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Lianas are woody vines, rooted in the soil, and supported physically by trees. Lianas
contribute to forest ecosystem functioning globally, but especially in the tropics
and subtropics. However, prolific liana growth following heavy disturbance frequently
affects subsequent recovery of forest tree diversity, biomass, structure, and function.
Understanding this forest liana dynamic, and its sensitivity to climate and anthropogenic
forces, is essential for worldwide forest restoration and climate change mitigation. Here,
we synthesise the evidence for both positive and negative effects of lianas on forests
and propose a framework that outlines the expected global response of forests to
disturbance-induced liana proliferation. Emerging evidence suggests that lianas play
a major role in both facilitating and delaying forest recovery following disturbance. At
low levels of disturbance and/or where environmental conditions favour tree growth,
lianas can facilitate forest recovery by protecting trees from extreme weather, fire, weed
invasion and herbivory. However, under conditions where lianas proliferate beyond critical
thresholds, positive feedbacks are expected to induce and sustain liana-dominated forest
states that can endure for decades or even longer. We conceptualise alternative classes
of forest recovery response to disturbance and describe measurement and modelling of
liana thresholds. We identify four essential challenges for global change science relating to
lianas: (1) incorporation of lianas and sapling stems into forest monitoring and tree stand
measurements worldwide; (2) long-term experiments to determine variation in liana-tree
competition, and potential drivers across forest successional gradients; (3) identification
and prediction of liana thresholds and other alternative forest recovery response classes;
and (4) dynamic mechanistic modelling of forest recovery to determine regional and global
variation within and among different recovery response classes, in relation to variation in
potential drivers, liana feedbacks and their interactions. Addressing these challenges will
determine the importance of lianas in shaping regional and global forest composition,
recovery and dynamics.
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INTRODUCTION

When ecosystems are disturbed beyond threshold levels for
sustaining ecological function, they can lose resilience and
undergo abrupt reductions in biological attributes and core
processes (Scheffer et al., 2001; Newton and Cantarello, 2015).
The consequence of exceeding these critical thresholds in forests
has global significance, because these ecosystems sustain global
biodiversity (Gibson et al., 2011), carbon sequestration (Pan
et al,, 2011) and national economies (Carrasco et al., 2014).
Resilience thresholds in forests may be exceeded in several
ways: conversion to treeless or alternative forest states by fire,
drought, pests and grazing (Chapin et al., 2004; Malhi et al.,
2009; Hirota et al., 2011; Hoffmann et al., 2012) and potentially
climate change (Scheffer et al., 2012); reduced stand growth with
over-harvesting of timber Bahamondez and Thompson, 2016);
increasing biomass with rising CO, (Higgins and Scheiter, 2012);
declining forest cover with shifting agriculture (Magnuszewski
et al., 2015); and more positively, increasing biodiversity with
plant biomass recovery following disturbance (Lennox et al.,
2018). However, identification of thresholds requires extensive
spatial and temporal data to diagnose true state changes resulting
from exceeding a threshold, versus abrupt changes in state
resulting from abrupt changes in environmental influences
(Ratajczak et al., 2018) (see glossary, Table1). Threshold
identification continues to be a major challenge for global change
science, particularly relating to human forest disturbance (Reyer
et al.,, 2015; Martin et al., 2017), which has led to worldwide
reductions in carbon sequestration (Grace et al., 2014) and
biodiversity (Barlow et al., 2016).

Different forest attributes vary in their rates of recovery
from disturbance. Global satellite-based observations of forest
loss have identified an average biomass recovery time of 444
years following disturbance, ranging from <50 years in managed
temperate forests to >1,000 years in tropical evergreen forests
(Pugh et al., 2019). Tree species richness typically recovers
to pre-disturbance levels within just a few years in temperate
forests and a few decades in tropical forests (Martin et al.,
2013; Meli et al, 2017), varying between 11 and 228 years
based on recent neotropical data (median 54 years; Rozendaal
et al., 2019). Full species composition has even slower recovery,
ranging from <10 to 6,846 years in tropical forests, but often
not recovering at all (mean 503-780 years; Cole et al., 2014;
Rozendaal et al., 2019). While poorly understood, high temporal
variation in forest biomass recovery, at least in part, varies
with environmental conditions, particularly water availability
(Poorter et al., 2016) and also soil fertility and temperature
(Hobbs and Cramer, 2007). Moreover, meta-analysis of 221
landscapes worldwide shows that forest recovery is mostly
related to the duration and extent of forest disturbance
(Crouzeilles et al., 2016). Palaeoecological records across four
tropical regions further show that this disturbance often entirely
prevents forest recovery as a result of high spatial extent or
temporal frequency (Cole et al, 2014). Data limitations have
precluded identification of forest recovery thresholds (i.e., critical
levels of disturbance preventing tree canopy regeneration),
their spatio-temporal variation and mechanisms leading to
them (Reyer et al., 2015).

Consensus is growing that lianas (i.e., woody vines; Table 1)
play an important role in driving variation in tropical, and some
temperate, forest recovery pathways, with profound implications
for forest recovery and the global carbon sink (Phillips et al., 2002;
Duran and Gianoli, 2013; Van der Heijden et al., 2013; Duran
et al,, 2015; Lai et al., 2017). Accordingly, research focussing
on lianas has increased exponentially, at a rate exceeding the
general increase in ecological research (Figure 1). Lianas grow
rapidly in response to increased light levels caused by heavy
disturbance in many tropical and subtropical forests (Schnitzer
and Bongers, 2011), e.g., from logging or cyclones. Subsequently,
multiple empirical observations from across the tropics show that
forests with abundant lianas have slow rates of tree growth (and
hence also slow forest recovery following disturbance) compared
to those with few lianas (Marshall et al., 2017). The presence of
two alternative slow vs. fast forest recovery trajectories dependent
on liana abundance (Schnitzer et al., 2000; Foster et al., 2008;
Tymen etal., 2016; Cazzolla Gatti, 2018) would be consistent with
a threshold response (Bestelmeyer et al., 2011), i.e., with recovery
only possible below a critical threshold of liana abundance.

Despite the global significance of lianas and stalled forest
recovery, to our knowledge forest recovery thresholds have
never been examined with respect to changes in liana
abundance, cover or biomass (hereafter “liana thresholds”).
Understanding forest thresholds will improve our capacity to
predict biomass and biodiversity recovery (Norden et al., 2015),
particularly in forested regions with intensive and growing
human presence (Arroyo-Rodriguez et al.,, 2017). With global
land-use intensification now far exceeding that in previous
centuries (Foley et al., 2005), the constraints on forest recovery
have increased, forming novel and uncertain interactions with
simultaneous changes in climate (Higgins and Scheiter, 2012)
and liana abundance (Schnitzer and Bongers, 2011). Systematic
identification of liana thresholds against a background of
interacting climatic and anthropogenic forces has major utility
for predicting forest recovery potential and framing the growing
body of research into liana-forest interactions.

