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Abstract

Lianas are a distinctive component of tropical forests and their increase in abundance may have profound ramifications for
forest composition and ecosystem functioning. However, so far, the current view considers lianas as a single, functional plant
type and, therefore, ignores the life history differences among species resulting from their climbing mechanisms. Here, we
integrate data from the main functional traits used to characterize plant form and function with global abundance data to
reveal that lianas consistently have differences associated with their main climbing mechanisms. Overall, lianas with active
climbing were characterized by an acquisitive strategy, showing higher specific leaf area, foliar nitrogen and slightly higher
(marginally significant) maximum photosynthetic rates compared to lianas with passive climbing. Using structural equation
modeling, we show that across the tropics the abundance of lianas with active climbing is mainly determined by forest structure
(stem size distribution). Our study shows that active and passive climbing lianas clearly diverge in their functional traits and
factors affecting their distribution. We conclude that a shift in the current view, where lianas are considered a single, functional

plant type, is urgently needed to increase our predictability of their effects on tropical forests in the future.

Introduction

Tropical forests contain more than half of the Earth’s terrestrial species, store one quarter of the global terres-
trial carbon and account for one-third of net primary productivity (Bonan, 2008; Wright, 2010). Therefore,
any alteration in the structure or functioning of tropical forests has important consequences for biodiversity
conservation, productivity and global carbon budgets. Currently, one of the most eminent changes occurring
over the last three decades in tropical forests is the increase in liana abundance and biomass (Schnitzer &
Bongers, 2011; Yorke et al., 2013; Schnitzer, 2018). Lianas (woody climbers) are non-self-supporting plants
which rely on trees as supports to grow and to gain access to the forest canopy (Schnitzer & Bongers, 2002;
Gerwing et al., 2006). They are a prominent growth form across lowland tropical forests where they may
represent up to 40% of the woody stems and more than 25% of the woody species (Gentry, 1991). Lianas
invest proportionally more in leaf mass than in stem cross-sectional area than trees, thus, deploying a large
canopy of leaves on the host trees that they infest (Putz, 1984; Gerwing & Farias, 2000). Intense compe-
tition for above- and below-ground resources with lianas may limit tree recruitment, growth, reproduction
and survival (Putz, 1984; Stevens, 1987; Clark & Clark, 1990; Schnitzer et al., 2000; Ingwell et al., 2010).
Moreover, the negative effect of lianas is greater on late-successional- than on pioneer tree species (Schnitzer
& Carson, 2010); this has enormous consequences for community richness and composition, as well as for



ecosystem-level dynamics such as carbon storage (Schnitzer & Bongers, 2011; Schnitzer, 2018). Currently,
at least eight studies have provided evidence for increases in liana abundance or biomass, or both, across
Neotropical forests (Schnitzer & Bongers, 2011). However, not all studies support the liana increase hypoth-
esis. For instance, only two studies have evaluated the lianas’ growth rates for the African continent and
these did not find an increase in their abundance or biomass (Schnitzer & Bongers, 2011; Schnitzer, 2018,
Bongers et al. 2020). One possible explanation for these different results across the tropics may be due to
taxonomic and functional trait differences among the species present in each of those continents. In fact,
Gallagher & Leishman (2012), in a global analysis for climbing plants, found a difference in the proportion
of species having tendril or twining climbing mechanisms in Africa and the Americas. However, whether
these taxonomic differences are related to specific morphological and physiological traits is still not clear.
One reason is that most of the studies investigating the morphological and physiological traits in lianas have
contrasted them with trees, while few have addressed differences amongst lianas differing in their climbing
mechanisms (Carter & Teramura, 1988; Durigon et al., 2013). Consequently, the current predominant view
considers lianas as a uniform group and, so far, no comprehensive work has been carried out to test if different
climbing strategies may also account for functional trait variability among liana species (Medina et al., 2021).
Recognizing functional and morphological differences among liana climbing mechanisms may be essential for
understanding their spatial and temporal patterns of abundance across tropical forests, particularly if the
increase in liana abundance and biomass is driven by taxa with a specific climbing mechanism and growth
strategy. Therefore, if differences between groups of lianas exist and are not accounted for, this may lead
to a misrepresentation of the role of lianas role in forest successional dynamics, which, in turn, will have
important implications for our understanding of forest responses to climate change.

