wright et al. 2015). In an analysis of published studies,
Marshall et al. (2017) found the same direction and similar mag-
nitudes for experimental and observational studies using weighted
quantitative comparisons for growth rates. In sum, eleven liana
removal experiments unequivocally demonstrate that lianas reduce
the growth of tree seedlings, saplings and adults.

FOREST BIOMASS.—Lianas reduce tree and ecosystem biomass
accumulation, but liana biomass uptake does not compensate for

the biomass that they displace in trees. Schnitzer et al. (2014)
removed lianas from treefall gaps in a seasonal tropical moist for-
est in Panama and found that, after 8 yr of removal, trees with-
out lianas accumulated 180% more biomass than trees in control
gaps where lianas were present. In this study, forest biomass
accumulation in the absence of lianas was mainly due to a large
increase in tree growth and a minor decrease in tree mortality
compared to the control gaps (Schnitzer et al. 2014). Lianas
themselves, however, could not account for the biomass that they
displaced in trees (Schnitzer et al. 2014). In a large-scale liana
removal study in 16 80 9 80 m plots (eight liana removal and
eight control plots) in Panama, van der Heijden et al. (2015)
examined the effects of lianas over a 3-yr period and determined
that lianas reduced tree biomass uptake by 76% annually. More-
over, they found that lianas altered forest-level biomass allocation.
In areas where lianas were removed, 44% of forest biomass pro-
ductivity was in the form of woody tissues and 33% in leaves. In
forests where lianas were present (i.e., control plots), only 29% of
the forest biomass productivity was in the form of woody tissues
and 53% in leaves (van der Heijden et al. 2015). Thus, because
lianas invest more biomass in leaves than stems, the presence of
lianas appears to alter the forest-level allocation of carbon into
leaves, which are rapidly recycled, thus increasing forest carbon
turnover.

Experimental studies outside of Panama showed a similar
trend in tree biomass gain following liana removal. In a subtropi-
cal moist forest in Brazil, C�esar et al. (2016) reported that tree
sapling biomass increased 52% after 1 yr of liana removal com-
pared to control plots. In an experiment in a tropical dry forest
in Côte d’Ivoire, Schnitzer et al. (2005) showed that planted tree
saplings accumulated 436% more biomass after 2 yr in plots
where lianas were removed compared to control plots where lia-
nas were present. Likewise, in Tanzanian moist forest, Marshall
et al. (2017) reported that sapling tree biomass increased 109%
after 5 yr of liana removal compared to control plots. In sum-
mary, five studies have shown that lianas are able to reduce tree
growth and survival, which results in lower biomass accumulation
in tropical forests.

TREE REPRODUCTION.—Five liana removal experiments show that
lianas reduce tree reproduction at both the population and com-
munity levels. Two years after removing lianas from five adult
Bursera simarouba trees in Costa Rica, fruit production increased
by 148%, compared to the mean annual fruit production over
the previous 5 yr (Stevens 1987). In an Amazonian moist forest
in Brazil, Kainer et al. (2006) removed lianas from 78 Brazil nut
trees (Bertholletia excels, Lecythidaceae) and found that, after 4 yr,
fruit production increased threefold compared to 60 control trees.
Kainer and colleagues followed these same trees for six more
years and reported that, after 10 yr, fruit production was 77%
higher in the liana removal treatment compared to control treat-
ment (Kainer et al. 2014). In a degraded fragment in Brazil, C�esar
et al. (2017) showed that the total number of seeds produced
increased fivefold 1 yr after liana removal compared to controls.
In a large-scale liana removal study in Panama, the number of
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tree individuals and species that were fruiting was substantially
higher in plots where lianas had been removed compared to con-
trol plots where lianas were present. Specifically, Garc�ıa Le�on
et al. (2018) examined the reproductive output of 576 canopy
trees comprising nearly 60 species and found that 5 yr after cut-
ting lianas, the number of trees bearing fruit was 150% higher in
liana removal plots than in control plots. They also found that
the number of canopy tree species with fruits was 109% higher
in liana removal plots than in control plots. Collectively, these
findings show that lianas have a strong detrimental effect on tree
reproduction.

TREE SPECIES DIVERSITY.—Four studies have used liana removal
manipulations to examine the effects of lianas on tree species
diversity. For example, in naturally occurring gaps in a moist for-
est in Panama, Schnitzer and Carson (2010) found that tree spe-
cies richness increased significantly for both shade-tolerant and
intolerant species after 8 yr of liana removal. However, commu-
nity composition of all species between control and removal plots
did not differ (Schnitzer & Carson 2010). In a dry forest in Bra-
zil, Gerwing (2001) found that the sapling (>25 cm tall and
<2 cm diameter) composition of the most abundant tree species
was significantly different in liana removal plots than in control
plots. However, tree species composition was not determined
prior to the experiment, so there is no way to determine whether
these differences were not present prior to the manipulation.
Finally, two long-term studies (>20 yr), one in a dry forest in
Nigeria and the other in a moist forest in Surinam, suggested that
liana removal did not have a long-term effect on forest composi-
tion (Okali & Ola-Adams 1987, Dekker & de Graaf 2003). How-
ever, these results are contentious because the effect of liana
removal was confounded with the effects of silvicultural practices
such as tree girdling (Dekker & de Graaf 2003) or prescribed
burnings (Okali & Ola-Adams 1987). Girdling and burning could
have masked the effect of liana removal because the structural
damage and the elimination of seedlings and saplings could have
had more lasting consequences than did the liana removal alone
(Gerwing 2001). In sum, lianas may reduce species richness and
alter the composition of abundant species, but additional studies
are still necessary to determine the extent of these effects.