Here we aim to stimulate vital research into liana thresholds,
using current theory and empirical evidence to conceptualise
the global response of forests to disturbance-induced liana
proliferation. We begin by summarising the expected variation
and scale of liana effects on forest ecology and management.
We then introduce a working hypothesis regarding how lianas
interact with disturbance to affect forest recovery, and how
these interactions vary along environmental gradients. Finally,
we determine the methods and measurements required to test
the hypothesis and thus determine the presence, consistency and
environmental controls on alternative forest recovery responses.

SCALE AND CONSISTENCY OF LIANA
INFLUENCE ON FOREST ECOLOGY AND
MANAGEMENT

Variation in Liana Distribution—

Disturbance, Latitude, and Elevation
Primary forests are naturally dynamic, with frequent, non-
catastrophic disturbances such as treefalls (Thompson, 2011;
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TABLE 1 | Glossary of key terms used in this article, beyond those described in the main text.

Bandage effect
Basins of attraction
Biological response
Complex system
Deforestation
Degradation

Degraded forest
Disturbance
Driver

Dynamic system

Feedback
Forest state indicator

Hysteresis

Liana

Liana dominance
Liana feedback
Parasitoid effect
Primary forest
Recovery response

Resilience

Response mechanism

Secondary forest

Structural parasite

Structural parasitoid

Threshold

The cumulative positive effects of liana growth on sheltering trees and forests from potential damaging influences (Box 1).

Widely-used conceptual or mathematical term for describing or quantifying the stability of states either side of a threshold.

Changes in indicators of ecosystem condition or function in response to changes in drivers (see “forest state indicator”).

A system that has many components that interact with each other in non-standard ways, often with non-linearities and feedbacks.
Removal of trees and other forest vegetation such that the ecosystem can no longer be defined as a forest, e.g., clearance for agriculture.

The process of ecosystem deterioration toward a stable alternative ecosystem state, with no capacity for foreseeable recovery due to depleted
biological legacies from the original state, e.g., remaining trees, seed stocks, ecological processes, etc. (Ghazoul and Chazdon, 2017).

A forest that has been subject to complete degradation.

Relatively discrete event in time that alters the biotic and/or abiotic components of an ecosystem (Ratajczak et al., 2018), e.g., tree cutting or
strong wind. Disturbance does not imply extensive removal of trees, unless heavy, when it has potential to form secondary and/or degraded
forest, e.g., intensive commercial logging, clear-felling, or extreme weather.

A factor that influences the dynamics of a system without itself being affected by the system (Ratajczak et al., 2018).

A system under constant change, e.g., tropical forest, where major structural (and hence also biodiversity) attributes are in constant flux as a
result of seasonal and inter-annual environmental variation, and frequently falling large woody debris.

A mutually reinforcing processes that pushes ecosystems away from (negative) or toward (positive) an alternative state following a shock.

A measure of the condition or function of a forest ecosystem, relative to condition or function in primary forest, used to measure the “biological
response.”

A situation in which changes in driver variables required to shift an ecosystem between two or more states, e.g., primary and secondary forest,
vary according to the direction of the shift (Ratajczak et al., 2018), e.g., more effort could be required to restore forest than destroy it. Also
known as catastrophic bifurcation (Scheffer et al., 2001).

A long-stemmed, woody vine, rooted in soil at ground level and depending on trees branches, stems, and other vertical structures for
mechanical support (Box 1).

Any measure of liana competitive success relative to trees (see Positive Feedbacks section).

Feedback in a dynamic forest system occurring as a result of proliferation in disturbance-favouring lianas.

The collective negative effect of lianas on trees and forest function (see Variation in Liana Ecology section, and Box 1).

Forest with no signs of significant disturbance such that the ecological processes and natural dynamism are not disrupted.

Alternative classes of recovery following disturbance (linear, threshold, hysteretic, etc.), expressed primarily by the relationship between
disturbance and indicators of the biological response of the ecosystem.

The ability of a system to recover from disturbance and return to a pre-disturbance state (Scheffer et al., 2001; Newton and Cantarello, 2015).
The process through which the combined driver—biological response relationships affect the recovery response. It includes the interactions
between drivers and feedbacks that together determine the recovery response, e.g., feedbacks often cause changes in the driver—biological
response relationships (Bestelmeyer et al., 2011).

We define secondary forest in the broad sense, as native forest that has undergone disturbance causing significantly altered structure and
species composition, i.e., without any assumption regarding capacity for regeneration under more contemporary definitions (Chokkalingam
and de Jong, 2001).

An organism that is dependent on another for structural support, causing it some harm.

A structural parasite that causes significant harm to its host, e.qg., lianas causing mortality in trees, or significantly reduced growth, recruitment
or wood density, such that the productivity or fecundity of the tree is seriously impaired.

A critical quantitative state causing abrupt, non-linear, change in function or state (also known as a tipping-point, regime shift or bifurcation)
(Scheffer et al., 2009).

Ghazoul et al,, 2015), where newly formed canopy gaps are
soon re-filled by tree growth (Toledo-Aceves and Swaine, 2008;
Tymen et al, 2016). While highly variable and data-limited,
liana biomass in primary tropical lowland forests has mostly
been estimated below 5-10% of total woody biomass (Schnitzer
and Bongers, 2011; Van der Heijden et al., 2013). Global
analyses show that liana abundance and biomass decline toward
temperate ecosystems and high elevation (DeWalt et al., 2015;
Fadrique and Homeier, 2016). The rate of liana biomass decline is
approximately —0.18 Mg ha™! per 100 m of elevation in tropical
ecosystems, contributing <1% of above-ground woody biomass
in upper montane forest (Fadrique and Homeier, 2016). In
secondary tropical and temperate forests, lianas are typically
more abundant than in primary forests and can be a natural

part of succession, typically increasing over 30-70 years post
disturbance, before declining (Capers et al., 2005; Letcher and
Chazdon, 2009; Ladwig and Meiners, 2010; Letcher, 2015).

In secondary forests, data from Amazonia and Panama show
that liana recruitment can increase by up to 5-fold and growth
by 15-fold (Benitez-Malvido and Martinez-Ramos, 2003; Barry
et al., 2015), and that liana biomass can approach 30% of
total woody biomass (Gerwing and Farias, 2000). In extreme
cases, lianas may even dominate the woody vegetation following
temperate forest disturbance (Fike and Niering, 1999; Royo
and Carson, 2006). Accordingly, in fragmented forests, liana
abundance, and carbon stocks are positively associated with
proximity to forest edge (Ladwig and Meiners, 2015; Magnago
etal., 2017; Campbell et al., 2018) and land-use intensity (Jakovac
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FIGURE 1 | Increasing international research focus on lianas, expanding on
previous analysis (Schnitzer et al., 2015). Primary y-axis shows the number of
papers per year with primary focus on lianas (i.e., titte mentions of “liana” or
“lianas”; N title; peach-coloured points; exponential r2 = 0.93). Secondary
y-axis shows the number of papers per year with more general inclusion of
lianas (i.e., title, keywords or abstract mentions; N topic; green points; not
exponential). Inset: Percentage of 477,915 ecological publications with “liana”
or “lianas” mentioned in the title (polynomial r? = 0.60). Ecological publications
were those categorised as “ecology” by the data source: Thompson Reuters
Web of Science Core Collection, 10th April 2019.

et al., 2015). Liana abundance is also positively correlated with
disturbance-induced canopy gaps (Schnitzer et al., 2000, 2015)
and negatively correlated with the biomass of large trees on a
global scale (Duran and Gianoli, 2013).