Lianas have long been attracting the interest of botanists because of their distinctive climbing mechanisms
and growth strategies (Darwin, 1875; Isnard & Silk, 2009) (see Box 1). The vertical growth of lianas is
facilitated via a large diversity of attaching systems (Putz, 1984; Nick & Rowe, 2004; Isnard & Silk, 2009;
Speck & Burgert, 2011). Each type of climbing mechanism (see Fig. 1) may differ in carbon allocation and
the mechanical support requirements necessary for vertical growth, consequently determining the differences
in life history among the liana species. For example, it has been proposed that each type of climbing
mechanism determines the maximum distance between supports and that climbing success depends on the
maximum stem diameter support that they can colonize (Putz & Holbrook, 1991; Isnard & Silk, 2009; Rowe
& Speck, 2004). Darwin, in his book “The climbing movement of plants” (1875) (the first study to investigate
the ecological behavior of climbing plants), did not consider species which merely scramble over vegetation
without any special organ. He described hook-climbers as having the least efficient climbing mechanism,
followed by hook and root climbers, while he considered the more widespread twining and tendril climbers
to be the most efficient. Those early observations are in accordance with modern-day measured mechanical
properties of wood from different types of climbers. For instance, tendril and twining species generally have
more flexible stems, while hook-climbers and scramblers retain relatively stiff stems throughout their lives
(Isnard & Silk, 2009; Speck & Burgert, 2011; Rowe & Speck, 2004). Considering the lianas life history,
one emerging question is whether an active climbing mechanism, which facilitates easier access to the upper
canopy, is associated with a resource-acquisitive strategy via functional traits. The theoretical basis for this
hypothesis relies on the fact that the type of climbing mechanism limits the maximum size of the support
used for vertical growth (e.g., the stem diameter to which a specific climbing mechanism can attach and,
consequently, climb on), as well as the light environment that can be explored (Darwin, 1875; Putz, 1984;
Holbrook & Putz, 1991). Therefore, the success of certain types of climbing mechanisms will differ according
to the forest structure and successional stages (Putz & Chai, 1987; DeWalt et al., 2000). Likewise, there
is evidence that the proportion of species with different climbing mechanisms differ significantly between
continents (Gallagher and Leishman, 2012), but the main drivers (climate, soil and forest structure) of these
patterns are still not explored.

Plant functional types have been used by ecologists to aggregate the enormous number of plant species
into a tractable number of functionally similar classes (Ustin & Gamon, 2010). This classification implies an
ecological basis to differentiate between groups of plants responding similarly to changes in their environments



(Diaz & Cabido, 1997; Lavorel & Garnier, 2002), while there is also strong support for significant differences
in key traits among plants of different functional types (Wright et al., 2004, 2005; Verheijen et al., 2016); such
classification is necessary in order to reduce the need for specific knowledge about each underlying species
functional trait. Plant traits are suitable tools for describing the different functional aspects of plants and
their relationships to environmental conditions. The various growth and survival strategies of plants in
response to abiotic and biotic determinants are reflected by their set of trait values (Westoby et al., 2002;
Reich, 2014; Verheijen et al., 2016). An increasing number of global overviews have been reported for various
functional groups of plants (e.g., Wright et al., 2005a, b; Poorter et al., 2012; Verheijen et al., 2016) and
it becomes clear that several questions characterizing lianas as a group still need to be answered (Wylka
et al., 2013; Schnitzer, 2018; Medina et al., 2021). Although the morphology, anatomy and physiology of
the climbing organs used by lianas to reach the canopy have been relatively well studied (for a review see
Isnard & Silk, 2009), much less effort has been made to understand if there is a relationship between the
type of climbing mechanism and the functional traits related to whole-plant performance, such as the leaf
and wood economic spectra traits (Wright et al., 2004; Chave et al., 2009; Reich, 2014). If such links exist,
this information would be especially needed to properly account for the role of lianas in forest dynamics via
Dynamic Global Vegetation Models (DGVMs) (Verbeeck et al., 2016; Schnitzer et al., 2016, Meunier et al.,
2021). Similarly, the few studies which have characterized the drivers of liana abundance and species richness
have focused on only a few environmental variables and have mainly compared lianas to trees (Schnitzer,
2005), focused on specific liana clades and biogeographical realms such as the Neotropics (Meyer et al., 2020),
or on a particular type of climbing mechanism (Durigon et al., 2013). Therefore, we still do not know how
the environment (e.g., climate and soil) and the forest structure drive the proportion of species (richness)
and abundance (density) of lianas regarding their main climbing strategies across the large spatial scales.

Classifications of the climbing mechanisms used by lianas may vary substantially throughout literature,
ranging from three categories (Vaughn & Bowling, 2011) to as high as nine in some cases (Addo-Fordjour
& Rahmad, 2015), as recently reviewed by Sperotto et al. (2020). In this study, we followed the recently
proposed classification of climbing mechanisms from Sperotto et al. (2020) to establish a framework which
considers a continuum from highly-specialized obligate lianas (active climbing) to species with an interme-
diate behavior (passive climbing) and devoid of highly specialized attachment systems (Fig. 1). Here we
analyzed the functional strategies and distribution of lianas, classifying lianas into two main types of climbing
mechanisms: active and passive. In general, active climbing comprises twining, tendrils, prehensile branches,
twining petioles and prehensile peduncles and inflorescences, while passive climbing comprises scrambling
(or clambering, leaning), hooks or grapnels and adhesive roots.

The current perspective regarding the ecology of lianas remains somewhat limited because previous analyses
of liana ecology have largely focused on the differences between lianas and trees and, so far, no major
synthesis has considered the life history differences among lianas in terms of their climbing mechanisms.
Here we synthesize data for lianas regarding the main functional traits used to characterize plant form and
function and, thus, classify the liana species according to their main type of climbing mechanisms (Fig. 1,
Box 1): active and passive climbing. Furthermore, we integrate the liana species climbing mechanism data
with a standardized pantropical plot sampling of the species richness and abundance, in addition to remote
sensing data (climate and soil) to explore the following hypotheses:

(1) There is an association between the climbing mechanism and functional traits, therefore, we expect that
functional traits differ between active and passive climbing lianas. More specifically, we expect that species
with active climbing, that forage vertically through a short-term vigorous growth, show functional traits
towards the acquisitive end of the global trait spectra.