FOREST FAUNA.—Only one published study, as far as we are
aware, has experimentally assessed the effects of lianas on forest
fauna. In a tropical moist forest in Venezuela, Mason (1996)
found that liana cutting increased bird richness and evenness,
perhaps due to an increase in species that benefit from distur-
bance without eliminating the species that depend on old growth
forests. Additional information on the effects of lianas on animal
communities comes from correlative (observational) studies, and
it shows that lianas are key food sources and essential for animal
movement throughout the forest canopy in tropical forests
(Arroyo-Rodr�ıguez et al. 2015, Michel et al. 2015, Yanoviak
2015). For example, howler monkeys and muriquies consume lia-
nas when other food sources are in short supply (Martins 2006,
Dunn et al. 2012). Lianas are also a vital food source for

pollinators because trees and lianas often flower asynchronously
(Morellato & Leitao-Filho 1996). Lianas facilitate animal move-
ment between tree’s canopies. For example, sloths use lianas to
move from crown to crown (Chiarello et al. 2004), and ant com-
munity structure is affected by the presence of lianas by connect-
ing treecrowns and allowing the persistence of solitary foraging
ants (Adams et al. 2017).

In conclusion, the experimental evidence shows that lianas
have consistent negative effect on trees, including tree recruit-
ment, growth, reproduction, and survival. Lianas also decrease
tree sap flow, which correlates strongly with tree growth, and
thus supports the hypothesis that lianas decrease water availability.
The liana-induced reduction in tree growth likely has important
implications in limiting tree reproductive output, which will have
consequences on forest tree demography and community compo-
sition. By reducing tree growth, lianas limit whole-forest biomass
accumulation (Schnitzer et al. 2014, van der Heijden et al. 2015).
However, lianas have a positive effect on increasing forest-level
plant diversity (Gianoli 2015) and lianas provide important
resources and connectivity for forest animals.

RESULTS OF REMOVING LIANAS IN
FORESTRY EXPERIMENTS

Although forestry-related studies are sometimes overlooked by
ecologists, foresters have experimented extensively with removing
lianas and trees to maximize timber production. Of the 64 liana
removal experiments that we found, 44 were conducted in a silvi-
cultural context. A subset of these experiments (23) used liana
removal in conjunction with tree elimination (thinning) or tree
harvesting as silvicultural treatments (Table 1). All the forestry-
related studies concluded that lianas negatively affect trees.

Fifteen forestry experiments concluded that lianas had a
detrimental effect on tree growth and seedling regeneration. For
instance, in a wet tropical forest in Belize, liana cutting and tree
girdling increased the number of seedlings of mahogany trees
(Swietenia macrophylla) up to 389% over a 17-mo period (Stevenson
1927). In wet and dry forests in both Neotropical and paleotropi-
cal sites, liana cutting and tree girdling increased the basal area
and growth of adult trees of several different commercial species
by 20% to 72% compared to control plots where lianas were pre-
sent (Barnard 1955, Baidoe 1970, Lowe & Walker 1977, Putz
et al. 1984, Okali & Ola-Adams 1987, Schwartz et al. 2013, Ven-
turoli et al. 2015). In a Costa Rican wet forest, Guariguata (1999)
found that four timber species grew significantly more after both
adjacent trees and lianas were eliminated, presumably because the
timber trees received more resources such as sunlight and nutri-
ents. In two dry forests in Bolivia, Pe~na-Claros et al. (2008b) and
Villegas et al. (2009) reported that girdling smaller trees (<10 cm
dbh) and cutting lianas increased tree diameter growth by 33% to
50%, respectively. Contrary to these results, Duncan and Chap-
man (2003) found that vegetation removal (including lianas and
shrubs) had a positive response on some species after 1 yr of
removal, but the effect disappeared in the second year. They con-
cluded that the poor response of trees was due to the high-light
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availability at their plots, making the competitor removal manipu-
lation inconsequential.

The combination of liana and tree removal also increases
tree growth and biomass. For example, 28 yr after silvicultural
treatment in a dry forest in Nigeria, Okali and Ola-Adams (1987)
showed that tree biomass in liana/tree removal plots increased by
70% compared to control plots. In a dry forest in Bolivia, Pe~na-
Claros et al. (2008a) found that after 4 yr of removing both lianas
and trees, tree growth increased by 60% after timber extraction
compared to areas where lianas and trees were not removed.
These authors used Reduced-Impact Logging (RIL) practices (e.g.,
selective logging, liana cutting prior to felling, skid row planning),
which reduce damage to the forest during logging operations
(Pinard et al. 1995). In a recent study in a wet forest in Malaysia,
Lussetti et al. (2016) demonstrated that cutting lianas followed by
selective logging doubled tree biomass at the stand level in a for-
est that had been logged 18 yr earlier, and increased dipterocarp
tree biomass by approximately 81% over the 18-year study. In
sum, the experimental data from forestry studies indicate clearly
that lianas have a strong detrimental effect on tree production
and forest-level biomass accretion.