With at least 400 million hectares of secondary forest in the
humid tropics alone (Asner et al., 2009) and lianas present in
forests worldwide (DeWalt et al.,, 2015; Ladwig and Meiners,
2015), the potential geographic influence of lianas is huge. While
liana abundance appears to vary across tropical regions (Box S1),
insufficient data preclude comprehensive spatial projection of
liana abundance or influence. However, the majority association
of lianas with lowland tropical and subtropical forests is well-
supported (DeWalt et al., 2015). Approximately 51% of tropical
and subtropical forests (1,168 Mha) are moist lowland forests,
suitable for lianas, comprising 64% of forest live carbon stocks
(188 Pg) in this region, and respectively, 29 and 55% of forests
and forest live carbon stocks worldwide (Figure 2). If disturbed
forests are managed or naturally regenerate toward closed
canopy, published estimates suggest a maximum live woody
vegetation carbon stock potential of 217-244 Pg (calculations
in Table S1) and hence up to 29-56 Pg carbon restoration
potential across all disturbed forests (9-17% of the live global
stock). This potential live carbon stock is equivalent to 23-31%
of total global forest carbon budget, including live, deadwood,
litter and soil carbon (861 £ 66 Pg) (Pan et al., 2011), albeit an
upper estimate (Table S1). However, even these coarse estimates,
plus occasional high abundance in temperate forests (Fike and
Niering, 1999; Ladwig and Meiners, 2015) and at high elevation
(Figure S1), show that lianas are associated with an extensive

forest area of huge significance for the global economy and
carbon budget. Improved estimates could be made through
combining emerging liana research (Figure 1) with emerging
forest restoration datasets (Bastin et al., 2019; Brancalion et al.,
2019).

During the past 50 years, data from the Neotropics show
that lianas have increased across various scales (Schnitzer and
Bongers, 2011), including the proportion of trees colonised by
lianas (Ingwell et al., 2010; Toledo-Aceves, 2015), and abundance,
biomass and flower/litter production of lianas relative to trees
(Phillips et al., 2002; Wright et al., 2004; Wright and Osvaldo,
2006). Across all causes of mortality in moist tropical forests
besides direct human influence, liana abundance (together with
fire frequency) has the greatest rate of increase, exceeding
changes in drought, climate change and biotic agents (McDowell
et al., 2018). Lianas are expected to increase further globally
under ongoing disturbance and climate warming, because these
conditions are expected to favour liana physiological adaptations
(Schnitzer and Bongers, 2011). Therefore, quantifying liana
influence on forest ecosystem resilience is fundamental to
predicting the structure and function of forests under global
environmental change (Verbeeck and Kearsley, 2016).

Variation in Liana Ecology —Parasites,

Parasitoids and Bandages

From their various negative associations with trees, lianas
have long been considered structural parasites, dependent on
host trees for support (Putz, 1984b; Stevens, 1987; Ewers F.
W. et al, 2015; Muller-Landau and Pacala, 2020). Multiple
physical and physiological adaptations can allow disturbance-
favouring liana species to proliferate (Figure 3), competing
intensely with trees for light, nutrients, and water (Goriely
and Neukirch, 2006). Lianas subsequently affect recovery of
forest diversity, biomass, carbon uptake, structure, and function
(Box 1). However, liana-tree interactions are highly variable and
empirical evidence is often lacking to distinguish parasitism
from resource-based competition (Stewart and Schnitzer, 2017).
Some of the reported negative impacts of lianas on trees
may be confounded by abiotic conditions favouring lianas that
also covary with disturbance, e.g., high temperatures, humidity
and exposure to wind (Magnago et al, 2017). Data showing
negative liana influence are also biased toward neotropical
lowlands, often with simple and inconsistent metrics (mostly
diameter growth and rarely biomass) and timeframes mostly
<5 years, with few data on their impacts on biodiversity,
nutrient cycles, and productivity (Marshall et al., 2017). These
negative influences therefore require greater understanding and
consideration together with their essential contributions to forest
functions (Box 1).

Many lianas do not have significant adverse effects on their
host trees, and indeed in some cases can facilitate forest recovery
following disturbance (Box1). Many lianas help to protect
forests from extreme weather, fire, weed invasion, and herbivory
(Campbell et al., 2015) resulting in a “bandage effect” that allows
tree seedlings to survive and grow where they might otherwise
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FIGURE 2 | Expected location and live (above- and below-ground) woody carbon stock, of forest with conditions most favourable for lianas. This expected liana forest
cover was derived from the ESA Climate Change Initiative (version v2.0.7; 2015; http://maps.elie.ucl.ac.be/CCl/viewer/index.php), land uses 50 (Tree cover,
broadleaved, evergreen, closed to open [>15%)]) and 61 (Tree cover, broadleaved, deciduous, closed [>40%]), —40 to +40 degrees latitude and <1,000 m elevation.
Other forests are shown in grey, including land use 62 (Tree cover, broadleaved, deciduous, closed [>15%)]), which comprised large areas of dry open woodland,
unsuitable for liana proliferation. Carbon estimates sourced from Ruesch and Gibbs (2008).
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die (Box 1). Large lianas are also an indicator of healthy primary
forest in tropical lowlands (Clark, 1996), where liana tangles
can also be crucial for threatened understorey animals (Michel
et al,, 2015). Some liana-dominated habitats are even protected
as threatened ecosystems (Webb, 1959). For the purposes of our
discussion, these non-harmful lianas are important to distinguish
from liana functional types that have adverse effects on their
host trees. From numerous cases of increased tree mortality and
other adverse effects (Box 1), and regular liana-induced mortality
at our own study sites (unpublished data), we consider these
“harmful” lianas to be structural parasitoids (Table 1), hereafter
shortened to “parasitoids”.

Variation in Liana Effects on Forest

Management

Understanding forest resilience through detection, description
and prediction of thresholds assists identification of techniques
and critical intervention points for forest management
(Thompson, 2011; Cerullo and Edwards, 2019) and progress
toward international forest restoration targets, e.g., the Bonn
Challenge. For example, the forestry technique of liana cutting
has shown promise for restoring secondary forests (César et al.,
2016; Box S2). Selective hand-cutting of liana stems in tropical
forests has improved soil moisture, tree growth, recruitment,
survival and fruiting (Estrada-Villegas and Schnitzer, 2018).
However, liana removal may have undesirable side effects by
removal of the positive liana contributions to ecosystem function
(previous section; Box1). Accordingly, variation in liana
ecology, abundance and function within the forest ecosystem

requires consideration during management (Piovesan et al.,
2018). Therefore, besides removal of exotics, liana cutting is
only appropriate for excessively abundant, parasitoid species
in heavily disturbed areas, where they are most likely to arrest
succession (Schnitzer and Carson, 2001; César et al., 2016).
Recent mixed success of liana cutting for improving tree growth
and survival in Malaysia also suggests inconsistent applicability,
including reduced effect during drought (O’Brien et al., 2019).
Research is urgently needed to evaluate the broader applicability
of liana cutting to avoid its misuse in forest management, and to
determine its potential for recovering the global carbon sink.