(2) The magnitude and direction of the associations between the main drivers (climate, soil and forest
structure) of the relative abundance and richness of lianas differ between active and passive climbing species
(Table 1). We expect that taller forests will favor active climbers, whereas shorter forests will favor passive
climbers. We expect that climate and soil fertility show a positive relationship to species richness for both
active and passive climbing, while abundance may respond differently to those variables because recruitment



is also affected by forest structure (availability of suitable supports).

Here, we first show that functional trait differences are significant between the two main categories of liana
climbing mechanisms: active and passive climbing (Sperotto et al., 2020). Subsequently, we show that the
factors driving abundance and species richness of lianas across tropical forests differ significantly between
active and passive climbing species. Finally, we discuss the need of reconsidering the view of lianas as a
single, plant functional type, given the importance of the climbing mechanism to the life history and ecology
of lianas.

Box 1. The definition of climbing mechanisms and their importance in the life-history of liana.

Lianas are a particular type of climbing plant that develop woody stems and have a non-self-supporting
habit so they rely upon an external support for vertical growth towards the canopy (Rowe and Speck, 2004;
Schnitzer & Bongers, 2002). In general, the ontogeny of lianas is marked by two distinct phases: firstly,
the erect phase, where, after germinating, they can grow vertically adopting a self-supporting habit and
can reach up to 2 m height without the need for an external support and, secondly, the climbing phase
(Putz & Holbrook, 1991), which is marked by a rapid increase in the internode distance with low investment
in ramification and foliar expansion until a suitable support is found (Hegarty, 1991; Isnard & Silk, 2009;
Ichihashi and Tateno, 2015). This marked plasticity in response to the availability of support is associated
with several changes in the anatomy, morphology and physiology of the leaves, stems and branches; this is a
key feature in the life history of many liana species (Putz, 1984; Gentry, 1991; Isnard & Silk, 2009; Chen et
al., 2014). The need for finding a support for vertical growth is also an important determinant of the spatial
distribution of lianas inside forests (Putz, 1984; Putz & Holbrook, 1991; Schnitzer & Bongers, 2002). For
example, tendril species are restricted to attach to trees with smaller diameters than twiner species (Putz,
1984; Putz and Chai, 1987), therefore, in forests with high rates of fragmentation or gap formation, where
more small trees are present, tendril species tend to show higher abundance (DeWalt et al., 2005; Letcher &
Chazdon, 2009).

The transition between the self- and non-self-supporting phase described above is also heavily dependent on
the type of climbing mechanism that lianas can use to attach to the support structures. Lianas exhibit a
diversity of morphological and anatomical variation (Putz & Holbrook, 1991; Isnard & Silk, 2009; Rowe &
Speck, 2004) related to the type of attachment and the organs (e.g., leaf, branch or stem) used to adhere
to the support structures (climbing strategy). In part, this diversity results from the unique demand to
maintain stems that are both flexible to twist, but also strong enough to climb and span across different
hosts without breaking during the search for light (Rowe & Speck, 2004; Isnard & Silk, 2009).

Species with an active climbing mechanism display a support-searching behavior such as circumnutation, an
endogenous growth-related rhythmic movement in which leader shoots (i.e., shoots produced to search for
supports) sweep through the air in arcs (Darwin, 1875; Hegarty, 1991; Carlquist, 1991; Putz et al., 1991;
Isnard & Silk, 2009). This greatly increases the possibility of the plant finding suitable supports. On the
other hand, species with a passive climbing mechanism do not actively search for support, rather, they merely
grow over the host plants without any searching movements such as circumnutation. Additionally, species
with a passive climbing mechanism may have adhesive roots or specialized grapnels or hooks to ensure their
attachment to supports.

Material and Methods
Assembling a global dataset of liana functional traits and climbing strategies

We built a dataset from peer-reviewed studies and published databases, searching for studies that measure
functional traits considered important to explain plant form and function along a continuum of fast acquisitive
to slow, conservative species (Reich, 2014; Diaz et al., 2015) in liana species. We restricted our analyses to
traits having the most information available at the species level: individual leaf area (LA), specific leaf area
(SLA), maximum leaf photosynthetic capacity per area (Amax), nitrogen foliar content per mass (Npass),
wood density -(WD) and seed mass -(SM). We focused on angiosperm woody species (lianas) as the traits



