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ARTICLE INFO ABSTRACT
Keywords: Lianas (woody climbers) are crucial components of tropical forests and they have been increasingly recognized to
Lianas have profound effects on tropical forest carbon dynamics. Despite their importance, lianas’ representation in

Tropical forest
Vegetation model
Plant functional type

vegetation models remains limited, partly due to the complexity of liana-tree dynamics and the diversity in liana
life history strategies. This paper provides a comprehensive review of advances and challenges for mechanisti-
cally representing lianas in forest ecosystem models and a proposed path towards effectively representing lianas
in these models.

Defining a liana plant functional type is a significant challenge because of the high morphological and
physiological diversity amongst liana species, and because of their structural association with trees. Here, we
identify critical liana traits that likely should contribute to establishing a liana plant functional type, along with
key processes to properly represent lianas in ecosystem models. Subsequently, we discuss a variety of possible
liana implementation strategies with their associated strengths, limitations, computational costs and data re-
quirements. A fundamental redesign of the tree-centric demographic vegetation models seems appropriate to
accommodate the unique growth and competition strategies of lianas. We illustrate the potential of such models
with a single-site case study where we disentangle putative mechanisms of liana increasing abundance.
Furthermore, we underscore the critical need for comprehensive liana demographic and functional data
(including long-term, physiological, and pantropical observations) for the qualitative implementation and
evaluation in the proposed modeling efforts. Currently, there is a scarcity of liana data and the data that do exist
have a neotropical bias. We finally introduce a new liana functional trait database that can centralize existing
liana trait data, incentivize improved data gathering and thus facilitate model development and scientific

analyses.
1. Introduction shade on the forest floor and reach the highly illuminated canopy. As
such, canopy lianas can produce a large amount of leaf biomass in the
Lianas (woody vines) are a common feature of tropical forests, where upper canopy without the need to invest in self-supporting stems (Putz
they contribute up to 35 percent of the woody plant species and up to 40 1983; Wyka et al., 2013).
percent of the woody stems (Schnitzer and Bongers, 2011). These The relatively low liana contribution to forest woody biomass
climbing plants use the structure of other stems to escape from the deep compared to trees (van der Heijden et al. 2013) makes lianas seem
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unimportant for forest dynamics and functioning. However, not only are
lianas highly biodiverse (Gianoli 2015), they also affect many processes
such as gap dynamics, secondary succession, and carbon, water and
nutrient cycling (Schnitzer and Carson, 2010; Tymen et al., 2016; van
der Heijden et al., 2015; Chen et al. 2015; Tang et al., 2012). Moreover,
lianas negatively impact growth and mortality of host trees
(Estrada-Villegas et al., 2022) as well as their structure (Moorthy et al.,
2022) while disproportionately contributing to canopy gross and net
primary productivity (Phillips et al. 2005; van der Heijden et al. 2013).
Liana infestation is associated with an increased forest carbon turnover
and a reduced sink strength and long-term carbon storage of the
ecosystem (van der Heijden et al. 2015). Ongoing liana proliferation
(increases in both biomass and abundance), confirmed in multiple
studies across the Neotropics (e.g. Phillips et al. 2002, Schnitzer and
Bongers 2011) and in some (but not all) forests in the Paleotropics
(Wright et al. 2015; Bongers et al. 2020; Pandian and Parthsarathy 2016;
Abiem et al. 2023), further increases their effect on forest dynamics and
functioning.

The volume of observational and experimental research on lianas has
been increasing exponentially in the past decades (Fig. 1a). Published
literature review studies so far focused on empirical work on liana
abundance, proliferation and carbon cycling (e.g., Schnitzer and Bong-
ers 2002; Schnitzer and Bongers 2011, van der Heijden et al. 2013), on
liana removal experiments (Estrada-Villegas and Schnitzer 2018), and
on liana trait observations (Wyka et al. 2013). These review studies
identified the need for more (long-term) data and experiments, but only
a few of them identified the need to use vegetation models to advance
liana ecological research (van der Heijden et al. 2013; Muller-Landau
and Pacala 2020; Marshall et al. 2020).

Critically, vegetation models can serve as platforms to integrate data
and knowledge on multiple processes at different spatial and temporal
resolutions. Hence models can be used to identify knowledge gaps, guide
future empirical investigation and prioritize data collection. Imple-
mentation of lianas in vegetation models would, however, allow inves-
tigating a much wider range of open research questions (Table 1). First,
vegetation models would allow us to exhaustively quantify the effect of
lianas on comprehensive forest functioning, which is challenging in
empirical studies. More precisely, vegetation model simulations
including lianas would enable ecologists to determine: (i) the contri-
bution of lianas to the different pools and fluxes of carbon, water, energy
and nutrient cycles of tropical forests, (ii) the relative contribution of
different putative mechanisms to liana abundance increases, (iii) the
relative importance of resource competition (light, nutrients, water) to
the performance of lianas and trees, (iv) the contribution of liana-
induced tree mortality to total tree mortality (McDowell et al. 2018),
(v) processes that may allow lianas and trees to coexist in tropical forest
communities, and (vi) the phenomenon of arrested succession (i.e., stop
or slowing down of ecological forest succession post-disturbance due to
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Table 1
Examples of liana-related ecological questions that could be addressed using
appropriate vegetation model developments and simulations.

Liana-related ecological questions Role(s) vegetation models

have to play

Demography
What is/are the driver(s) of increasing liana
abundance, and how do these drivers interact?

Understanding/quantifying

What is the future liana abundance locally? Predicting/upscaling
Regionally? Pantropically?

What are the effects of liana loading on hosting Quantifying
trees?

What drives the occurrence and duration of liana- Understanding

induced arrested succession?

How will lianas affect the forest structure and
composition under future climate and land-use
scenarios?

What determines the biogeographical distribution of
lianas?

Forest biogeochemical cycles and carbon allocation

What is the current and future liana contribution to
the forest carbon/water/nutrient cycles?

How does differing biomass partitioning to plant
organs between lianas and trees contribute to
carbon residence time?