CONCEPTUALISING FOREST RESPONSE
TO LIANA PROLIFERATION

We introduce a Liana Threshold Hypothesis, proposing that
beyond critical thresholds of disturbance, lianas can impair
forest resilience and slow or arrest forest recovery, varying
according to climate and other biotic and abiotic conditions.
Our hypothesis asserts that the impact of disturbance on forest
recovery is proportional to disturbance-induced changes in liana
competitive success over trees (hereafter “liana dominance”;
Table 1) through direct impact on trees and stimulated liana
growth. This aligns with previous speculation that lianas can be
central to disturbance-induced “feedback” mechanisms (Jakovac
et al.,, 2015; Table 1). We propose that these liana feedbacks play
a significant and fundamental role in global forest dynamics.
Our hypothesis is not limited to tropical and subtropical
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BOX 1 | Liana adaptation and ecology.

Lianas are woody vines (Table 1) occurring in various plant families that usually also include trees and shrubs. Lianas have various growth guilds, including
main stem twiners, branch twiners, tendril climbers, root climbers, and scramblers (Putz, 1984b). Liana growth forms are an adaptation to varying forest
conditions (Ladwig and Meiners, 2015; Campbell et al., 2018), indicating that lianas also vary in their ecological functions. Multiple physical and physiological
adaptations allow lianas to compete with trees, while also facilitating forest ecosystem function and thus, also conditions suitable for host trees, on which they depend.

(A) COMPETITION WITH TREES

Lianas are best known for growing over the top of trees, aided by an array of adaptations for climbing and clasping (Figure 3). Liana leaves are also lighter
(Kazda and Salzer, 2000) and have greater area and biomass per unit stem size compared to trees (Putz, 1983). Hence lianas have more exposure to sunlight and
presumably lower photosynthetic costs, while also exerting physical pressure on trees. Lianas also grow more rapidly than trees because less energy is required
to develop structural support (Pérez-Salicrup et al., 2001). This rapid growth allows lianas to colonise canopy gaps quickly, further facilitated by increased seed
rain, seedlings and side shoots compared to trees (Toledo-Aceves, 2015). Liana physical advantages also extend belowground, potentially including deeper, more
extensive root systems and faster capillary flow than trees (Ewers et al., 1991; Restom and Nepstad, 2001). However, recent data from Costa Rica suggest that
liana roots extend no deeper than trees (Smith-Martin et al., 2019). Further liana advantages among some species also include increased tolerance to herbivores
(Ashton and Lerdau, 2008) and release of allelopathic chemicals (Ladwig et al., 2012). These various competitive advantages have collectively resulted in negative
effects on tree growth, recruitment, fecundity, mortality (Schnitzer and Bongers, 2002; Parren and Bongers, 2005; Phillips et al., 2005; Ladwig and Meiners, 2009;
Van der Heijden and Phillips, 2009) and wood density (Berenguer et al., 2018), with the most comprehensive data from Panama showing that trees with lianas have
reduced population growth by 1.4% (Visser et al., 2017) and net annual carbon uptake by 76% (Van der Heijden et al., 2015). Lianas also disrupt water and nutrient
availability through alteration of forest structure and through horizontal redistribution and transpiration during seasonal droughts (Schnitzer and Bongers, 2011).
Because they connect adjacent trees, lianas also significantly increase canopy disturbance from treefalls (Vidal et al., 1997).

FIGURE 3 | Liana proliferation forming “blankets”, “towers” and “cones” over secondary forest across the tropics, including (A) Tanzania [30-40 years
post-logging], (B) Amazon Basin [repeated riverside disturbance], (C) Malaysia [15-20 years post logging], and (D) Australia [repeated cyclone damage], are
fastened tight by various forms of armature and stem adaptations, such as (E) simple spines or thorns; (F) prickles on bosses; (G) paired recurved spines; (H)
3-branched thorns; (I) hooked spines; (J) tendrils. Photographs by ARM, except for B (with permission from Stefan Schnitzer) and C (MP).

(B) BENEFITS TO FORESTS

Lianas comprise ~10% of tropical plant biodiversity (up to 44%) and on average around one fifth to one quarter of stem density in tropical forests (Gentry,
1992; Schnitzer and Bongers, 2002) and contribute ~15% of net primary productivity (Van der Heijden et al., 2013). Lianas also comprise up to ~10% of
temperate woody plant floras, but with huge variation and very little understanding regarding productivity (Ladwig and Meiners, 2015). Liana leaf turnover is
also typically higher than trees, contributing 16-40% of leaf litter in moist tropical and subtropical forests, making significant contribution to soil fertility and the
carbon cycle (Tang et al., 2012). Lianas also provide animal food and movement pathways (Lambert and Halsey, 2015) and liana-dominated forest gaps are
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BOX 1 | (Continued)

that would be lost if lianas were outcompeted or cut too quickly.

important for maintaining biodiversity (Schnitzer and Carson, 2001). Accordingly, lianas may enhance recovery from disturbance, including soil (Tang et al., 2012),
seed diversity (César et al., 2017) and fauna (@degaard, 2000; Arroyo-Rodriguez et al., 2015), and may provide protection from fire (Uhl et al., 1988), lightning
(Yanoviak, 2013), wind (Putz, 1984b), cyclones (Unwin et al., 1986), weeds (Goosem and Tucker, 2013) and herbivory (Odell et al., 2019). We collectively refer to
these protective influences of lianas as their “bandage effect”. Growth on top of trees gives lianas abundant, prolonged access to the canopy of structurally-impacted
forests. And yet while this secondary state has high light levels and temperature, beneath the lianas the forest floor remains shaded, humid, and maintains a healthy
seed or seedling stock, thus preserving the forest ecosystem on which both lianas and trees depend. The bandage effect is consistent with recently discovered
thermal buffering of forest understorey following logging (Senior et al., 2018), very feasibly resulting from rapid shading by lianas and other secondary vegetation. The
resulting decelerated tree growth and hence prolonged understorey buffering may also give forests necessary time to develop structural and community complexity,

climates, because lianas also influence community dynamics in
all temperate regions (Ladwig and Meiners, 2015), sometimes
affecting tree growth (Ladwig and Meiners, 2009) and even
proliferating and stalling forest recovery where disturbance and
climate conditions align (Fike and Niering, 1999; Royo and
Carson, 2006).