analyzed may vary significantly between woody and herbaceous species. Palm climbers and monocot species,
such as from the genera Smilax spp., were not included in the analyses given that monocots have a different
ecophysiological behavior. In our study we adopted the liana definition as proposed by Gerwing et al.
(2006): “climbing plants that produce true wood (xylem tissues derived from a vascular cambium) and
that germinate on the ground but lose their ability to support themselves as they grow, so they have to
rely on external physical support to ascend to the canopy”. Therefore, we did not include species with a
classification of “hemiepiphyte”. However, we noticed that the criterion of woodiness would exclude some
genera of dicotyledons, such as Passiflora , Ipomea and many Cucurbitaceae, which have perennial fibrous
stems but are abundant and important in many liana inventories (Gentry, 1991; Gerwing et al., 2006). Thus,
we have also included those genera and respective families in our analyses. Species present in more than one
study and showing different classifications for their climbing strategies were excluded to avoid uncertainties
about their true climbing mechanisms. If the liana climbing mechanism was not informed in the original
studies, we searched this information through a thorough literature survey in the literature. We checked
online sources and databases (e.g., virtual herbaria, online floras) to ascribe the climbing mechanism to all
liana species we used in the analyses (Appendix S1). We classified liana climbing mechanisms according to
the classification proposed by Sperotto et al. (2020) and we focused on the comparison between the active
and passive climbing mechanisms used by lianas (see Box 1 for a complete explanation, Fig. 1 and Appendix
S1 in Support Information). We only included species identified at the binomial level, to facilitate the name
standardization of the species among different datasets. Species names were matched against accepted names
in The Plant List using the “taxonstand” R package (Cayuela et al., 2012). We also limited our search to
studies reporting the traits of adult plants growing in natural conditions and, therefore, we did not include
assembled data for seedlings and saplings, in addition to plants growing in experimental conditions. In total,
we assembled data from 42 studies encompassing 755 species of lianas, with information for at least one of
the above traits for each species (Appendix S1).

Extracting data for species richness and abundance, forest structure, climate and soil
Species abundance and richness

We used as data for the abundance and basal area of liana species from the Gentry’s transects, accessed
through the BIEN Database (R package “BIEN” version 4.1.1, Maitner et al., 2017). We restricted our
analyses to plots only across the tropics, using the same criteria as Schnitzer (2005). In summary, we
restricted the data set to forests that were classified as tropical lowland dry, moist or wet forests (according
to Holdridge, 1967) and which had [?] 500 mm annual precipitation and were [?] 1,000 m above sea level
to reduce the confounding effects of latitude, elevation and temperature among the sites. Abundance was
defined as the total number of individuals and richness as the total number of species, per plot, for each
type of climbing mechanism (active and passive). All plot data comes from the Gentry’s transects, openly
available through the BIEN Database. We chose these data because they are standardized and represent
one of the most comprehensive available inventory data on the liana species richness and abundance across
the tropics.

Environmental and forest structure variables

We used forest structure, climate and soil variables as predictors of liana abundance (Figure S1). Canopy
height, as derived from spaceborne LiDAR, has been used as a proxy for forest height (Lefsky, 2010; Simard et
al., 2011) and has also been used in macroecological analyses to approximate the amount of vertical habitat
and niche space, for example, of climbing palms (Couvreur et al., 2015), lianas (Meyer et al., 2020) and
primates (Gouveia et al., 2014). We used the 1-km resolution canopy height map from Simard et al. (2011)
and extracted the mean canopy height for each point location correspondent to the plots with information
for the abundance of the lianas (Gentry’s transects). We calculated the gap phase index (GP) based on the
relative size distribution of stems per each 0.1 ha plot following Feeley et al. (2007). GP was calculated
as follows: GP = In([BA3y + 1] / [BAjg + 1]), where BAj, is the total basal area of all stems with dbh
[?] 30 cm (dbh — diameter at 1.30 m above ground) and BAjg is the total basal area of all stems with dbh
[?] 2.5 cm and [?] 10 cm (Feeley et al., 2007). For these calculations we considered only the stems of trees



and shrubs that could provide more suitable support for the lianas to climb on and which would not include
other growth forms such as hemiepiphytes or herbs, which were also sampled in the methodology used by
Gentry.

As bioclimatic variables may be highly colinear with each other and as we were primarily interested in the
influence of specific climatic variables, per se, we quantified the influence of climate on the abundance and
richness of the liana climbing mechanisms by extracting the mean annual precipitation (in millimeters per
year) and mean annual temperature (in degrees Celsius) for each plot location from the 30 arcsec resolution
CHELSA dataset (Krager et al., 2007). We also included the climatic water deficit, a proxy for the monthly
water deficit experienced by plants (Aragdo et al., 2007). For edaphic conditions, we extracted the cation
exchange capacity (CEC) (a general proxy for soil fertility; cmol (+) kg'') at 250 m resolution from the
SoilGrids website (https://soilg rids.org/).

Statistical analysis

We assessed the differences in the functional traits between active and passive climbing species by using
t-tests. We logo-transformed the leaf area and seed mass before the analysis to meet the requirements of
normality checked by quantile plots. In addition, we quantified the phylogenetic signal that indicates to
what extent phenotypic expression is explained by the lineage to which a species belongs. We quantified
the phylogenetic signal using the Blomberg’s K (Blomberg, 2003). We first generated a phylogenetic tree
including all liana species for which we have functional trait information using the V.PhyloMaker R package
(Jin & Qian, 2019). Consequently, we pruned separated phylogenies, one for each of the two main climbing
mechanisms, using the original tree with all species as a base phylogeny. Subsequently, we pruned a tree
for each group-trait combination independently, removing taxa for which information trait information was
not available. Values of K = 1 imply that a trait shows exactly the amount of phylogenetic signal expected
under a null, stochastic model of character evolution (Brownian motion evolution) (Blomberg, 2003). If
K does not differ from zero, then the trait has no phylogenetic signal. The statistical significance of K
was assessed via permutation tests with 1000 randomizations. The significance of the phylogenetic signal
was based on the variance of phylogenetically independent contrasts relative to tip shuffling randomization
implemented by the phylosignal function of thepicante package in R (Freckleton et al., 2002). The P-values
were determined by comparing the variance of the standardized independent contrasts for the tip values
against the randomized data.