What role do lianas play in the acceleration of the
climate-change/forest sink strength decline
feedback?

Competition for resources

Do lianas and trees form separate niches with respect
to water/nutrient uptake?

Are lianas more drought-tolerant than trees? How?

Do lianas aggravate the drought stress in tropical
forests?

Predicting/quantifying

Upscaling

Quantifying/predicting

Understanding

Understanding/quantifying

Integrating

Integrating/understanding
Understanding/quantifying

What are the amounts of water and nutrients ‘taken’  Quantifying
from trees by competing lianas?

Traits and diversity

Do lianas with different functional traits exhibit Integrating

different strategies and hence belong to different
functional groups (PFTs)?

How do key liana traits contribute to whole-plant
carbon gain in lianas vs self-supporting plants?
Which mechanisms allow the long-term coexistence

of the different growth forms?
Forest management
Can lianas hamper/assist in rainforest restoration?
How does liana removal affect forest demography
and productivity?

Integrating/understanding

Understanding

Understanding/predicting
Quantifying/predicting

liana proliferation, see Schnitzer et al. 2000, Tymen et al. 2016).
Moreover, empirical ecological studies in tropical forests often suffer
from low replicability (Schnitzer and Carson 2016) and are limited in
space and time (Estes et al. 2018), while vegetation models are essen-
tially tools to overcome such limitations. In addition to characterizing
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Fig. 1. Literature overview of the research interest on lianas. Referencing data was obtained by entering the search terms (“liana” or “woody vine”) into the ISI Web
of science engine. Cumulative number of publications and number of citations per year since 1957 (left) and frequency distribution of topics in those studies (right).
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the current effect of lianas, models also allow for identifying their effects
in future and historical scenarios of climate and land-use change. As
such, the power of a modeling framework to predict the effects of lianas
also creates opportunities for practical applications. For example, forest
managers could use such models to test the effect of (partial) liana
removal as a management practice (Sfair et al. 2015), or policy-makers
could account for lianas as an interacting factor in forest restoration
projects (Marshall et al. 2017). Finally, quantifying the future changes of
carbon dynamics due to lianas could result in improved estimates of
carbon storage and exchange in tropical ecosystems and improved Earth
System Models simulations of land-atmosphere feedbacks over a wide
range of climatic and land-use scenarios.

Incorporating lianas in vegetation models is therefore an obvious
next step in the development of comprehensive tropical forest and global
vegetation models. Adapting these models to incorporate lianas, how-
ever, is a challenging task. Throughout this paper, we give our vision on
the most important challenges and possible ways to integrate one or
multiple liana functional types into vegetation models, focusing on
modeling concepts, process representation, parameterization and data
requirements, illustrated with a simulation case-study.

2. Modeling concepts
2.1. Vegetation models

The continuous spectrum of vegetation models covers three big
classes of models based on the way they aggregate the plants within a
forest. Area-based models such as ORCHIDEE (Krinner et al. 2005) or
CLM (Lawrence et al. 2019) aggregate all plants within a landscape grid
cell into one (or multilayer) “big leaf” and represent the vegetation
globally by a handful of PFTs (which are essentially biome types in these
global area-based models). Cohort-based models such as ED2 (Longo
et al. 2019), FATES (Koven et al. 2020) or LPJ-GUESS (Ahlstrom et al.
2012) represent forests by multiple interacting tree cohorts, aggregating
trees belonging to the same functional and size class. These cohort-based
models are in fact approximations of the third vegetation model class:
stochastic, individual-based models, such as TROLL (Maréchaux and
Chave, 2017) or FORMIND (Fischer et al. 2016) that simulate individual
plants explicitly. Cohort and individual-based models are grouped under
the name of “vegetation demography models” (VDMs; Fisher et al.
2018). Many VDMs aggregate species and functional diversity using the
concept of plant functional types (PFT), even though some retain a
species-level representation (Maréchaux and Chave, 2017) or rather
uses a trait continuum approach (e.g. Sakschewski et al., 2015). The
PFTs aggregate all individuals belonging to functionally similar species
and their parameterization is typically prescribed, based on observed,
calibrated or assumed values of traits.

2.2. Liana modeling approaches

Conceptually we see two main options to include lianas in vegetation
models. A first approach is a host-parasite model, in which lianas are
implemented implicitly as a (negative or positive) effect on trees. Here,
there is no need to explicitly simulate the growth of lianas themselves.
Instead, lianas are empirically implemented as the degree of infestation
of the forest stand or individual trees, and process parameterization
changes according to the infestation level. In area-based models, liana
infestation could be represented as a fraction of the big-leaf canopy that
is infested. In VDMs, a probability for each cohort or individual to get
infested at any time could be assumed and tracked over time to represent
the effect of lianas on ecosystem processes (Visser et al. 2018b; Mul-
ler-Landau and Pacala 2020; De Deurwaerder et al. 2024). Such a
host-parasite model can then be calibrated with empirical data, such as
the relationship between liana infestation levels and tree growth and
mortality rates. We consider host-parasite models to be useful for
studying the effects of liana abundance on the carbon stock dynamics in
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tropical forests. However, this implementation approach neglects as-
pects of resource competition and mutualism (Muller-Landau and
Pacala, 2020). Moreover, to simulate the effect of lianas on the carbon
cycle with a host-parasite model, empirically-based equations will be
required to describe the effect of lianas on growth, productivity, and
mortality of trees or forest stands. The core of such a model is, by
essence, data-driven, and could mainly be used as a diagnostic tool (as
has been recently done by De Deurwaerder et al. 2024) for data analysis
rather than for the predictive and quantifying purposes listed in Table 1.

A second approach is to simulate the growth and development of
lianas explicitly, as independent PFT in an operational vegetation
model. In this case, one or more liana PFTs interact and compete for
resources with the other PFTs (e.g. trees and grasses). In this conceptual
framework, the effect of lianas on the biogeochemical cycle of the forest
ecosystem emerges from the competition between lianas and the other
PFTs for environmental resources. The development of such a model
requires new processes and parameterizations to describe the specific
functioning of lianas (di Porcia e Brugnera et al. 2019; Willson et al.
2022), for example in terms of their interaction with trees or their car-
bon allocations (Fig. 2). Many challenges exist to integrate and param-
eterize liana PFTs, but existing data and the current knowledge of liana
ecology should already enable us to develop accurate and representative
process-based equations of the effects of lianas on forests. Yet, model
developers will need to make decisions on how to integrate the pro-
cesses, which vegetation model type(s) to develop and how to integrate
lianas in the structure of the chosen model.