Five Forest Recovery Response Classes
Forest succession, e.g., secondary—primary forest transition, is
highly variable (Arroyo-Rodriguez et al., 2017). We position
our threshold hypothesis within a broad classification of forest
recovery from disturbance as rapid, slow, or arrested relative to
baseline rates (Ghazoul and Chazdon, 2017). We conceptualise
linear, threshold and hysteretic forest ecological responses
to environmental change, described for other ecosystems
(Bestelmeyer et al., 2011; Ratajczak et al., 2018) and propose five
potential forest recovery response classes (Figure 4).

Observed responses are categorised under a Threshold
Response Class when indicators of post-disturbance forest state,
i.e., the condition or function of a forest, follow an abruptly non-
linear relationship with liana dominance (Figure 4). In this first
response class, recovery is arrested beyond a critical threshold.
Once correctly diagnosed (see section below, Identifying Liana
Thresholds), the presence of this threshold would infer that lianas
are acting as “positive feedbacks”, i.e., following disturbance, they
are preventing net tree growth and maintaining the secondary
forest state. While liana positive feedback thresholds between
primary and secondary forest remain untested, they can be
indirectly inferred from repeated observations of enhanced
tree growth without lianas at multiple tropical locations
(Marshall et al., 2017). Further inference can be made from
persistence/expansion of low-stature liana dominated patches,
with tree growth stalled for years or decades, in both tropical and
temperate forests (Fike and Niering, 1999; Schnitzer et al., 2000;
Royo and Carson, 2006; Foster et al., 2008; Tymen et al., 2016).

Many tropical and temperate forests show steady recovery
of tree biomass and/or biodiversity following total or near-
total removal of trees (Martin et al., 2013; Poorter et al., 2016;
Meli et al., 2017). This steady recovery can be irrespective
of concurrent liana growth in the first 10-204 years (Letcher
and Chazdon, 2009; Lai et al., 2017). Such observations would
be classified as a Linear Response Class (Figure4) and yet
appears contrary to consistently reduced tree growth with liana
colonisation (Marshall et al., 2017). A possible mechanism

is that forests recovering from complete tree clearance, i.e.,
deforestation (as opposed to disturbance; Table 1), would
initially lack host tree structural support essential for liana
growth, hence precluding the positive liana feedbacks central to
a threshold response. Accordingly, limited lowland neotropical
forest data show that ratios of liana to tree biomass and basal area
remain below 2% for the first 2-4 years of forest succession from
abandoned land, before increasing (Feldpausch et al., 2005; Barry
etal., 2015; Lai et al., 2017).

Many recovering forests do not begin to show obvious
recovery of trees until several years after abandonment (Ladwig
and Meiners, 2010; Poorter et al., 2016). Forest recovery from
heavy disturbance (and liana proliferation) may be delayed
and then begin slowly, initially undetectable from a persistent
secondary state (Ghazoul and Chazdon, 2017). We define this
third recovery response into a Pseudo-threshold Response Class,
in which a threshold exists, but with an unstable secondary
state (Figure 4), where forest tree recovery is both nursed and
hampered by other regenerating vegetation. Negative feedbacks
from liana bandage effects would exceed positive feedbacks
from liana parasitoid effects, resulting in net tree biomass gain.
Accordingly, while tropical forest tree growth is consistently
higher without lianas, where lianas are present, tree growth is
marginally positive (28 studies) more often than zero or negative
(3 studies) (Marshall et al., 2017).

Finally, long-lasting or frequent disturbance might also
stimulate a Hysteretic Response Class (Figure 4), where forest
recovery would require a relatively greater push (e.g., through
restoration management) that exceeds the initial disturbance.
Hysteretic responses are well-established for forest-savanna-
grassland transitions caused by drought (Van Nes et al,
2014). Similarly, hysteresis might also occur under a Pseudo-
threshold Response Class (Pseudo-hysteretic Response Class;
Figure 4). Disturbances under this fifth response class would
induce stronger positive liana feedbacks than a pseudo-
hysteretic response, while still outweighed by negative feedbacks
from liana bandage effects, resulting in even slower, but still
positive, recovery.

Variation Between Forest Recovery

Response Classes
Observed variation in forest recovery rates provides compelling
evidence of variable impacts of disturbance and liana
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FIGURE 4 | Hypothesised forest recovery response classes following disturbance-induced liana growth (see section above, Five Forest Recovery Response Classes).
We visualise forest responses using (A) response curves, based on indicators of forest state, i.e., measurements of forest condition/function, and (B) stability
diagrams, showing conceptual variation in “basins of attraction” (see glossary, Table 1). Column | (solid lines)—Threshold Response Class: This hypothesises that the
forest response after heavy disturbance and under high competitive success of lianas relative to trees (liana dominance) is abrupt and non-linear and gravitates toward
a persistent secondary state indicating arrested succession. Column Il (solid lines)— Pseudo-threshold Response Class: This hypothesises that the forest response to
disturbance and liana dominance follows a smooth non-linear trend and results in an unstable secondary state indicating positive but delayed recovery. Column
lIl—Linear Response Class: This hypothesises that the forest response to disturbance and liana dominance is straight-linear and results in a highly unstable secondary
state, indicating steady recovery. Columns | and Il also illustrate alternative, more resistant, Hysteretic and Pseudo-hysteretic Response Classes, which hypothesise
that the response of forest state indicators during disturbance and increasing liana dominance may follow threshold or pseudo-threshold trajectories, respectively, but

after disturbance has ceased (dashed lines) they may follow more resistant response pathways with more persistent secondary states. Green and red balls,
respectively indicate the mean expected primary and secondary traits in forest condition/function. Black shading = high variability in primary forest, resulting from
natural dynamism (Ghazoul et al., 2015) and forest indicator variation (Gower et al., 1996; Sheil and Burslem, 2003). Figures are developed from established classes of
ecological response to environmental change (Andersen et al., 2009; Bestelmeyer et al., 2011).

proliferation. We expect that variation in liana dominance
along environmental gradients will modify forest recovery
pathways, affecting trade-offs between positive and negative
influences of lianas on forest ecosystems (e.g., bandage and
parasitoid effects). We suggest that positive feedbacks between
liana growth and disturbance, and hence non-linear (threshold
or hysteretic) forest recovery, most likely occur under biotic
and abiotic conditions favouring liana growth relative to tree
growth, assuming that these conditions do not exclude host trees
entirely. This expected variation is illustrated in the graphical
representation of our Liana Threshold Hypothesis in Figure 5.
Current understanding of conditions that regulate liana
dominance is limited, with more data needed from understudied
tropical regions (Schnitzer et al., 2016). Available data on
liana growth and geographic range suggest that high liana
abundance and competitive vigour (and hence also non-linear
forest recovery pathways) are most feasible in moist forests

(Duran et al., 2015) under high seasonality and long dry season
length (DeWalt et al., 2015; Schnitzer, 2018) and local scale
disturbance-induced increases in water stress and light (Capers
et al, 2005; Dupuy and Chazdon, 2006; Jirka et al., 2007;
Schnitzer and Bongers, 2011; Magnago et al., 2017). In addition,
liana growth and/or abundance correlate positively with elevated
CO; (Granados and Korner, 2002), windspeed (Magnago et al.,
2017) and probably also mammal herbivory (Omeja et al., 2014;
Luskin etal., 2019) and fire (Gerwing, 2001) although findings are
inconsistent (Wright et al., 2007; Balch et al., 2011). Recent data,
whilst limited (Fadrique and Homeier, 2016), show a positive
influence of soil fertility on liana growth relative to trees (Lai
et al., 2017).