We used piecewise structural equation modeling to examine the hypothesized relationships between abun-
dance and richness per climbing mechanism and the climate, soil and forest structure variables (Lefcheck,
2016). One of the main advantages of the structural equation models (SEM) is that it allows partitioning the
total effect of the relationship between variables into direct and indirect effects (Grace, 2006). We evaluated
the generality of the model across the tropics by controlling the effect of biogeography (continent). We built
the theoretical SEM (Appendix S2, Fig. S1) based on hypothesized and established relationships between
environmental variables and the abundance and species richness of lianas and plants in general (Table 1).
We also evaluated if the ratio of active, relative to passive, climbing species richness differed among biogeo-
graphic realms using a generalized linear model. All analyses were performed in the R environment (R Core
Team 2018).

Results
Trait variation explained by climbing mechanisms

We found functional traits for 755 liana species: 551 representing active climbing species and 204 representing
passive climbing species. Species employing an active climbing mechanism were characterized by traits
associated with acquisitive strategy compared to species with a passive climbing mechanism (Fig. 2). Active
climbing species showed higher specific leaf area (t-test, P = 0.0001; active = 187, passive = 57), larger
total leaf area (t-test, P = 1.7e-18; active = 380, passive = 136), higher leaf nitrogen content (t-test,P =
0.02; active = 129, passive = 38) and slightly higher maximum photosynthetic rate per mass unit (t-test,
P = 0.05; active = 56, passive = 20) compared to passive climbing species (Fig. 2a-d). We did not find



differences in wood density between the active and passive climbing species (t-test, P = 0.2; active = 119,
passive = 19) (Fig. 2e). Seed mass was higher in the active compared to the passive climbing species (t-test,
P = 0.0006; active = 225, passive = 69) (Fig. 2f). Overall, only the passive climbing species showed a
significant phylogenetic signal (Blomberg’s K ) considering the functional traits we analyzed here (Appendix
S2, Table S2). Passive climbing species showed significant phylogenetic signals for SLA, LA, Ny,,.ss and seed
mass. These results indicate that active climbing species tended to show patterns of trait variation among
species that were independent of phylogenetic relatedness.

Determinants of abundance and species richness among lianas differing in climbing mechanisms

Across all 122 plots, lianas accounted for a total of 4500 individual stems ([?] 2.5 cm dbh). Lianas with an
active climbing mechanism accounted for 3686 individual stems, belonging to 592 species and 194 genera.
The remaining 814 individual stems represented lianas with a passive climbing mechanism, belonging to 170
species and 86 genera. The final multilevel model (structural equation model), including the density and
species richness (Fig. 3, 4) for both active and passive climbing species, was very well supported by the data
(Fisher’'s C = 0.396; d.f. = 2; P = 0.82) (Table S3). As the SEM results considering the basal area of active
and passive climbing species were qualitatively similar to the SEM results for abundance (Appendix S2, Fig.
S2), we refer only to the abundance and species richness results in the main text.

The results of our SEM models revealed a clear effect of forest structure and climate on the abundance and
richness of active and passive climbing species, after controlling for the biogeographic region (Fig. 3). As
the results of the SEM models including the climatic water deficit were similar to those including the mean
annual precipitation (Table S3), we refer (in the main text) only to the results including the mean annual
precipitation. The gap forest index (stem size distribution) had a positive effect on the abundance and
richness of active species, but only on the richness of passive climbing species (Fig. 3 a, b). Canopy height,
another metric of forest structure, had a significant negative effect only on the richness of the passive climbing
species (Fig. 3 b). Among the climate variables, temperature was the strongest predictor of abundance and
richness (marginally significant) of the active climbing species, with a greater abundance and richness of
active climbing species being associated with higher temperatures (Fig. 3, 4). The temperature did not
have a significant effect on either the abundance or richness of passive climbing species, while precipitation
was positively associated with the richness of passive climbing species (Fig. 4 b). Soil fertility (CEC)
was negatively associated with the richness of both active and passive climbing species, but not with the
abundance of both active and passive climbing species (Fig. 4 a, b). We found no significant indirect
effects, via the canopy height, of the climate (temperature and precipitation) and soil fertility (CEC) on the
abundance of either active or passive climbing species, nor was there such an effect on the richness of the
active climbing species, however, soil fertility, temperature and precipitation did have an indirect effect on
the richness of passive climbing species (Fig. 4 b).