2.3. Model selection

The type of ecological questions that can be addressed with a specific
model (e.g. Table 1), depends on the scope and structure of the model.
Area-based models might be useful for liana-related upscaling studies,
but are less suited to answer most of the ecological questions highlighted
in Table 1, because in those models PFTs do not physically co-exist or
compete.

The main advantage of VDMs compared to area-based models is their
capacity to predict the distributions and compositions of plant com-
munities directly from the user-prescribed parameterization of de-
mographic and physiological traits and the appropriate environmental
drivers (Fisher et al., 2015, 2018). Given the importance of temporal
dynamics on liana community properties (Ingwell et al. 2010; Tymen
et al. 2016; Mumbanza et al. 2022), demography should be explicitly
accounted for in the models, which is only possible with VDMs. These
models typically also account for trait variability across the PFTs that
compose the vegetation community (e.g., Moorcroft et al. 2001; Maré-
chaux and Chave 2017), which is essential to simulate the observed
effect of lianas on forest functional composition. The simulation of
successional dynamics in VDMs is achieved via trait filtering, whereby
plant traits affect resource acquisition, growth and survival. Those
VDMs that also include mechanistic representations of ecophysiology
and biogeochemistry may be the most suited to assess the combined
effect of lianas on both vegetation functional composition and biogeo-
chemistry. Therefore we advocate to implement lianas as a distinct PFT
(as opposed to lianas as a parasite property of a host tree) into VDMs (as
opposed to big-leaf models).

We expect that starting with a single liana PFT is a first step, leading
to a useful initial model formulation. To date, we are aware of only a
single liana PFT, which has been implemented in the ED2 model (di
Porcia e Brugnera et al. 2019, Meunier et al. 2022) and the FORMIND
model (di Porcia e Brugnera et al. 2020). In time, adding multiple liana
PFTs could better reflect the many liana species covering a broad
functional space (Schnitzer et al. 2012, 2021; Meunier et al. 2020;
Coppieters et al. 2022), similar to what is already done for trees in many
demographic models.

An important remark to make here, is that the operational VDMs in
which lianas have been implemented so far, have different levels of
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Fig. 2. Overview of some of the most important liana-specific (blue) and host tree equivalent (green) processes to implement to mechanistically account for liana

infestation in process-based vegetation models.

detail (some processes are omitted) and resolution. The FORMIND
model for example has a high level of detail in simulating the spatial
structure of forests. It is individual-based and has spatially explicit
patches (Fischer et al. 2016, di Porcia e Brugnera et al. 2020). The
temporal resolution of FORMIND is on the other hand much coarser,
with a typical annual simulation time step that does not allow to
simulate seasonal patterns or responses to specific climatic events. In
contrast, the ED2 model is resolving the spatial heterogeneity in a more
aggregated way (with spatially implicit patches and cohorts), but has a
sub-daily timestep for fast processes like photosynthesis, allowing to
simulate physiological responses to climatic events in a much more
realistic way (Meunier et al. 2021a). The parameter needs of specific
models depend highly on those differences in model structure.

2.4. Data requirements

Data are at the center of all modeling activities, as they are necessary
at each model development stage, from model formulation to evaluation
(Dietze et al. 2013). With liana research expansion over the last few
decades (Fig. 1), an increasing amount of liana data have been made
available for a multitude of processes, including experimental results,
trait measurements, and field observations. As liana research becomes
more widespread, standard protocols to observe and census lianas have
also been increasingly formalized, leading to more comparable and
homogeneous datasets that can be used for model development (e.g.
Gerwing et al. 2006).

Depending on the direction taken for modeling lianas and on the
chosen model, different quantities and types of data are necessary to
build, constrain, and validate the liana PFT. These data requirements
will depend on the research question, which dictates factors such as the
spatio-temporal scale of the simulations. Snapshot models that look at
relatively short time intervals (months to years) may need fewer ob-
servations. In a site study that focused on resource competition between
growth forms (Meunier et al. 2021a), a process-based liana model was
run for a few years. By focusing at time scales where some processes can
safely be ignored (in that study e.g. drivers of liana abundance), model
outputs can inform on other research questions, such as the relative

importance of water and light competition (Meunier et al. 2021a). VDMs
are often the most demanding in terms of data because they require
mechanistic representation for a wide number of processes. The degree
of sophistication of VDMs is variable and different models may be
structured around more or less coarse-grained representations of natural
phenomena. Yet, these models require trait data for parameter estima-
tion, calibration data to constrain unobserved (or unobservable) pa-
rameters, and independent data for model evaluation. The source and
type of those data will necessarily depend on the selected model as well
as the data availability and the research question. For example, the liana
modelling work done with the FORMIND model by di Porcia e Brugnera
et al. (2020) made use of trait and allometry data to constrain PFT pa-
rameters, while inventory data were used to compute some of the
growth parameters and for model evaluation. The work on lianas with
the ED2 model (which has more detailed description of some processes
like plant hydraulics) used trait and allometry data in a similar way, but
used a larger number of trait variables, including spectral (Meunier et al.
2022) and hydraulic traits (Meunier et al. 2021a). Inventory data were
used both for prescribing initial conditions and for model evaluation in
these studies (Meunier et al. 2021b; van der Heijden et al. 2024). The
ED2 model version with lianas was also evaluated by various indepen-
dent datasets, such as fluxtower data (e.g. Meunier et al. 2021a) and
repeated inventories from a liana removal experiment (Meunier et al.
2021Db). So far, both models have been used for site-level studies. But
when these models will be used for spatial upscaling, we expect the use
of data from pantropical plot networks and various remote sensing
products for model initialization and evaluation.