Where conditions are not favourable to liana proliferation,
liana impact on forest recovery would be minimized, with forest
recovery more likely tending toward a pseudo-threshold or linear
response (Figure 5). Liana growth and/or abundance correlate
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FIGURE 5 | Liana Threshold Hypothesis, proposing that post-disturbance forest states are dependent on human, biotic, and abiotic drivers (possible examples for
moist forest to the left) that are expected to influence positive liana feedbacks. The hypothesis is illustrated using stability diagrams (A-E) and their associated forest
state indicator response curves (insets) as described in Figure 4. Following heavy disturbance at sites where drivers favour trees over lianas, a Linear Response Class
is expected (A), where the resulting post-disturbance state is unstable, and hence forest recovery can gradually proceed unimpeded. However, the post-disturbance
state is expected to become progressively more stable as drivers tend toward favouring lianas over trees, from (B) Pseudo-threshold, to (C) Pseudo-hysteretic, to (D)

Threshold, to (E) Hysteretic Response Classes.

negatively with increasing mean annual rainfall (DeWalt et al.,
2015), frost (Jiménez-Castillo and Lusk, 2013) and successional
stage (Capers et al,, 2005), the latter more likely driven by
canopy closure (Ingwell et al., 2010). Lianas also decrease in
abundance with increasing latitude, drought (DeWalt et al,
2015), elevation (Fadrique and Homeier, 2016) (Figure S1), and
with distance inside forest edge (Schnitzer and Bongers, 2011;
Campbell et al., 2018). Liana cutting experiments also suggest
reduced liana vigour at high elevation (Chapman and Chapman,
1997), presumably because of cool, aseasonal and wet climates,
and also in small clearings that lack full daylight (Toledo-
Aceves and Swaine, 2008; Van der Heijden and Phillips, 2009).
Under these conditions, liana removal stimulated little or no
improvement in tree growth.

Climatic and biogeographic variation in liana and tree species
community composition further affects liana vigour and tree
vulnerability, and hence also variation in forest recovery. While
liana species vary in their climbing strategies and tendency to
proliferate and affect trees (Box 1), tree species vary in their
vulnerability to liana proliferation and competition (Toledo-
Aceves, 2015; Muller-Landau and Visser, 2019). Fast-growing,
pioneer tree species have evolved physical adaptations to shed
lianas (Putz, 1984a) and have been shown to respond more
positively to liana removal than shade-tolerant species (Schnitzer
and Carson, 2010). Primary forest species also endure high

liana loads through adaptations to cope with mechanical stress
and low light, water and nutrients, prompting speculation that
perceived greater liana tolerance among pioneer species may be
incorrect (Visser et al., 2017; Muller-Landau and Visser, 2019).
However, this contrasting observation was derived from data
exclusively from undisturbed forest, where pioneer species are at
a competitive disadvantage.

Lianas predominate over other disturbance-favouring plant
forms in moist tropical lowland secondary forests, which have
greater carbon density and land area than any other forest type
(Pan et al, 2013). No other plant form impacts trees from
understorey to canopy. However, the variability in liana influence
on forest recovery responses also depends on interactions with
disturbance-induced feedbacks from other forms of secondary
vegetation. For example, the disturbance-favouring niche can be
occupied by ferns (Kessler, 2010), bamboo (Griscom and Ashton,
2006), shrubs (Jiménez-Castillo et al., 2007), or grasses (Van
Nes et al., 2014), particularly at high elevations and latitudes,
or in degraded forests. These plant forms can be common and
widespread, e.g., bracken fern (Pteridium aquilinum) is found on
every continent except Antarctica and inhibits forest succession
through soil deterioration and shading, and by facilitating seed
predation (Ssali et al., 2018, 2019). Grass is widely implicated in
thresholds between forest and savanna through fuelling wildfires
(Van Nes et al., 2014). Positive feedbacks from bamboo may
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even rival those from lianas in some lowland tropical forests,
supplementing or supplanting liana effects on woody regrowth
(Griscom and Ashton, 2006; Carneiro et al., 2017). Finally, non-
native species are also pervasive invaders in disturbed forests,
including hundreds of liana species (Harris and Gallagher, 2011),
where their impact on tree growth can far exceed that of native
secondary vegetation (Fike and Niering, 1999).

Alternative Hypothesis

Our hypothesis predicts that forest recovery varies between
alternative response classes, supported by mounting evidence
(see section above, Five Forest Recovery Response Classes).
Alternatively, forests may simply vary in their rate of recovery,
with variable disturbance and liana dominance (under the
influence of biotic and abiotic conditions) solely leading to
variation in the slope of forest recovery response curves. In the
absence of a threshold under this alternative hypothesis, forest
recovery response curves would be approximately linear (or at
least non-abrupt).

DETECTING AND MODELLING LIANA
THRESHOLDS

Data Elements

Adapting an existing framework (Bestelmeyer et al., 2011), we
propose three data elements that will be central to characterising
recovery dynamics of disturbed forest systems in the context
of liana thresholds (Figure 6): (1) the biological response; (2)
drivers; and (3) response mechanisms (Table 1). The first central
component, the biological response, comprises temporal changes
in important biological features, e.g., forest structural/species
reorganisation. The biological response is measured using
indicator variables, which for liana thresholds would include
indicators of forest state (Figures4, 5; Biological Response
section, below).

The biological response depends on variation in one or more
drivers, i.e., factors that cause ecosystem change. These drivers
may directly affect the biological response, or indirectly, e.g.,
through their effect on lianas. The drivers may be environmental,
i.e., the ultimate abiotic and biotic (including human) influences,
or contextual, ie., less predictable site- or time- specific
proximate influences on the environmental biological response
relationships, including topography, land-use history and
human/biological interactions. “Pulses” or “triggers” can also
occur, i.e., abrupt events or changes in one or more drivers that
directly cause a biological response. The primary driver of liana
proliferation is increasing light transmittance resulting from
declining tree canopy cover following heavy forest disturbance
(see section above, Variation Between Forest Recovery Response
Classes; Figures 5, 6). Conversely, decreasing light in secondary
forests, e.g., resulting from targeted management or naturally
closing forest canopies, drives liana reduction and forest recovery
(Capers et al., 2005).

The third data element, the response mechanisms,
encompasses interactions between the drivers and positive
feedbacks inherent to a threshold, e.g., accelerated liana growth
relative to trees (or vice versa), stalling (or stimulating) recovery.