TREE MORTALITY DURING LOGGING.—One of the goals of fores-
ters is to determine whether cutting lianas will reduce post-fell-
ing tree damage during logging. Lianas can bind trees together,
resulting in multiple trees being pulled down with the target
tree. The loss of multiple trees is undesirable because it kills
future merchantable trees, and can also be extremely dangerous
for foresters during tree-felling operations. Thus, the reduction
in logging damage after liana cutting is a desired outcome of
forestry liana removal experiments. Indeed, eight studies
reported that liana cutting reduced total tree damage by ~25%
and decreased the number of trees that are killed when felling
merchantable trees (Fox 1968, Pinard & Putz 1996, Sist et al.
1998). In a wet forest in Indonesia, Fox (1968) was the first to
show that removing lianas before logging lowered the number
of nearby trees that were damaged. He found that 44% of the
trees snapped during logging in liana removal plots compared
to 62% in same-sized control plots. Also in Indonesia, Appa-
nah and Putz (1984) demonstrated that liana removal reduced
by half the number and the size of damaged trees after log-
ging.

The simultaneous contribution of liana cutting and tree gird-
ling reduced tree damage and mortality. For example, using RIL
protocols in Indonesia, tree mortality dropped from 37% to
13%, and 56% less plant biomass was lost when RIL practices
were used (Pinard et al. 1995, Pinard & Putz 1996). Similarly, in
both Indonesian and Brazilian forests, RIL protocols resulted in
25–50% less overall damage to the forest (i.e., trees that were
uprooted, crushed, or snapped-off below crown) (D’Oliveira &
Braz 1995, Johns et al. 1996, Pinard & Putz 1996, Sist et al.
2003). In summary, cutting lianas, alone or in combination with
tree girdling, results in less damage to the surround trees during
logging, and it enables foresters to increase the yield of mar-
ketable timber.

By contrast, in a Mexican dry forest, Garrido-P�erez et al.
(2008) reported that liana cutting could either increase and decrease
treefalls during strong disturbance, depending on forest age. They
found that cutting lianas reduced the number treefalls during a hur-
ricane in older (>55 yr) secondary forest, but increased treefalls in
young (10–18 yr) forest. Thus, lianas may increase treefalls during
large storm events in older forests by pulling down multiple trees,
or stabilize trees and reduce treefalls in younger forest by binding
canopy trees together and preventing treefalls.

TREEFALL GAP SIZE DURING LOGGING.—Liana removal and tree gird-
ling may reduce the size of treefall gaps that are formed during log-
ging. Foresters desire smaller treefall gaps because smaller gaps are
an indication of less damage to, and less loss of, future mer-
chantable trees. Tree felling after liana removal in a dry forest in
Brazil reduced the mean gap size by 47% (Johns et al. 1996). Gap
sizes were significantly smaller when RIL practices were used; med-
ian gap area decreased by 62% from the industrial standards when
RIL was utilized in Indonesia and Brazil (Gerwing & Uhl 2002, Sist
et al. 2003). Nevertheless, when logging intensities were high, RIL
practices did not reduce treefall gap sizes more than and conven-
tional logging (Sist et al. 2003), and both methods produced gaps
that were significantly larger than natural treefall gaps (Felton et al.
2006). Contrary to previous studies, Parren and Bongers (2001)
showed that cutting lianas prior to felling in a moist forest Camer-
oon had no significant effect on resulting gap sizes, tree mortality,
and damage levels. They suggested that liana cutting should be
applied on a tree–by–tree basis, and contingent on the total amount
of liana infestation per tree (Parren & Bongers 2001, Schnitzer
et al. 2004). Similarly, in a moist forest in Venezuela, Mason (1996)
showed that liana cutting during logging did not affect canopy
height and openness. Despite the differences among experiments,
four studies show that removing lianas tends to decrease the size
of treefall gaps, which reduces damage to future merchantable trees
in many forests.

HABITAT AND GEOGRAPHIC DISTRIBUTION
OF LIANA REMOVAL EXPERIMENTS

Liana removal experiments have been conducted in a wide variety
of forest types, and across different successional stages through-
out the tropics. The majority of liana removal studies (43 of the
64) were conducted in the Neotropics (Central and South Amer-
ica; Fig. 1). Twenty studies were conducted in the paleotropics;
nine in Africa, 10 in Asia, and one comparing liana removal
experiments between Africa and Asia (Dawkins 1960). Within the
Neotropics, the majority have been conducted in Bolivia, fol-
lowed by Panama and Brazil (Fig. 1). Within the paleotropics, the
majority have been conducted in Indonesia, Malaysia, and Nigeria
(Fig. 1). The bias of more studies in the Neotropics may reflect
the general bias in terrestrial ecological studies across the tropics.
For example, both Asia and Africa have disproportionately fewer
ecological studies compared to Central and South America (Mar-
tin et al. 2012). Thus, the relative abundance of liana removal
studies conducted in the Neotropics, as Marshall et al. (2017) has
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also pointed out, appears to follow the general trend in the pri-
mary ecological literature worldwide.

The number of liana removal studies is relatively balanced in
terms of the major tropical forest types (Fig. 2A). Of the 64
studies, 23 were conducted in tropical dry forests, 22 in tropical
moist forests, 14 in tropical wet forest, and one comparing differ-
ent forests, based on the Holdridge life zone classification system
(Holdridge 1964). Four studies were conducted in subtropical
moist forests. Liana manipulations have been performed in for-
ests that vary considerably in mean annual rainfall, from
1050 mm in Nigeria (Okali & Ola-Adams 1987) to 4000 mm in
Indonesia (Sist et al. 2003). There is a geographical bias for the
studies performed in tropical dry forests; 12 of the 23 studies in
dry forests were conducted in Bolivia. The bias is less pro-
nounced for other types of forests; 10 of 22 studies performed
in tropical moist forests were conducted in Panama, whereas only
three of 13 studies performed in tropical wet forest were con-
ducted in Indonesia and Malaysia, respectively, with the rest of
the studies distributed among different regions.