3. Liana-specific processes to account for in models

Several processes specific to the liana growth form will require new
process formulations within the model, specifically when implementing
a liana PFT into a VDM. Modeling concepts for these processes are dis-
cussed, and potential issues are identified below. Other plant-generic
processes do not require new representations, but will solely require
liana-specific PFT parameterizations. These plant-generic processes and
parameterizations are discussed separately in the next section.
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3.1. Aboveground liana-tree competition

The aboveground liana-tree interaction is a critical aspect to account
for when modeling lianas, as an inherent characteristic of the liana life-
form as a structural parasite, and three main components of this inter-
action should be accounted for: (1) a critical competition for light, (2)
the displacement of tree leaves, and (3) the induced mechanical stress on
the hosting tree.

Conceptually, it is important to consider to what extent specific
liana-tree interactions should be represented explicitly in a VDM, or can
be simulated as a model outcome without explicit model formulation. In
a first approach, lianas could be considered as freestanding living plants
with a specific set of traits and competing with trees for resources, but
without representation of interaction with host trees. Here, lianas would
compete with neighboring plants just like tree PFTs compete with one
another. Yet, to capture the essence of the lianescent growth form (lianas
lacking self-supporting tissues), liana’s maximal vertical height should
be limited by the height of their host tree. Such a height limitation for
lianas has been implemented in the ED2 model (di Porcia e Brugnera
et al. 2019, Meunier et al. 2021a). The height and crown size of trees in
VDMs is typically determined by a PFT-specific allometry and it was
recently shown that the height allometry of trees is affected by their
liana load (Moorthy et al. 2022). A prescribed liana-impacted tree
allometry has so far no been accounted for by the ED2 model, the impact
on the tree crown is rather an emergent result of competition for light
and replacement of tree leaves by liana leaves. For that aspect the
FORMIND liana PFT is more complex and realistic. Here, liana in-
dividuals track specific host trees and have a specific prescribed impact
on the tree crown allometry (di Porcia e Brugnera et al. 2020). In a first
model approximation, it may be tempting to permanently fix a liana to
its host in a VDM. If instead lianas are allowed to change host or colonize
multiple tree crowns in the model, an individual liana can be more
dominant and persist for a longer part of the succession, as it likely
happens in nature (Schnitzer et al. 2021). The individual based model
FORMIND allows multiple lianas to colonize a single host, but so far does
not account for the possibility for a single liana to colonize multiple trees
(di Porcia e Brugnera et al. 2020). For the cohort-based model ED2 ac-
counting for such explicit liana-host interactions is more challenging. An
ED2 version with liana-cohort ‘tracking’ has been tested, in which liana
cohorts are attached to specific tree cohorts (di Porcia e Brugnera et al.
2019). However, a more implicit approach where specific liana-host
interactions are omitted, but liana height is limited by tree height and
resource competition is constraining the growth of lianas and trees has
proven to be effective in simulating demography and biogeochemistry of
tropical forests (Meunier et al. 2021a).

The vertical distribution of leaf biomass of lianas and trees is a
crucial component to simulate both large-scale and local stand dy-
namics. Liana leaves are considered to displace tree leaves on a one-to-
one ratio in the canopy (Kira and Ogawa 1971; Rodriguez-Ronderos
et al. 2016), both in the upper and mid canopy layers
(Rodriguez-Ronderos et al. 2016; di Porcia e Brugnera et al. 2019).
Vertical light profiles throughout the canopy can significantly be altered
due to liana covering, related to differences in liana leaf architectural
and spectral traits, with restriction of light penetration even found very
close to the canopy top (Fauset et al. 2017). Clumps of liana stems have
also been shown to significantly lower the light interception for un-
derstory vegetation (Sanchez-Azofeifa et al. 2009; Paul and Yavitt
2011).

It is essential to account for the way liana and tree crowns fill the
vertical and horizontal canopy space. In VDMs multiple approaches are
used to organize the tree crowns spatially, e.g. assuming flat-topped
crowns or the perfect plasticity approximation (Fisher et al. 2018). Li-
anas, however, may violate these assumptions by growing into tree
canopies and replacing tree leaves. To address this issue, VDMs could
benefit from implementing explicit liana-to-host attachment. Because
lianas grow into or on top of their host canopy, the competitive effect on
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their host is stronger than the effect of competing neighboring trees
(Tobin et al. 2012). This means that an ideal vegetation model should
differentiate between liana-tree and tree-tree competition for light. Data
on individual tree crown infestation is essential to build such models,
and is mostly available through ground-based crown occupancy index
(COI) assessments (van der Heijden et al. 2010), although detection
using remote sensing is underway (Guzman et al. 2018; Visser et al.
2021; Waite et al. 2019). Infestation of tree crowns by lianas is dynamic,
and new or increased colonization or liberation is observed over time
(Ingwell et al. 2010). An additional level of complication in the
liana-tree interaction term could be added to a model by distinguishing
host tree characteristics, which could affect their vulnerability to be
infested by or liberated from lianas and their tolerance to survive liana
infestation (e.g. Visser et al. 2018a).

When implementing the liana-tree interaction in models, the fate of
the liana when their host dies should also be considered and will likely
require new processes. In this case, the liana often survives, either
remaining (partially) in the canopy on connected hosts, or will start the
process of re-ascension via new hosts (Putz 1984a). Accordingly, inter-
connected host trees via the liana might have an increased mortality
probability by being pulled in a tree fall. Depending on the model rep-
resentation of mortality, these new processes will need to be evaluated.

The mechanical stress and torque imposed by lianas on trees through
both the use of the tree as structural support and by connecting trees
together (Putz, 1984a) could also be implemented in vegetation models.
The most straightforward approach would be to increase branch turn-
over (Visser et al. 2018b) and the mortality risk of infested or
inter-connected trees (Schnitzer and Bongers 2002; Schnitzer and Car-
son 2001).