This means that while the biological response and drivers
may be measured directly (next section) and thresholds (and
other response classes) may be inferred directly from these
measurements (see Identifying Liana Thresholds, below),
response mechanisms require experimental and modelling
approaches (see Identifying Response Mechanisms, below).

Selecting and Quantifying Data Elements
Adequate representation of all data elements is required to
understand the interactions that shape the forest recovery
response (response curves, Figure4). Where feasible, direct
measurement of data elements will provide greater accuracy
than coarse or interpolated data. Data elements must be
sampled over sufficient time, often decades, to assess the
full transition between secondary and primary forest states
(see Identifying Liana Thresholds, below) and the underlying
response mechanisms (see Identifying Response Mechanisms,
below). Chronosequences might provide a more realistic
alternative for identifying response classes over much shorter
time frames (Lennox et al., 2018). Regardless, field sampling
must employ a sufficiently orthogonal experimental design, i.e.,
sampling across gradients of all expected major drivers.

Biological Response

Multiple forest state indicators can be used to build a composite
picture of the biological response to liana feedbacks, either
individually or through multivariate techniques (Eason et al.,
2016). First, above-ground net primary production (ANPP), the
most commonly used measure of forest productivity, is calculated
from highly comprehensive repeat forest stand measurements,
as the sum of biomass increment plus losses from mortality,
herbivory, leaching, and volatilization (Clark et al, 2001).
More practical proxies for ANPP include rates of litterfall for
short life span tissues and basal area or diameter increments
for long life span tissues (Kloeppel et al., 2007). The latter
increments are widely used to measure forest recovery and
degradation (Ghazoul and Chazdon, 2017), sometimes combined
with stem recruitment, minus mortality (net biomass gain)
(Marshall et al., 2017). Given the positive relationship between
productivity and biodiversity (Liang et al., 2016), our hypothesis
applies equally to tree productivity, forest indicator plant and
animal species/communities, and to variation in biodiversity-
productivity relationships. While ANPP showed no relationship
to liana infestation at a site in French Guiana, biomass turnover
was much faster in liana-infested forest than in and primary
forest (Tymen et al., 2016). However, both net biomass and net
basal area gains have been observed following liana removal from
three neotropical and African sites (Marshall et al., 2017). Tree
species richness has also responded positively to liana removal
(Schnitzer and Carson, 2010), however more data are required
for late-successional species (César et al., 2016), which have
responded inconsistently (Martinez-Izquierdo et al., 2016; Visser
etal., 2017).

The natural dynamism of primary forests leads to high
variability in species richness and biomass, and these forests
often have lower biomass accumulation and species richness
than forests of earlier successional stages (Gower et al., 1996;
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type), are expected to form a dynamic causal loop system, maintained by liana feedbacks, under scenarios of pervasive forest decline (peach arrows), recovery (green
arrows), and stasis (white arrows).

Sheil and Burslem, 2003) (Figure 4). Hence forest state indicators ~ (and small vs. large stem size class structure) are thus very
may also include species composition (e.g., functional groups),  important and yet the majority of forest recovery research has
age/canopy structure, soil nutrients, and seed stocks (Ghazoul  focussed on stems 10 cm diameter and larger (Berenguer et al.,
et al, 2015), with the latter two particularly important for ~ 2018). The influence of lianas on this biomass and biodiversity
representing degradation and ecological memory (Ghazoul and  recruitment has seldom been addressed, but limited tropical data
Chazdon, 2017). Metrics to capture the complexity of succession ~ suggest that tree biomass recruitment (Marshall et al., 2017)
and degradation may also include functional processes, e.g., and wood density (Berenguer et al., 2018) are higher without
fecundity or phenology (seed/fruit/flower production), wood  lianas. Investigating succession and structural/spatial complexity
density, species turnover and biotic interactions (Rapport, 2007;  in early-successional forests is also vital for understanding and
Ghazoul et al,, 2015; Ghazoul and Chazdon, 2017; Berenguer  restoring their biodiversity legacy (Swanson et al., 2011).
et al., 2018). In addition, both soil and forest canopy functioning
are emerging as essential variables for understanding global  Drivers
climate change science, particularly soil carbon and moisture,  Informed selection and measurement of drivers will help to
leaf area index and fraction of absorbed photosynthetically active  explain response mechanisms and their variation, and to reduce
radiation (Global Climate Observing System, 2016). inherent noise associated with thresholds. These drivers will
Our hypothesis is mostly applicable to biological responses  need to represent the major biotic and abiotic influences on
associated with seedlings and saplings, because secondary forests  liana abundance, size, and vigour. Besides established measures
have few large trees (Swanson et al., 2011) and lianas have shown  of water availability (e.g., precipitation, annual moisture index,
a more consistent influence on the growth and architecture  potential evapotranspiration, and seasonality), water deficit is
of fast-growing, pioneer species (Putz, 1984a; Duncan and  emerging as an important predictor of forest functioning (Tng
Chapman, 2003; Schnitzer and Carson, 2010; Visser et al., 2017) et al., 2018) and structure (Pfeifer et al., 2018). Moreover, within
(although see section above, Variation Between Forest Recovery  the moist forests suitable for lianas, disturbance is the primary
Response Classes). Therefore, liana thresholds are most likely for  driver of liana proliferation and competitive advantage over trees
small trees establishing themselves in direct sunlight. Biological  (see section above, Variation Between Forest Recovery Response
response data from tree and liana stems below 10cm diameter  Classes; Figure 5), hence the most crucial driver measurements
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will be rates and/or quantities of tree-cutting/wind damage,
and/or directly proportional changes in canopy openness or light
levels. Other expected drivers include temperature, soil nutrients,
herbivores, fire and community variation in tree and liana species
and functional groups (see section above, Variation Between
Forest Recovery Response Classes; Figure 5).

Forest tree abundance and size also positively affect the
abundance of lianas, e.g., empirical models of tree height
structure accurately predicted liana coverage in West Africa
(combined with other vines and weeds) (Cazzolla Gatti, 2018).
Accordingly, tree size is the major predictor of global forest
dynamics (West et al., 2009). Thus biological response (forest
state) indicators may influence one another. In particular, “fast”
indicators, e.g., recruitment, that are directly related to succession
and forest recovery, are dependent on “slow” indicators, e.g., soil
organic matter, which control the impact of drivers (Walker et al.,
2012). Hence potential influences on liana competitive success
also need to be identified among the forest state indicators, albeit
not defined as drivers in the strict sense (Table 1). These two-
way interactions between the biological response and drivers, and
also between lianas and trees, further emphasise the circularity of
forest dynamics (with interdependency between parasitoids and
hosts, and drivers and feedbacks pushing simultaneously toward
and away from recovery) and the importance of experimentation
and modelling for determining directionality.