Of the 31 studies that reported the age of the forest in
which the liana removal experiment was conducted, 17 were in
late secondary forests (>100 yr since abandonment), five in mid-
secondary (20–60 yr since abandonment), four in old growth for-
ests (>200 yr since abandonment or stated as old growth by the
authors), and three studies in early secondary forests (0–20 yr
since abandonment) (Fig. 2B). From the 17 studies conducted in
late-successional forests, 10 were in the moist forest of Barro
Colorado Nature Monument in Panama. Although Vidal et al.
(1997) assessed the cost of liana removal across forests of differ-
ent ages, no study has conducted a systematic quantification of

the effect of liana removal across forests of different ages.
Regardless of geographical location, forest type, or forest age,
results from liana removal studies consistently demonstrate that
lianas have clear negative effects on tree growth, reproduction,
and survival.

VARIATION IN METHODS OF LIANA
REMOVAL EXPERIMENTS

Liana removal experiments have been conducted using a variety of
methods to eliminate lianas, depending on the goals of the study.
Most experiments designed to determine the effects of lianas on
tree growth, survival, reproduction, and biomass accretion have
used some form of liana cutting, often involving machetes (e.g.,
P�erez-Salicrup 2001, C�esar et al. 2016). Forestry-based studies that
are typically designed for optimizing tree production often use a
combination of liana cutting and stem poisoning (e.g., Stevenson
1927, Neil 1984, Dekker & de Graaf 2003). For example, 21 of the
33 studies that reported the exact removal methods used machetes
to cut lianas and did not removed the lianas from the trees, with
the justification that physically dislodging lianas would have dam-
aged infested trees. Eleven studies added herbicide to the cut liana
stem, in an effort to kill the liana and prevent regrowth from stored
resources in the root system. There have been a variety of herbi-
cides used to poison lianas, including application of sodium arsen-
ite (Stevenson 1927, Barnard 1955, Fox 1968), 2,4, 5-T butyl ester,
and 2, 4-D, tricolpyr and glyphosate (Appanah & Putz 1984, Neil
1984). Additional liana removal methods include: fire, liana and
vine uprooting, and the use of pole pruners and clippers (Stevens
1987, Gerwing 2001, Duncan & Chapman 2003). The different

Ecological
Logging
Silvicultural

FIGURE 1. The pantropical distribution of liana removal studies (N = 64), including the locations where liana removal experiments have been conducted. The

size of the points represents the relative number of studies conducted at each location. Geographical coordinates for each study were obtained from the publica-

tions or from the localities described in the methods section. Pie charts represent the distribution of publications by focal area of study per continent. Ecologi-

cal = Effect of liana cutting on trees, Logging = Liana cutting and tree elimination/harvesting as silvicultural treatments, Silvicultural = Liana cutting as

silvicultural treatment.
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methods used in liana removal experiments were distributed across
different forest types and geographical area.

Even though several studies have compared the efficacy of
different methods of liana removal, there is no consensus on the
most effective technique. For example, Fredericksen (2000) com-
pared the level of liana mortality from solely cutting with machete
versus cutting and then applying herbicide and found that the
use of herbicides was ultimately more effective, but was also
more expensive due to product costs and the additional labor
involved in applying the herbicide. Even liana cutting alone can
be a costly endeavor (P�erez-Salicrup et al. 2001), poisoning can
be even more expensive and have undesired cascading effects
when toxins seeping into the surrounding soils (Relyea 2005). By
contrast, Okali and Ola-Adams (1987) compared liana cutting
and tree girdling versus liana cutting and prescribed burning and
concluded that tree diversity increased when fire was not used
because prescribed burnings had a detrimental effect on the sur-
vival on young trees. Gerwing (2001) showed that prescribed
burning was not as effective as cutting to prevent liana recolo-
nization after liana removal because fires increased tree mortality
and made stands prone to additional fires (Gerwing 2001). Burn-
ing may be a cheap initial option to remove lianas, but it might
also reduce tree survival and regeneration in the longer term
(Gerwing 2001, Heuberger et al. 2002).

THE FUTURE OF LIANA REMOVAL
EXPERIMENTS: WHERE TO GO NEXT

Liana removal experiments have increased our understanding of
the role of lianas in tropical forests. Nevertheless, there are some
important omissions in the liana experimentation literature. For
example, we know relatively little about how lianas affect other lia-
nas, and how lianas affect other type of life forms (i.e., palms, but
see Putz 1984a). We also know little about how the effect of lianas
varies with resource gradients and forest age. Observational studies
have described changes of liana abundance and diversity across
gradients of rainfall (Schnitzer 2005), disturbance (Letcher & Chaz-
don 2012, Ledo & Schnitzer 2014) and forest age (Barry et al.

2015). However, there have not been any systematic experimental
tests that carefully quantify how the effect of lianas varies with
liana abundance and diversity, nor how lianas affect forests with
different degrees of disturbance or across gradients of forest
resources and age (but see Zagt et al. 2003 for logging effects on
liana communities). Another omission is the lack of knowledge
of how the effects of lianas on trees scales with liana size. If
large lianas disproportionately affect forest trees, then an eco-
nomical management recommendation may be to focus on the
removal of large lianas while ignoring the smaller ones. This par-
ticular strategy would allow for managing the most detrimental
aspects of liana infestation while saving time and effort, as well
as without removing the remarkable diversity that lianas bring to
tropical forests.