3.2. Succession and gap dynamics

The recruitment, growth and survival of lianas during various stages
of succession and gap formation are very different compared to trees.
Recruitment of lianas in the light-abundant environment of early suc-
cession or in treefall gaps is stronger compared to trees, because lianas
have other avenues (e.g. lateral growth) than only dispersing their seeds
to recruit a gap. Vegetative reproduction is a common form of repro-
duction for lianas, by which lianas produce multiple stems from vege-
tative offshoots of mature stems (Schnitzer et al. 2021). Such clonal
reproduction is an important strategy after natural disturbance in tree-
fall gaps (Schnitzer and Carson 2001, 2010; Letcher 2015), and
gap-phase regeneration is imperative for the recruitment of many liana
species (Schnitzer et al. 2000; Schnitzer and Carson 2001, 2010; Letcher
2015; Ledo and Schnitzer 2014). A mature liana pulled down with
treefall will often survive (around 90 % of the time according to Putz
1984a) and can resprout vigorously in the beneficial light environment
of the treefall gap (Putz 1984a; Fisher and Ewers 1991). Although no
genetically new individuals are produced, for modeling purposes the
clonal stems could be considered as new recruits.

The specific liana growth patterns give them a particular dynamic
role in forest succession. As climbers, lianas are characterized by slender
stems, rapid horizontal growth, and particular searching and attachment
mechanisms, which provide them with the ability to explore the forest
understory efficiently, especially in highly disturbed environments such
as treefall gaps (Putz, 1984a; Nabe-Nielsen and Hal 2002; Ledo and
Schnitzer 2014; Mori et al. 2018).

The rate of vertical ascension through the canopy of lianas also needs
specific attention. While for trees canopy height is generally derived
from (increasing) diameter (e.g. Feldpausch et al. 2012), for lianas no
straightforward allometric relation exists to derive its height location
within the canopy. Quantification on the rate of liana canopy ascension
is very rare for tropical forests (Medina-Vega et al. 2021b). Derivations
could however be made by assessing the size of lianas present in the
forest canopy. Kurzel et al. (2006) predicted on average a 50 % proba-
bility of a liana with a stem diameter > 2 cm to reach the canopy,



H. Verbeeck et al.

increasing to 80 % for lianas > 2.5 cm, although it depended on forest
type. Explicitly modeling rates of vertical ascension and canopy position
will be important for any research question related to forest dynamics
and liana-tree competition, as lianas will reach optimal light conditions
in the top of the canopy and shading of the host tree becomes an
important factor.

3.3. Liana ontogeny

Lianas are characterized by ontogenetic changes throughout their
life cycle, including in their allometric relationships (Smith-Martin et al.
2020). Allometries are particularly important for modeling because
most models use these functions for the structural description of PFTs
and hence for the allocation of carbon to pools with various turnover
times. Since lianas depend on the structural support of their host, they
may possess even stronger ontogenetic variability than trees. Some
models (Seidl et al. 2012) account for this changing allometries
throughout the plant life history, for example by distinguishing between
saplings and adult trees. In the case of lianas, a partitioning could be
made by creating three different growth stages as has so far only been
done in the FORMIND model (di Porcia e Brugnera et al. 2020). In the
first stage, lianas are assumed to be self-supporting and are represented
like other self-supporting plants. The second stage starts when lianas
attach to their host and persists as long as they have not reached the
canopy. The FORMIND model assumes that lianas focus exclusively on
vertical elongation in this second stage. In the final third stage, lianas are
in the canopy and deploy their leaves to maximize light acquisition. In
such a model the height of self-supporting lianas can follow a tree-like
allometry and when reaching the canopy, the liana height may be
constrained to the height of the host. However, during the climbing
phase height cannot be derived from the host and thus needs either
specific measurements or an indirect derivation.

Scattered observations suggest that some properties, for example
structural shape or leaf area, may differ radically across these stages
(Yuan et al. 2016). A deeper understanding of liana ontogeny may come
from empirical measurements that parse these multiple phases of
growth. We consider the simulation of the timing of transition between
these stages as a challenging task. Although some research has focused
on these mechanisms (Ménard et al. 2009; Gallenmuller et al. 2004; Putz
1984b), a quantitative understanding of these phases and of the tran-
sition mechanisms is yet to be achieved.

4. Plant-generic processes requiring new parameterization for
lianas

Various plant-generic processes of a liana PFT require specific
parameterization, as is done for all growth forms in PFT-based models.
Parameter values of process-based models are based on actual trait
measurements, estimations or optimizations. Here, we present multiple
processes relevant to the parameterization of a liana PFT, and identify if
sufficient data is currently available for parameterization.

4.1. Belowground competition

Lianas have a substantial effect on belowground processes, and are in
direct competition with trees for water and nutrients. Often, lianas are
considered to have a competitive advantage on trees related to deeper
roots that are better at resource uptake than trees (Schnitzer 2005; Putz
2023), although alternative rooting structures through fast and wide
lateral root expansion (Putz 2023) and a multifocal root growth strategy
(i.e. at multiple depths) (Tang et al. 2012; De Deurwaerder et al. 2018,
2020), and hydraulic redistribution (de Azevedo Amorim et al. 2018)
have been postulated. Other root traits including rapid growth, faster
turnover, a higher specific root length, high nutrient uptake and
assimilation, and poor structural integrity can increase their competitive
edge (Schnitzer 2005; Collins et al. 2016). However, there is a real lack
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of available data on liana rooting depth and fine root traits. Such data
are critical for modelling purposes.

Belowground competition between lianas and trees have so far only
been studied in detail with the ED2 model (Meunier et al. 2021a), which
has an explicit representation of roots and their hydraulic traits. The
FORMIND model is only considering above-ground competition (di
Porcia e Brugnera et al. 2020).

4.2. Carbon allocation

The reduced need of lianas for structural tissue, as a structural
parasite, should be reflected in the carbon allocation parameterization
of the model. Lianas may allocate proportionally more carbon to their
acquisitive tissues (leaf and fine roots) than to supportive woody
biomass as compared to freestanding plants, combined with a lower
relative allocation to coarse roots (Wyka et al. 2013). Accordingly, lower
mean wood density, lower stem mass ratios, higher ratios of leaf mass
and leaf area to stem cross-section, and higher leaf-to-sapwood area are
reported (Zhu and Cao 2009; Gallenmdiller, Rowe, and Speck 2004; Putz
1983; Gerwing and Farias 2000; Isnard and Silk 2009), in addition to
higher non-structural carbon concentrations compared to trees
(Signori-Miiller et al. 2023).