Discussion

Our study demonstrates a strong functional divergence associated with the liana climbing mechanism. Specif-
ically, our results reveal that species with an active climbing mechanism are characterized by traits associated
with an acquisitive strategy compared to species with a passive climbing mechanism. We also find that across
the tropics the abundance of active climbing species is best explained by temperature and forest structure
(the tree size distribution), while these factors were poor predictors of the abundance of passive climbing
species. Collectively, our results indicate that, when accounting for their climbing mechanism, lianas clearly
diverge in terms of functional strategies and the environmental factors that affect their distribution. This
highlights the need to reconsider the current view of treating lianas as a single, functional plant type and
may have important implications for the understanding and prediction of the effects of lianas on tropical
forests in the future.

Trait variation explains the differences between climbing mechanisms of lianas

Most of the current knowledge of liana functional traits comes from studies that compare lianas to tree
species (reviewed in Wyka et al., 2015; Schintzer, 2018). These studies showed that, compared to trees,



lianas specialize toward the acquisitive end of the global trait spectra, although there remains a huge trait
variability within lianas. Differently from previous studies, we showed that a significant part of this trait
variability can be explained by the climbing mechanism of lianas. We found that, compared to passive
climbing species, the active climbing species showed higher values of leaf economic traits (SLA, Nyas and
Aax) that are typically associated with an acquisitive strategy. The maximal photosynthetic rate per leaf
area (Amax), the amount of leaf area per unit leaf mass (SLA) and the amount of nitrogen per leaf content
(Niass) are all related to several important functional traits, such as leaf longevity, which, in turn, influence
performance and help to account for the differences in the species growth and survival across gradients
(Wright et al., 2004; Sterck et al., 2011; Laughlin et al., 2020). The growth and potential acclimation of
lianas, inside and across forests, depends on their climbing mechanism (Putz, 1984; DeWalt et al., 2005; Putz
& Holbrook, 1991), however, in contrast to trees, it is the rate of stem elongation, more than the investment
in diameter increase, that plays a central role in the liana’s ability to find suitable support structures and
successful colonization. For instance, there is evidence that lianas exhibit higher rates of height growth
compared to trees (Schnitzer, 2005) and that AC species have higher rates of shoot elongation compared
to PC species (Teramura et al., 1991). Although this evidence is still limited, the clear differences in the
economic traits that we found between the AC and PC species support the idea that the liana vertical growth
strategy may be determined by the type of climbing mechanism.

Wood density did not differ between the AC and PC species suggesting that the stem construction costs
are widely constrained across lianas, irrespective of their climbing mechanism (Fig. 2). One reason that
wood density poorly represents differences across lianas species may be due to the limited investment in
wood construction (low biomechanical demand) and the resulting constant replacement of old branches in
order to keep a high photosynthetic to non-photosynthetic organ ratio. This idea of rapid branch and stem
turnover rates in lianas is supported by previous studies showing that lianas grow towards the canopy by
discharging a large number of branches (Ichihashi et al., 2010; Ichihashi & Tateno, 2011, 2015), whereas, in
comparison, trees grow higher by accumulating supporting tissue in the stems to stand upright. For instance,
Ichihashi & Tateno (2015) found that the stem turnover varied according to the liana’s climbing mechanism,
with both stem extension and relative stem losses being the greatest in the twiner species (Actinidia arguta
and Celastrus orbiculatus ) and the least in a root climber species (Schizophragma hydrangeoides ), probably
reflecting the different demands for finding well-lit sites and new hosts (Selaya and Anten, 2008).

We found that active climbing species have higher values of size-related traits, specifically seed mass and leaf
area, when compared to passive climbing species. In general, large stature plants tend to have large leaves
and large, heavy diaspores (Diaz et al., 2015). Seed mass is also a trait associated with larger seedling size
and, therefore, higher changes of recruitment (Moles et al., 2005; Gilbert et al., 2016). Data related to liana
allometry are limited, but there is evidence that active climbing species tend to reach the canopy and spread
among different host crowns, developing an aggressive strategy in terms of growth and space occupation
compared to passive climbing species (Ichihashi & Tateno, 2015). This suggests that the larger leaves and
seed mass we found in the active climbing species could be a result of their faster stem lengthening and
growth strategy.

Overall, we found strong evidence for the idea that active climbing species, compared to passive climbing
species, specialize towards a fast strategy (i.e., rates of resource acquisition and processing) along the plant
global trait spectra (Reich, 2014; Diaz et al., 2015). The fact that active climbing species do not show
a phylogenetic signal considering the traits analyzed here, suggests that the acquisitive strategy of active
climbing species results from a convergence ecological strategy. This clear distinction between active climbing
and passive climbing species is contrary to the current view considering lianas as a uniform, plant functional
type and, instead, supports the hypothesis of niche differentiation among liana species related to the type of
climbing mechanism (Icischi &Tateno, 2011; Wyka et al., 2014).

Drivers of variation in abundance and species richness between climbing mechanisms across the tropics

Our results showed that, across the tropics, climate and forest structure are the main factors controlling liana
abundance and species richness, with both factors having different effects and explanatory powers depending



on the type of climbing mechanism used by the lianas.