One of the stimulating areas for future studies of lianas will
be to determine how increasing liana abundance will affect tropi-
cal forests (e.g., Schnitzer & Bongers 2011, Schnitzer et al. 2015a).
Understanding the potential effects of increasing liana abundance
may require more nuanced experimental approaches than cutting
all lianas in a plot. Nearly all liana removal experiments have cut
all lianas and compared this treatment with control plots where
lianas were present. A nuanced approach, in which only a portion
of the lianas are removed, may allow us to understand how
increasing levels of liana abundance and can influence tree
growth and survival. This type of experiment will give insights
into whether an increase in liana density and basal area can have
meaningful negative effects on trees. A liana addition treatment,
in which lianas are planted next to and trellised onto a tree’s
canopy, while logistically difficult, would be of great value in pre-
dicting the effects of increasing lianas in tropical forests.

CONCLUSION

Liana removal experiments provide compelling evidence for the
strong effect of lianas in tropical forests. To date, 64 studies have
manipulated lianas in a variety of ecosystems throughout the
tropics. These studies have consistently demonstrated that lianas
reduce tree growth, biomass accumulation, survival and

Subtropical (4)

Dry (23)

Moist (22) Wet (14)

A

Plantation (1)

Early (3)

Mid (5)

Late (17)
OG (4)

All (1)

B

FIGURE 2. (A) The forest types studied in 64 liana removal studies using the Holdridge life zone classification. Dry = Tropical Dry Forests, Moist = Tropical

Moist Forests, Wet = Tropical Wet Forests, Subtropical = Subtropical Moist Forests. One study compared different forest types. (B) The distribution of publica-

tions across forest successional stages (31 studies). OG = Old growth forest. All = Early, Mid and Late (1 study, Vidal et al. 1997). Number of studies per cate-

gory in parenthesis. The forest type and the successional stage (or age) for each study were obtained from the publications. Publications that lacked this

information were not included in this figure.

736 Estrada-Villegas and Schnitzer



reproduction in tropical forests, regardless of forest type, succes-
sional stage, or geographic location. Lianas exert strong competi-
tive effects on trees, which has emergent effects on community
and ecosystem levels. In particular, lianas appear to reduce forest-
level carbon uptake—an important ecosystem function of tropical
forests. While most studies on plant–plant competition have
focused on herbaceous communities (Gurevitch et al. 1992),
manipulating competition in forests has proven more challenging.
Liana–tree competition proves a powerful approach to answer
unexplored questions in plant competition and community ecol-
ogy. Lianas also contribute positively to tropical forests, and stud-
ies are now beginning to document and quantify the positive
effects of lianas on forest processes.

FUNDING INFORMATION

This work was partially supported by a fellowship to SE-V from
the Departamento Administrativo de Ciencia, Tecnolog�ıa e Inno-
vaci�on COLCIENCIAS and by funding from the US National
Science Foundation to S.A. Schnitzer (NSF DEB-1019436, DEB-
1258070, and IOS-1558093).

ACKNOWLEDGMENTS

We thank the editors at Biotropica (Emilio Bruna and Ferry Slik)
and two anonymous reviewers for their constructive comments.
We thank Marquette University and the Smithsonian Tropical
Research Institute for support.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the
supporting information tab for this article:

TABLE S1. Publications reviewed in this study.

LITERATURE CITED

ADAMS, B. J., S. A. SCHNITZER, AND S. P. YANOVIAK. 2017. Trees as islands:
canopy ant species richness increases with the size of liana-free trees
in a Neotropical forest. Ecography 40: 1067–1075.

�ALVAREZ-CANSINO, L., S. A. SCHNITZER, J. P. REID, AND J. S. POWERS. 2015.
Liana competition with tropical trees varies seasonally but not with
tree species identity. Ecology 96: 39–45.

ANDRADE, J. L., F. C. MEINZER, G. GOLDSTEIN, AND S. A. SCHNITZER. 2005.
Water uptake and transport in lianas and co-occurring trees of a sea-
sonally dry tropical forest. Trees 19: 282–289.

APPANAH, S., AND F. E. PUTZ. 1984. Climber abundance in virgin dipterocarp
forest and the effect of pre-felling climber cutting on logging damage
[Peninsular Malaysia]. Malaysian Forester (Malaysia): 335–342.

ARROYO-RODR�IGUEZ, V., N. ASENSIO, J. C. DUNN, J. CRIST�OBAL-AZKARATE, AND

A. GONZALEZ-ZAMORA. 2015. Use of lianas by primates: more than a
food source. In S. A. Schnitzer, F. Bongers, R. J. Burnham, and F. E.
Putz (Eds.). Ecology of lianas, pp. 407–426. John Wiley & Sons Ltd,
Oxford.

BAIDOE, J. F. 1970. The selection system as practiced in Ghana. Commonw.
Forestry Rev. 49: 159–165.

BARKER, M. G., AND D. P�EREZ-SALICRUP. 2000. Comparative water relations of
mature mahogany (Swietenia macrophylla) trees with and without lianas
in a subhumid, seasonally dry forest in Bolivia. Tree Physiol. 20:
1167–1174.

BARNARD, R. C. 1955. Silviculture in the tropical rain forest of western Nigeria
compared with malayan methods. Empire Forestry Rev. 34: 355–368.

BARRY, K. E., S. A. SCHNITZER, M. van BREUGEL, AND J. S. HALL. 2015. Rapid
liana colonization along a secondary forest chronosequence. Biotropica
47: 672–680.

BONGERS, F., AND C. E. N. EWANGO. 2015. Dynamics of lianas in DR Congo.
In S. A. Schnitzer, F. Bongers, R. J. Burnham, and F. E. Putz (Eds.).
Ecology of lianas, pp. 23–35. John Wiley & Sons, Oxford.