It should be noted that liana allometric relationships (e.g. relating
leaf biomass to stem diameter; Putz 1983; Gerwing and Farias 2000;
Gehring et al. 2004) are highly uncertain because they are based on
relatively low replication from only a few sites, do not use wood density,
and omit large lianas. On top of that, lianas likely have a high structural
plasticity (with stem length growth often independent of diameter
growth), adding variability and uncertainty to allometric relations. We
see a lot of potential in terrestrial LIDAR data to replace the weak
aboveground allometric relationships that have been the only feasible
way to estimate liana biomass (Moorthy et al. 2020). However, below-
ground carbon allocation remains largely unknown.

Current modeling efforts for lianas have however shown that carbon
allocation is a key process, and reliable allometric relations are essential
for realistic carbon cycle simulations. In the ED2 model, the high C
allocation of lianas to reproduction (including towards clonal stems) is
essential to close the carbon balance for the liana PFT (di Porcia e
Brugnera et al. 2019, Meunier et al. 2021a).

4.3. Wood hydraulic traits

An important functional difference between lianas and trees lies in
their hydraulic architecture (Isnard and Silk 2009). As structural para-
sites, the wood anatomical structure of lianas, often comprising of long,
wide and long-lived vessels (Ewers et al. 1989, 1990; Caballé 1993; Chen
et al. 2017; Putz 1983), allows for a higher sapwood- (and often leaf-)
specific conductivity and a high water transport capacity
(Jiménez-Castillo and Lusk 2013). On the other hand, lianas are
potentially more vulnerable to embolism evidenced by their less nega-
tive xylem pressure at 50 % conductivity loss (P50) (Chen et al. 2015; De
Guzman et al. 2016; Johnson et al. 2013; Zhu and Cao 2009), although
adaptations could be present (Isnard and Silk 2009; De Guzman et al.
2016; Angyalossy et al. 2012; Bastos et al. 2016; Maréchaux et al. 2017).

Altogether, it is likely that the specific hydraulic traits of lianas play a
key role in their performance, abundance and effect on ecosystem scale
processes. A considerable amount of data on wood hydraulic traits of
lianas is already available and has been used to parameterize the ED2
model (Meunier et al. 2021a) (which in contrast to FORMIND considers
detailed plant hydraulics), so we consider the collection of additional
wood trait data less of a priority, compared to some of the other
parameter values needed. However, when aiming to represent in a
model the variation of hydraulic strategies via multiple liana PFTs,
additional data would be needed.
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4.4. Leaf traits

Lianas are considered to belong to the ‘fast turnover/quick return’
end of the leaf economic spectrum (Wyka et al. 2013) even if liana
species present a wide variety of acquisitive strategies (Schnitzer et al.
2012; Mello et al. 2020; Medina-Vega et al. 2021a). This is often re-
flected through a high maximum photosynthetic capacity (Cai et al.
2009; Zhu and Cao 2010), high leaf N and P concentrations (Asner and
Martin 2011; 2012; Santiago and Wright 2007), high mass-based foliar
nutrients concentrations (including K, Ca, Mg, Zn, Mn, B and Fe) (Asner
and Martin 2012), high respiration rates per leaf area (Slot et al. 2013),
lower Q10 values (Slot et al. 2013; Cavaleri et al., 2008), and a larger
specific leaf area (Han et al. 2010; Santiago and Wright 2007; Asner and
Martin 2012), specifically as compared to leaf trait values of trees.

This contrast with trees (Mello et al. 2020) must be represented in
vegetation models, and in general enough leaf trait data are available to
do so. However, it is important to mention here that leaf lifespan plays
an important role in the leaf economic spectrum. It is unclear if liana leaf
lifespans are shorter (Wright et al. 2005), similar (Wright et al. 2004), or
even larger than those of trees (Tang et al. 2012). Finally, it is unknown
if lianas are adapting their leaf traits to changing climate similarly or
differently compared to trees. Such adaptation patterns are key de-
terminants for simulating demographic processes, and we therefore
advocate doing more experimental work to understand the leaf trait
adaptation strategies of lianas versus trees. Contrasting leaf traits be-
tween lianas and trees including a different leaf life span have been
implemented in the ED2 model (di Porcia e Brugnera et al. 2019,
Meunier et al. 2021a), while in the FORMIND model only a limited
number of leaf traits are accounted for (e.g. max photosynthetic rate) (di
Porcia e Brugnera et al. 2020), given the fact that physiological pro-
cesses are less at the center of this model.

4.5. Phenology

While a high variation in leaf phenological patterns is found for li-
anas (Putz and Windsor 1987; Hegarty 1990), in general a higher frac-
tion of tropical liana species might retain and produce new leaves during
the dry season as compared to trees (Putz and Windsor 1987; Opler et al.
1991; Kaldcska et al. 2005; Medina-Vega et al. 2022). Asynchronous
timing between lianas and trees has also been reported regarding
reproductive phenology, with lianas often producing flowers and fruits
during the dry season (Putz and Windsor 1987). The difference in
phenological timing between the growth forms could be related to
evolutionary processes leading to growth-form specific niche partition-
ing in time, their respective canopy position being affected by a different
microclimate or the lianas’ competitive advantage to access below-
ground resources during the dry season (Schnitzer 2005; Putz 2023).
Given these deviating phenological patterns between lianas and trees, it
is important to consider whether and how phenology is represented in
vegetation models. For modeling purposes, it could be sufficient to keep
similar constraints for leaf fall and leaf production between lianas and
trees (liana modelling efforts so far in ED2 and FORMIND considered
lianas to be evergreen only). The difference in timing could be an
emerging outcome of the simulations due to differences in resource
availability and needs. However, good data on liana (leaf) phenology is
lacking and we consider the collection of more and better data on
tropical liana and tree phenology as a priority, as we expect the asyn-
chronous phenology between growth forms a key element to simulate
their competition.