The forest gap index was positively related to the abundance of active climbing species but not to the abun-
dance of passive climbing species, while, contrary to our expectation, canopy height was not significantly
related to either active or passive climbing abundance. The influence of the forest structure on liana recruit-
ment largely depends on the climbing mechanisms used by lianas to ascend the canopy. For instance, the
host trunk diameter restricts mainly tendril and twiner species (active climbing in Fig. 1), but variation in
host size (as indicated by the forest gap index) within a forest may allow them to climb from one tree to
the next and, thus, reach the forest canopy. Hooks and scramblers (passive climbing in Fig. 1), in general,
do not reach the upper parts of the canopy (Rowe & Speck, 2004; Sandrine & Isnard, 2009), particularly
because these species lean on their host and cannot easily climb beyond the host’s height to reach the canopy,
while root climbers can attach to any size of trunk but cannot cross between different trunks. It is clear,
therefore, that the host size and the climbing behavior of the liana determines the differences in the potential
environment that lianas can explore within forests (Ichihashi & Tateno, 2011, 2015). This variation suggests
a niche differentiation among lianas; this could be an important mechanism underlying the diversification
and coexistence of lianas species across tropical forests.

The species richness of active and passive climbing were both positively associated with the forest gap
index, but only the species richness of the passive climbers was negatively related to canopy height. Our
results, in part, contrast with a recent study showing that across the Neotropics the liana species richness
from the tribe Bignoniae, which in general have a type of active climbing mechanism (tendril-climbers),
was positively related to canopy height (Meyer et al., 2020). There are two possible explanations for these
differences. Firstly, our study analyzed a wide group of liana species and not only a specific clade and,
secondly, our study focused on community plot-level data, while Meyer et al. (2020) focused on grid cells.
It is possible that at the plot-level scale, successional status and disturbance, as indicated by the forest gap
index, might represent a stronger filter to active climbing species than canopy height by providing more
light and suitable supports. Indeed, disturbance and forest structure have been shown to play an important
role in the maintenance of liana diversity and density in forests (Schnitzer & Carson, 2000; DeWalt et al.,
2000; Schintzer & Bongers, 2002; van der Heijden & Phillips, 2008, 2009). On the other hand, the richness
of the passive climbing species in the present study was found to be negatively related to canopy height.
It is possible that the passive climbing species have less opportunity to grow towards regions of high light
intensity in a tall forest canopy, whereas the active climbing species can forage more effectively and, thus,
face no such loss in richness in relation to canopy height.

In our study, the temperature was positively related to the abundance and richness of active climbing
species, while precipitation had a positive effect only on the richness of the passive climbing species. These
results are broadly consistent with previous studies considering lianas in general (Couvreur et al., 2015;
DeWalt et al., 2015; van der Heijden & Phillips, 2009), however, our study revealed that climate contributes
differently to explain the abundance and richness of lianas when accounting for the climbing mechanism.
The fact that only precipitation was strongly positively related to the passive climbing species richness
supports previous results which showed that root climbers (which have a passive climbing mechanism)
correlate positively with rainfall across the globe (Durigon et al., 2013). The positive relationship between
active climbing abundance and species richness with temperature may also reflect the higher potential of
acclimation and phenotypic plasticity of active climbing species. For instance, Carter & Teramura (1991)
analyzed the photosynthetic acclimation of lianas differing in climbing mechanisms and found that adhesive
discs displayed greater physiological acclimation to low light environments, while tendril climbers were found
to have the broadest physiological plasticity to high light environments. Overall, the positive relationship
between the forest gap index (significant) and temperature (marginally significant) with the active climbing
species richness are compatible with our functional trait analyses of showing that active climbing species
have an acquisitive strategy.

The soil variables, at least at the macroecological scale, that were analyzed in the present study were only
weakly associated with the abundance of the active and passive climbing species, this is consistent with the



soil properties usually being more important predictors of liana distribution at the fine spatial scale (Powers,
2015; van der Heijden & Phillips, 2009). The richness of both active and passive climbing species generally
decreased with soil fertility (i.e., with increasing CEC), which was in contrast to our initial expectation that
higher nutrient availability should increase liana species richness (Gillman et al., 2015; Pausas & Austin,
2001). This, in part, may be due to there being further differences in the soil parameters between regions
that were unaccounted for in our analysis.

We found that the relative richness of active to passive climbing species was significantly higher only in
the Neotropics compared to the other biogeographical realms (Appendix S2 — Table S1, Fig. 4). One
possible explanation might be related to differences in canopy height and forest history, leading to a strict
association between liana ecology and 3D forest structure in some biomes and continents, but not others. For
instance, differences in the vegetation structure may promote specific climbing mechanisms (e.g., tendrils)
(Lohmann, 2003) and, thus, favors the evolution of alternative lifeforms across these biogeographical realms
(e.g., Neotropics versus Afrotropic). In fact, Couvreur et al. (2015) showed a link between the diversification
of the climbing life-form in palms and the forest canopy height. Likewise, ancestral area reconstructions
suggest that almost all ancestors of the currently recognized genera of the tribe Bignonieae, where most of
the species are tendril climbers, inhabited forest habitats (Lohmann et al., 2013). Additional work integrating
abundance patterns with a comprehensive species-level phylogeny of lianas would be important to clarify
the link between ecology and the evolution of the climbing mechanism.