CAMPANELLO, P. I., J. F. GARIBALDI, M. G. GATTI, AND G. GOLDSTEIN. 2007.
Lianas in a subtropical Atlantic Forest: host preference and tree
growth. Forest Ecol. Manag. 242: 250–259.

CARSON, W. P., AND S. A. SCHNITZER. 2008. Tropical forest community ecol-
ogy. Wiley-Blackwell, Oxford.

C�ESAR, R. G., K. D. HOLL, V. J. GIR~AO, F. N. A. MELLO, E. VIDAL, M. C. ALVES,
AND P. H. S. BRANCALION. 2016. Evaluating climber cutting as a strategy
to restore degraded tropical forests. Biol. Conserv. 201: 309–313.

C�ESAR, R. G., D. C. ROTHER, AND P. H. S. BRANCALION. 2017. Early response
of tree seed arrival after liana cutting in a disturbed tropical forest.
Trop. Conserv. Sci. 10: 1–7.

CHAVE, J., J. OLIVIER, F. BONGERS, P. CHÂTELET, P.-M. FORGET, P. van der
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D’ANGELO, A. JEROZOLINSKI, L. POHL, AND T. E. LOVEJOY. 2001. Rain
forest fragmentation and the structure of Amazonian liana communi-
ties. Ecology 82: 105–116.

LEDO, A., J. B. ILLIAN, S. A. SCHNITZER, S. J. WRIGHT, J. W. DALLING, AND D.
F. R. P. BURSLEM. 2016. Lianas and soil nutrients predict fine-scale dis-
tribution of above-ground biomass in a tropical moist forest. J. Ecol.
104: 1819–1828.

LEDO, A., AND S. A. SCHNITZER. 2014. Disturbance and clonal reproduction
determine liana distribution and maintain liana diversity in a tropical
forest. Ecology 95: 2169–2178.

LETCHER, S. G., AND R. L. CHAZDON. 2012. Life history traits of lianas during
tropical forest succession. Biotropica 44: 720–727.

LOWE, R. G., AND P. WALKER. 1977. Classification of canopy, stem, crown sta-
tus and climber infestation in natural tropical forest in Nigeria. J. Appl.
Ecol. 14: 897–903.

LUSSETTI, D., E. P. AXELSSON, U. ILSTEDT, J. FALCK, AND A. KARLSSON. 2016.
Supervised logging and climber cutting improves stand development:
18 years of post-logging data in a tropical rain forest in Borneo. For.
Ecol. Manage. 381: 335–346.

MAKANA, J., T. B. HART, I. LIENGOLA, C. EWANGO, J. A. HART, AND R. CONDIT.
2004. Ituri forest dynamics plots, Democratic republic of Congo. In
E. Losos, and E. G. Leigh Jr (Eds.). Tropical forest diversity and
dynamism: findings from a large-scale plot network, pp. 492–505.
University of Chicago Press, Chicago.

MARSHALL, A. R., M. A. COATES, J. ARCHER, E. KIVAMBE, H. MNENDENDO, S.
MTOKA, R. MWAKISOMA, R. J. R. L. de FIGUEIREDO, AND F. M. NJILIMA.
2017. Liana cutting for restoring tropical forests: a rare palaeotropical
trial. Afr. J. Ecol. 55: 282–297.

MARTIN, L. J., B. BLOSSEY, AND E. ELLIS. 2012. Mapping where ecologists
work: biases in the global distribution of terrestrial ecological observa-
tions. Front. Ecol. Environ. 10: 195–201.

MART�INEZ-IZQUIERDO, L., M. M. GARC�IA, J. S. POWERS, AND S. A. SCHNITZER.
2016. Lianas suppress seedling growth and survival of 14 tree species
in a Panamanian tropical forest. Ecology 97: 215–224.

MARTINS, M. M. 2006. Comparative seed dispersal effectiveness of sympatric
Alouatta guariba and Brachyteles arachnoides in Southeastern Brazil1.
Biotropica 38: 57–63.

MASON, D. 1996. Responses of venezuelan understory birds to selective log-
ging, enrichment strips, and vine cutting. Biotropica 28: 296–309.

MICHEL, N. L., W. DOUGLAS ROBINSON, AND T. W. SHERRY. 2015. Liana–bird
relationships: a review. In S. A. Schnitzer, F. Bongers, R. J. Burnham,
and F. E. Putz (Eds.). Ecology of lianas, pp. 362–397. John Wiley &
Sons Ltd, Oxford.

MORELLATO, P. C., AND H. F. LEITAO-FILHO. 1996. Reproductive phenology of
climbers in a Southeastern Brazilian forest. Biotropica 28: 180–191.

NEIL, P. E. 1984. Climber problems in Solomon Islands forestry. Commonw.
Forestry Rev. 63: 27–34.

OKALI, D., ANDB.OLA-ADAMS. 1987. Tree population changes in treated rain forest
atOmoForestReserve, south-westernNigeria. J.Trop.Ecol. 3: 291–313.

PARREN, M., AND F. BONGERS. 2001. Does climber cutting reduce felling dam-
age in southern Cameroon? For. Ecol. Manage. 141: 175–188.

PAUL, G. S., AND J. B. YAVITT. 2011. Tropical vine growth and the effects on
forest succession: a review of the ecology and management of tropical
climbing plants. Bot. Rev. 77: 11–30.