4.6. Demographic processes

4.6.1. Reproduction and successful establishment

Lianas reproduce both by seed reproduction and clonal reproduction,
of which the proportion is highly variable and dependent on local con-
ditions (Putz 1984a; Schnitzer et al. 2021). In our opinion, the added
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complication of distinguishing clonal and seed reproduction into a VDM
as two distinct carbon pools is not worth the effort when investigating
whole-forest dynamics. A liana PFT that attains efficient establishment
and recruitment would be sufficient to capture their effect at this level.
For detailed understory or gap dynamic studies, the added investment
would however potentially improve insights gained from a model.

4.6.2. Growth

The growth rates attained by lianas in a vegetation model like ED2
will be a model outcome related to the parameterization of various other
processes (including photosynthesis, allocation etc.) (di Porcia e Brug-
nera et al. 2019). While in the individual based model FORMIND the
growth rates of lianas and trees are calculated by a prescribed size
dependent growth function (di Porcia e Brugnera et al. 2020). Attaining
calibration or evaluation data for modeled growth rates can be difficult,
mainly related to the complication of assessing stem elongation (in
addition to diameter / height as done for trees). Some information on
aboveground biomass growth rates could be derived using allometric
equations (e.g. Schnitzer et al. 2006, van der Heijden et al. 2019,
Moorthy et al. 2020), although these are poorly constrained.

4.6.3. Mortality

Mortality of lianas distinguishes between ramet mortality, i.e. mor-
tality of individual stems that have originated from the vegetative iter-
ation of a parent stem, and genet mortality, i.e. mortality of the distinct
genetic individual. For most modeling purposes it would be too
complicated to distinguish between both and thus sufficient to cluster
ramet and genet mortality in one mortality rate. Reports on mortality
rates of larger liana individuals can generally be found in long-term
population demography studies based on repeated inventories in large
permanent forest monitoring plots.

The implementation of liana mortality in a VDM depends on the type
of model. In the individual based model FORMIND, mortality is imple-
mented stochastically (each individual has a certain chance to die each
time step). The mortality of lianas is here assumed to depend on the
growth stage of the liana but also on the fate of the host tree (di Porcia e
Brugnera et al. 2020). In the cohort-based model ED2, mortality is
implemented as a fraction of the individuals within a cohort that die off
at a certain time step. Here, specific mortality parameters can be
implemented for lianas (Meunier et al. 2021a). Both models assume a
higher survival rate of lianas (compared to trees) in case of a tree fall
disturbance.

There is a relatively large amount of liana inventories available
across the tropics. However, the data is scattered and some regions have
only very limited data coverage (e.g. Central Africa, Bongers et al.
2020). Moreover, often liana censuses are done in small plots, there is
only a limited number of censuses available and in many cases only large
lianas (>10 cm DBH) are included in the census. Therefore, we advocate
to include small lianas in census protocols of the pantropical inventory
networks. Long-term monitoring of liana composition is imperative for
validating decadal-long model simulation. Therefore, data on popula-
tion demographics along successional chrono-sequences and in mature
forests are critically required.

5. A database for liana PFT development

We initiated a new liana-specific, open-access database available for
the development of liana PFTs (see code availability section). In our
database some existing liana functional trait data are centralized,
quality-checked, and made available for developers and other scientists.
In the future, such a liana database will facilitate the work of model
developers, as well as help avoid duplicated work of data assembling
and increase data leverage paving the road towards new phytogeo-
graphical studies and meta-analyses (Fig. 3). As more data are added to
the database, important data gaps will also be highlighted.

Because different models will use different data types, we made the
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Fig. 3. Illustration of structure for the liana database and how it can interact with models to produce new scientific outputs and analyses.

first version of the database flexible enough to host monitoring and
experimental plot data, and provide life-stage-specific information. Our
database was first established for building the liana PFT in ED2 (Meunier
et al. 2021a), and further supplemented for subsequent analyses
(Meunier et al. 2021a; 2021b and 2022). It illustrates how data
meta-analysis can help refine parameter values: in the initial model
formulation, liana parameters were simply copied from the pioneer
tropical tree PFT but those values substantially diverge from the trait
observations pulled from the literature. The liana trait database
currently includes +1100 records for 18 different traits, 161 unique
species across 17 sites in the Tropics (Table 2). Yet it remains limited
compared to the existing literature. To reach its goal, we aim and invite
the scientific community to enrich it, e.g. with other liana meta-analyses
(e.g. Willson et al. 2022).

We envision the liana database not necessarily to be an independent
effort of the other big data initiatives (e.g. TRY), but to be effective, it
must take into account liana specificities and meta-data required for
model development (e.g. species does not always determine the growth
form, which can change across life stages) and be further co-developed
by the community. The effort to expand the database could also be
facilitated by the compilation of the liana references and metadata in the
Liana Ecology Project database, which is freely available at https
://www.lianaecologyproject.com/database. Finally, we are convinced
that recent and future advances in remote sensing to study lianas at
larger scales (Visser et al. 2021; van der Heijden et al. 2022) will provide
critical datasets to test and validate upscaled model simulations.

6. Case study: liana proliferation mechanisms

To illustrate the power of vegetation models to study ecological
questions, we present here a case study showing the potential of VDMs
to study the putative mechanisms of liana proliferation. The only
operational VDM that currently has a liana PFT is the ED2 model (di
Porcia e Brugnera et al. 2019, Meunier et al. 2021a), although some
preliminary efforts have been done for other models too (e.g. the FOR-
MIND model, di Porcia e Brugnera et al. 2020). So far, the ED2 liana PFT
has been used for site-level studies on liana-tree competition (Meunier

et al. 2021a), liana removal (Meunier et al. 2021b) and energy balance
effects (Meunier et al. 2022).