Summary and Future Directions

We provide strong evidence that the type of climbing mechanism is a central characteristic to understand
the functional ecology and distribution of lianas. Our synthesis is the first to jointly assess the global-scale
patterns of distribution and functional trait variations of lianas while accounting for their type of climbing
mechanism.

It has been shown that the increase in lianas abundance and biomass in recent decades across the tropics is
not uniform (Schnitzer & Bongers, 2011). An increase is evident in the Neotropics, while there has been no
increase in the Afrotropic and mixed results for Indo-Malay (Schnitzer & Bongers, 2011; Schnitzer, 2018).
Our results suggest that these differences might be related to a combination of functional trait differences and
factors affecting the distribution among liana species that are related to the climbing mechanisms and growth
strategies of lianas. Furthermore, we showed that the relative richness of lianas with active climbing compared
to passive climbing differs significantly between the Neotropics and other biogeographical realms (Fig. 4),
suggesting that the consistent increase in lianas abundance and biomass across the Neotropics (Schnitzer
and Bongers, 2011), compared to other biogeographic regions, could be a result of the preponderance of
active climbing species in this region. Future studies should attempt to test this hypothesis, ideally using
demographic data and information about the liana climbing mechanisms from different biogeographic regions.
Increases in temperature and in forest disturbance (leading to increasing light availability and trees with
thinner trunks) are likely to act synergistically to increase the abundance of lianas, particularly species with
an aggressive strategy such as the active climbing species whose abundance strongly depends on temperature
and forest structure. We suggest that future studies should use demographic data from local and large spatial
scales, combined with data on the liana climbing mechanisms and functional traits to test the generality of
our findings.

Our finding that there is a biogeographic contingency in the abundance of lianas according to their main
type of climbing mechanism also has important implications for modeling the effect of lianas on the forest
structure at a large spatial scale. For instance, the first DGVM to include lianas considered them as a single,
plant functional type (di Porcia e Brugnera et al., 2020). The implicit assumption is that there is no, or very
little, functional variation within the lianas as a group. However, our results show that there is significant
functional variation among lianas and that an important part of this variation can be explained by the type
of climbing mechanism. The inclusion of lianas in DGVMs is definitely an important step for increasing our
ability to understand their effects on forest dynamics, however, our results suggest that representation of
lianas as a single, plant functional type in DGVMs may be premature and deserves more investigation in
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the future.
Conclusions

The evolution of climbing habit and its implication for the life history of lianas is still an understudied topic in
ecology, but this information is essential to link a species response to climate change across multiple scales.
As we showed in this study, when accounting for the climbing mechanism, lianas clearly diverge in their
functional traits and abiotic factors which drive their distribution. We argue that in order to understand
the main causes of the increases in liana abundance and biomass that are being observed in tropical forests,
it will be crucial to gather data at the species-, population- and plot-levels across forests and to analyze
them, taking into account their life-history differences such as the type of climbing mechanism. As these
data continue to be generated and become available through databases, such as BIEN and TRY in recent
years, we shall be able to understand better the ecology of lianas and their role in tropical forest dynamics.
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Figures and Tables Legends

Figure 1 — Framework used in this study. Liana species (woody climbers) may be classified into two main
types of climbing on supports: passive and active mechanisms. Each group has different types of strategies
(see explanation in Box 1). The upper blue arrow indicates an increase in complexity of the type of climbing
mechanism from scrambler to tendril. The lower blue arrow indicates an increase in the maximum size
(diameter) of the support to which each type of climbing mechanism can attach. Note that the constraint
in size support is valid only for species with active climbing since species with passive climbing do not climb
and pass over different supports.

Figure 2 — Functional trait differences among liana species per climbing mechanism type (a-f) based on
synthesis from literature. Note that leaf area (d) and seed mass (f) are in the logarithmic scale.

Figure 3 — Results from the piecewise structural equation models for abundance of active and passive
climbing species across the tropics. In (a), structural equation model explaining liana density per plot of the
active climbing species in relation to forest structure, climate and soils. In (b), structural equation model
explaining liana density per plot of the passive climbing species in relation to forest structure, climate and
soils. TEMP = temperature; PREC = precipitation; and CEC = cation exchange. Transparent arrows
represent non-significant coefficients and dashed arrows represent marginally significant coefficients (0.05 <
P < 0.1). Density is the number of individuals per ha. The inset map shows the location of the plots used
in this study.

Figure 4 — Results from the piecewise structural equation models for richness of active and passive climbing
species across the tropics. In (a), structural equation model explaining liana species richness per plot of
the active climbing species in relation to forest structure, climate and soils. In (b), structural equation
model explaining liana species richness per plot of the passive climbing species in relation to forest structure,
climate and soils. TEMP = temperature; PREC = precipitation; and CEC = cation exchange. Transparent
arrows represent non-significant coefficients and dashed arrows represent marginally significant coefficients
(0.05 <P < 0.1). Species richness is the number of species per ha. The inset map shows the location of the
plots used in this study.

Figure 5 — Map showing the relative proportion of species richness per climbing mechanism across bio-
geographical realms. Note that the relative proportion of active to passive climbing species richness is
significantly higher in the Neotropics (Table S1).
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