PE~NA-CLAROS, M., T. S. FREDERICKSEN, A. ALARC�ON, G. M. BLATE, U. CHOQUE,
C. LEA~NO, J. C. LICONA, B. MOSTACEDO, W. PARIONA, Z. VILLEGAS, AND

F. E. PUTZ. 2008a. Beyond reduced-impact logging: silvicultural treat-
ments to increase growth rates of tropical trees. For. Ecol. Manage.
256: 1458–1467.

738 Estrada-Villegas and Schnitzer



PE~NA-CLAROS, M., E. M. PETERS, M. J. JUSTINIANO, F. BONGERS, G. M. BLATE,
T. S. FREDERICKSEN, AND F. E. PUTZ. 2008b. Regeneration of commer-
cial tree species following silvicultural treatments in a moist tropical
forest. For. Ecol. Manage. 255: 1283–1293.

P�EREZ-SALICRUP, D. R. 2001. Effect of liana cutting on tree regeneration in a
liana forest in Amazonian Bolivia. Ecology 82: 389–396.

P�EREZ-SALICRUP, D. R., AND M. G. BARKER. 2000. Effect of liana cutting on
water potential and growth of adult Senna multijuga (Caesalpinioideae)
trees in a Bolivian tropical forest. Oecologia 124: 469–475.

P�EREZ-SALICRUP, D. R., A. CLAROS, R. GUZMAN, J. C. LICONA, F. LEDEZMA, M.
A. PINARD, AND F. E. PUTZ. 2001. Cost and efficiency of cutting lianas
in a lowland liana forest of Bolivia. Biotropica 33: 324–329.

PHILLIPS, O. L., R. VASQUEZ MARTINEZ, L. ARROYO, T. R. BAKER, T. KILLEEN,
S. L. LEWIS, Y. MALHI, A. MONTEAGUDO MENDOZA, D. NEILL, P.
NUNEZ VARGAS, M. ALEXIADES, C. CERON, A. DI FIORE, T. ERWIN, A.
JARDIM, W. PALACIOS, M. SALDIAS, AND B. VINCETI. 2002. Increasing
dominance of large lianas in Amazonian forests. Nature 418: 770–774.

PINARD, M. A., AND F. E. PUTZ. 1996. Retaining forest biomass by reducing
logging damage. Biotropica 28: 278–295.

PINARD, M. A., F. E. PUTZ, J. TAY, AND T. E. SULLIVAN. 1995. Creating timber
harvest guidelines for a reduced-impact logging project in Malaysia. J.
Forestry 93: 41–45.

PUTZ, F. E. 1984a. How trees avoid and shed lianas. Biotropica 16: 19–23.
PUTZ, F. E. 1984b. The natural history of lianas on Barro Colorado Island,

Panama. Ecology 65: 1713–1724.
PUTZ, F. E., H. S. LEE, AND R. GOH. 1984. Effects of post-felling silvicultural

treatments on woody vines in Sarawak. Malay. Forester 47: 214–226.
REID, J. P., S. A. SCHNITZER, AND J. S. POWERS. 2015. Short and long-term soil

moisture effects of liana removal in a seasonally moist tropical forest.
PLoS ONE 10: e0141891.

RELYEA, R. A. 2005. The impact of insecticides and herbicides on the biodiver-
sity and productivity of aquatic communities. Ecol. Appl. 15: 618–627.

RESTOM, T. G., AND D. C. NEPSTAD. 2001. Contribution of vines to the evapo-
transpiration of a secondary forest in eastern Amazonia. Plant Soil
236: 155–163.

RESTOM, T. G., AND D. C. NEPSTAD. 2004. Seedling growth dynamics of a dee-
ply rooting liana in a secondary forest in eastern Amazonia. For. Ecol.
Manage. 190: 109–118.

RODR�IGUEZ-RONDEROS, M. E., G. BOHRER, A. SANCHEZ-AZOFEIFA, J. S. POW-

ERS, AND S. A. SCHNITZER. 2016. Contribution of lianas to plant area
index and canopy structure in a Panamanian forest. Ecology 97:
3271–3277.

SCHNITZER, S. A. 2005. A mechanistic explanation for global patterns of liana
abundance and distribution. Am. Nat. 166: 262–276.

SCHNITZER, S. A. 2015. Increasing liana abundance in neotropical forests:
causes and consequences. In S. A. Schnitzer, F. Bongers, R. J. Burn-
ham, and F. E. Putz (Eds.). Ecology of lianas, pp. 451–464. John
Wiley & Sons, Oxford.

SCHNITZER, S. A., AND F. BONGERS. 2002. The ecology of lianas and their role
in forests. Trends Ecol. Evol. 17: 223–230.

SCHNITZER, S. A., AND F. BONGERS. 2011. Increasing liana abundance and bio-
mass in tropical forests: emerging patterns and putative mechanisms.
Ecol. Lett. 14: 397–406.

SCHNITZER, S. A., F. BONGERS, R. J. BURNHAM, AND F. E. PUTZ. 2015a. Ecol-
ogy of lianas. John Wiley & Sons, Oxford.

SCHNITZER, S. A., AND W. P. CARSON. 2010. Lianas suppress tree regeneration
and diversity in treefall gaps. Ecol. Lett. 13: 849–857.

SCHNITZER, S. A., M. E. KUZEE, AND F. BONGERS. 2005. Disentangling above-
and below-ground competition between lianas and trees in a tropical
forest. J. Ecol. 93: 1115–1125.

SCHNITZER, S. A., S. A. MANGAN, J. W. DALLING, C. A. BALDECK, S. P. HUB-

BELL, A. LEDO, H. MULLER-LANDAU, M. F. TOBIN, S. AGUILAR, D.
BRASSFIELD, A. HERNANDEZ, S. LAO, R. PEREZ, O. VALDES, AND S. R.
YORKE. 2012. Liana abundance, diversity, and distribution on Barro
Colorado Island, Panama. PLoS ONE 7: e52114.