We used the ED2-liana model, as published by Meunier et al.
(2021a), to run simulations on Barro Colorado Island (BCI), Panama. We
simulated liana-tree interactions for five years starting from prescribed
vegetation initial conditions (the liana census of 2007 (Schnitzer et al.
2012) and the tree inventory of 2010 (Condit et al. 2019). The model
was driven by the same climatic drivers as in previous publications and
we refer the reader to Meunier et al. (2021a) and di Porcia e Brugnera
et al. (2019) for more details. Compared to the baseline run presented in
Meunier et al. (2021a), we considered three different scenarios: elevated
CO4 (450 ppm instead of 400 ppm), increased treefall disturbance by 20
%, and drier climate (achieved by recycling the two driest years of our
15-year time-series). We ran the simulations for each of those scenarios
alone and their combinations (eight simulations in total). We evaluated
the effect of the different drivers by computing the relative change of the
simulated liana abundance (with a DBH cutoff of 1 cm) at the end of the
simulation with the baseline run.

The results of this case study (Fig. 4) illustrate the potential workflow
of a modeling study. A research question is developed and translated
into model development. In our case, we investigated three putative
mechanisms for liana proliferation, namely elevated CO;, enhanced
drought, and increased disturbance, for a single site (BCI). A suited
model is then improved and (re-)developed through a continuous inte-
gration of data that serves to calibrate and validate the model. In our
case study, we used a model that was already calibrated against flux
tower measurements and validated it against independent biomass
accumulation data from a liana removal experiment (Meunier et al.
2021b). After model development, the model can be used to make
predictions or learn something new. Our results show that all three
factors have a positive impact on the simulated liana density, with
elevated CO leading to the strongest increase in liana density (5.8 %),
when applied as a sole mechanism. However, the combined scenarios
illustrated important interaction effects with a liana density increase of
up to 9.3 % when all mechanisms were combined. We must emphasize
that this is a simplified single-site study to illustrate the potential of
simulation studies. When aiming to fundamentally answer the research
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Table 2
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Overview of the liana database that was used to constrain and parameterize the liana PFT in ED2 and how it modified the initial value of the parameter initially taken
from the early successional PFT, the actual reference for each of the data points can be found in the database.

Parameter Description Number of data points (Number of species-  Mean value [min - Reference ED2 value (Early

[Units] number of references) max] successional)

Hydraulics

kg Maximum hydraulic conductivity of the stem per 72 18.2 3.1
[kg.m™.s. unit sapwood area (60 —13) [0.5 - 210]
MPa]

ki Maximum hydraulic conductivity of the stem per 51 0.0013 0.0008
[kg.m™.s. unit leaf area (44-8) [0.000085 -
MPa] 0.0039]

AprAg Leaf to sapwood ratio 51 1.26 0.39
[m?%.cm?] (43-8) [0.047 - 9.75]

ay Slope of the vulnerability 51 55.6 20.3
[%] (43-9) [13.6 - 140.8]

P50 Water potential at which 50 % of stem conductivity =~ 69 -1.2 -2.3
[MPa] is lost (47-12) [-2.7 - —0.2]

Wood Wood hydraulic capacitance 6 352 62
capacitance (6-1) [134 - 590]
[kg.m™.MPa"
1

Leaf capacitance  Leaf hydraulic capacitance 7 0.21 0.18
[kg.kg.MPa® (7-1) [0.11 - 0.28]
1
1

leaf TLP Leaf turgor loss point 62 -1.6 -2.1
[MPa] (45-7) [-3.2--0.8]

Leaf traits

LNC Leaf nitrogen content 34 28.5 -
[mg.g ] (11-1) [13.5-49.8]

LPC Leaf phosphorus content 34 1.8 -
[mg.g ] 11-1) [20.7-3.1]

SLA Leaf area per leaf mass 239 16.0 16
[m2kg!] (120-18) [2.5 - 39.5]

Vemax Maximum photosynthetic capacity at a reference 23 43.9 45
[umol.m?2s1]  temperature (25 °C) (9-1) [22.5 - 73.3]

Jmax Maximum rate of electron transport at a reference 25 69.7 54
[umol.m2.s1] temperature (25 °C) (10-1) [40.1 - 107.6]

Q10 Rate of change of a as a consequence of increasing 14 2.5 2.4
[-] the temperature by 100 C (14-1) [1.9 - 2.9]

Aboveground carbon allocation

WD Wood density 152 0.47 0.53
[g.cm] (75-18) [0.2 - 0.83]

Demography

mort Density-independent mortality 18 (1) 0.05 0.07
fyr'] [0.02 - 0.09]

question on the drivers of liana proliferation, a more thorough simula-
tion study with well-developed scenarios at multiple sites is needed.
However, the research workflow of such a study would be similar to the
one presented here. A key bottleneck emerging from the case study is the
need for calibration and evaluation data, as discussed in the previous
sections as well as the need to perform high-quality sensitivity analyses
and to quantify model (structural) uncertainties.

7. Conclusion

Great challenges for accurately simulating tropical forest dynamics
in vegetation models remain. In this synthesis study, we argue that the
development of liana PFTs is key, but currently at an early stage of
development. Lianas have indeed multiple effects on ecosystem pro-
cesses, including effects on species diversity, carbon dynamics, and the
carbon sink capacity of the forests. Vegetation models ignoring lianas
are likely biased for forests where liana abundance is high.

Now is an ideal time to start building vegetation models that include
lianas. Starting to actively develop liana PFTs and the unique mecha-
nisms that drive liana-tree competition for light, water and nutrients
would also guide future experimental and observational efforts, and
highlight critical data and knowledge gaps to represent lianas, including
how to close their carbon balance and accommodate their functional
diversity.

Our opinion is that liana ecological research, while on the rise, will

greatly benefit from working with vegetation models. Significant ad-
vances in liana-related research will benefit from active model devel-
opment and upscaling exercises. Liana proliferation is one of the most
obvious examples: with calibrated models, we can assess the relative
importance of different drivers and project the effect of their changes in
the future. However, such model projections can only be trusted if a
wide variety of models (ensemble) and common liana databases are
further developed.
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can also be accessed via https://www.lianaecologyproject.com Script
files to manipulate the database (e.g. to build, insert new records, pull
data, and plot) are provided as well.
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