SCHNITZER, S. A., S. A. MANGAN, AND S. P. HUBBELL. 2015b. Diversity and dis-
tribution of lianas on Barro Colorado Island, Panama. In S. A. Sch-
nitzer, F. Bongers, R. J. Burnham, and F. E. Putz (Eds.). Ecology of
lianas, pp. 76–90. John Wiley & Sons, Oxford.

SCHNITZER, S. A., M. P. E. PARREN, AND F. BONGERS. 2004. Recruitment of lia-
nas into logging gaps and the effects of pre-harvest climber cutting in
a lowland forest in Cameroon. For. Ecol. Manage. 190: 87–98.

SCHNITZER, S. A., G. M. F. van der HEIJDEN, J. MASCARO, AND W. P. CARSON.
2014. Lianas in gaps reduce carbon accumulation in a tropical forest.
Ecology 95: 3008–3017.

SCHWARTZ, G., J. C. A. LOPES, G. M. J. MOHREN, AND M. PE~NA-CLAROS. 2013.
Post-harvesting silvicultural treatments in logging gaps: a comparison
between enrichment planting and tending of natural regeneration. For.
Ecol. Manage. 293: 57–64.

SIST, P., D. P. DYKSTRA, AND R. FIMBEL. 1998. Reduced impact logging guideli-
nes for lowland and hill dipterocarp forest in Indonesia. CIFOR
Occasional Paper No. 15: 1-19.

SIST, P., D. SHEIL, K. KARTAWINATA, AND H. PRIYADI. 2003. Reduced-impact
logging in Indonesian Borneo: some results confirming the need for
new silvicultural prescriptions. For. Ecol. Manage. 179: 415–427.

STEVENS, G. C. 1987. Lianas as structural parasites: the Bursera simaruba exam-
ple. Ecology 68: 77–81.

STEVENSON, N. S. 1927. Silvicultural treatment of mahogany forests in British
Honduras. Empire Forestry J. 6: 219–227.

THOMAS, D., R. J. BURNHAM, G. CHUYONG, D. KENFACK, AND M. N. SAINGE.
2015. Liana abundance and diversity in Cameroon’s Korup National
Park. In S. A. Schnitzer, F. Bongers, R. J. Burnham, and F. E. Putz
(Eds.). Ecology of lianas, pp. 11–22. John Wiley & Sons, Oxford.

TOBIN, M. F., A. J. WRIGHT, S. A. MANGAN, AND S. A. SCHNITZER. 2012. Lianas
have a greater competitive effect than trees of similar biomass on
tropical canopy trees. Ecosphere 3: 1–11.

TOLEDO-ACEVES, T. 2015. Above- and belowground competition between lianas
and trees. In S. A. Schnitzer, F. Bongers, R. J. Burnham, and F. E. Putz
(Eds.). Ecology of lianas, pp. 147–163. John Wiley & Sons, Oxford.

VENTUROLI, F., A. C. FRANCO, AND C. W. FAGG. 2015. Tree diameter growth
following silvicultural treatments in a semi-deciduous secondary forest
in central Brazil. CERNE 21: 117–123.

VIDAL, E., J. JOHNS, J. J. GERWING, P. BARRETO, AND C. UHL. 1997. Vine man-
agement for reduced-impact logging in eastern Amazonia. For. Ecol.
Manage. 98: 105–114.

VILLEGAS, Z., M. PE~NA-CLAROS, B. MOSTACEDO, A. ALARC�ON, J. C. LICONA, C.
LEA~NO, W. PARIONA, AND U. CHOQUE. 2009. Silvicultural treatments
enhance growth rates of future crop trees in a tropical dry forest. For.
Ecol. Manage. 258: 971–977.

VISSER, M. D., S. A. SCHNITZER, H. C. MULLER-LANDAU, E. JONGEJANS, H. de
KROON, L. S. COMITA, S. P. HUBBELL, AND S. J. WRIGHT. 2018. Tree spe-
cies vary widely in their tolerance for liana infestation: a case study of
differential host response to generalist parasites. J. Ecol. 106: 784–794.

WRIGHT, A., M. TOBIN, S. MANGAN, AND S. A. SCHNITZER. 2015. Unique com-
petitive effects of lianas and trees in a tropical forest understory.
Oecologia 177: 561–569.

WYKA, T. P., J. OLEKSYN, P. KAROLEWSKI, AND S. A. SCHNITZER. 2013. Pheno-
typic correlates of the lianescent growth form: a review. Ann. Bot.
112: 1667–1681.

YANOVIAK, S. P. 2015. Effects of lianas on canopy arthropod community struc-
ture. In S. A. Schnitzer, F. Bongers, R. J. Burnham, and F. E. Putz
(Eds.). Ecology of lianas, pp. 343–361. John Wiley & Sons Ltd, Oxford.

YANOVIAK, S. P., AND S. A. SCHNITZER. 2013. Functional roles of lianas for
forest canopy animals. In M. Lowman, S. Devy, and T. Ganesh (Eds.).
Treetops at risk: challenges of global canopy ecology and conservation,
pp. 209–214. Springer Verlag, New York.

ZAGT, R. J., R. C. EK, AND N. RAES. 2003. Logging effects on liana diversity
and abundance in Central Guyana. Tropenbos International, Wagenin-
gen, The Netherlands.

Synthesis of Liana Removal Experiments 739