Positive Feedbacks

In order to determine the presence of positive liana feedbacks in
the response mechanism (see Identifying Response Mechanisms,
below), liana dominance must be measured, e.g., the ratio of
liana biomass (or stem counts) to trees (L:T) across space or
time (Phillips et al., 2002; Jones et al., 2017; Lai et al., 2017;
Magnago et al., 2017). Measuring and counting lianas is not
straightforward, because climbing plants have both horizontal
and vertical growth, through or over other plants, often with
multiple stems (Schnitzer et al., 2008). For this reason, liana
abundance and size are considerable knowledge gaps in global
forest surveys. Of the 1.2 million documented forest inventory
plots across the world, <1% have liana records (Liang et al., 2016;
Steidinger et al., 2019). Estimating liana biomass is therefore
problematic and currently relies on formulae derived from just
a few hundred, primarily neotropical samples (Schnitzer et al.,
2006; Miao et al., 2016). Most studies have instead used liana
diameter or basal area to quantify growth (Marshall et al., 2017)
and stem number to quantify abundance (Durdn and Gianoli,
2013).

Liana assessment has traditionally required direct
measurement by hand, but the immense challenge of conducting
fieldwork in liana thickets and the imprecision of allometric
equations may be alleviated using terrestrial laser scanning
(LiDAR) to estimate 3-D structure beneath the thick mat of
vines (Sanchez-Azofeifa et al., 2017; Moorthy et al., 2018).
Subsequently, rapidly developing algorithms can facilitate
extraction of tree and liana structural attributes from the
complex point clouds of LiDAR data (Moorthy et al., 2019).
These can then be used directly to parameterise vegetation
models or to validate other methods.

The L:T-biological response relationship may become circular
and some statistical patterns will be inevitable (including
non-linearity; Magnago et al., 2017), potentially confounding
threshold measurement. This is because forest biological
response (forest state) indicators will often comprise tree
biomass, abundance and/or productivity (see Biological
Response, above), which are the core components that determine
L:T. L:T will also not fully represent liana competitive success
over trees, because even small lianas can reach the forest canopy
and their competitive effect per unit biomass is greater than
for trees (Tobin et al., 2012). A less circular measure of liana
competition is the crown occupancy index (COI) (Clark and
Clark, 1990). However, COI only measures canopy competition,
thus ignoring important below-ground (root) competition
(Van der Heijden et al., 2010). Furthermore, COI varies with
(1) seasonal leaf loss, because many lianas are deciduous,
and (2) the emergence and disappearance of annual vines,
particularly in secondary forests where these annuals reach
the upper branches of most trees, superficially resembling
lianas. COI is also typically measured on a 5-point ordinal scale
and consequently has limited potential for continuous scaling
required for measuring thresholds. Proportion liana coverage of
the forest canopy (load; Muller-Landau and Visser, 2019), tree
stems (prevalence; Campbell et al., 2018; Visser et al., 2018) or
vegetation plots (Cazzolla Gatti, 2018) may be more versatile
than COI, potentially capitalising on emerging unmanned aerial
vehicle technology (Waite et al., 2019). Importantly, many of the
ground-based measures do not correlate (Cox et al., 2019) and
biases still remain in the aerial approaches (Sdnchez-Azofeifa
et al., 2017). Therefore, multiple measures may be required
alongside tree measurements, e.g., to produce a composite index
of liana dominance.

While subsequent data elements can be sampled by careful
stratification, measurement of liana dominance may require
cutting trials to adjust L:T ratios to ensure sufficient spread for
determining the effect of variation on forest recovery. While
experimental manipulations are often difficult in ecological
systems (Magnuszewski et al., 2015), procedures for liana cutting
trials are well-established (Estrada-Villegas and Schnitzer, 2018).
Inclusion of controls with no manipulation (before-after control-
impact; Stewart-Oaten et al., 1986) across important driver
gradients, will ensure that outcomes have arisen from liana
competition rather than other positive feedbacks and drivers.
While this approach is largely standard, the challenge will be
to cut lianas at varying intensities, rather than the standard,
dichotomous, cut versus uncut approach.

Description of forest response mechanisms will also require
measurement of potential alternative positive feedbacks, so that
liana feedbacks can be isolated. For instance, measurements
or controls may be needed within the same forest stands as
liana measurements, to determine relative abundance of other
forms of secondary vegetation and disturbance-induced changes
in microclimate, soil health, and leaf herbivory. Similarly,
opposing feedbacks from parasitoid or bandage tendencies
between different liana species or growth guilds may again be
inferred from the direction and magnitude of biological response
over time, chronosequences, or experimental manipulation.
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Therefore, identification of liana species and growth guilds in
any ground-sourced forest inventories would permit assessment
of their relative roles in forest recovery responses and hence also
their relative importance for management.

The importance of measurement or experimental control of
potential positive feedbacks also applies to animal community
or abundance changes following forest disturbance, which are
often overlooked in forest dynamics, despite their functional
importance (Wright et al., 2007). Disturbance can lead to shifts
in forest resilience in response to feedbacks from invertebrate
declines (Ewers R. M. et al, 2015). The consequences of
invertebrate declines for lianas are poorly understood, but
subsequently altered litter decomposition, seed and invertebrate
predation, and pollination, will have uncertain consequences for
liana-tree competition and forest recovery. Similarly, disturbance
to forest canopies is often accompanied by other forms of
potential disturbance feedbacks, including defaunation from
hunting that removes a functional component vital for recovery,
further impairing seed predation and dispersal (Wright et al.,
2007). Conversely, in the absence of hunting, canopy disturbance
may instigate feedbacks from large animals, e.g., savanna
elephants and pigs, that appear to maintain open canopy forest
suitable for lianas (Marshall et al., 2012; Omeja et al., 2014; Luskin
etal., 2019).

Identifying Liana Thresholds

Liana thresholds cannot be determined by a single statistical
analysis. The principle challenge for identifying thresholds
is to determine true (state) thresholds from false (driver)
thresholds. These driver thresholds are where non-linear
biological responses have arisen from abrupt changes in one
or more drivers, rather than from positive feedbacks (Van Nes
etal,, 2016). Therefore, the emphasis of liana threshold detection
will be to identify a non-linearity in the response curve, i.e.,
the relationship between liana dominance measurements and
forest state indicators (Figure 7C). Additionally, to rule out a
driver threshold, liana dominance should increase approximately
linearly (Figure 7B) or at least not abruptly. Concurrently, the
change in forest state indicators should be abruptly non-linear
(Figure 7A). The direction of these temporal relationships would
then be expected to reverse under a scenario of forest recovery
(Figures 7A,B).

Threshold identification requires “breakpoint” (or “change-
point”) techniques to detect abrupt changes in both drivers
and the biological response (Andersen et al., 2009; Bestelmeyer
et al,, 2011). The greatest variance would be expected on either
side of any threshold along the recovery trajectory over time
(Figure 7D). Thus, the breakpoint method determines temporal
(or spatial) variation in residual sums of squares (e.g., F statistics)
to identify the maximum ratio of variances in consecutive years
using inferential methods (Quandt, 1958; Andersen et al., 2009).
Analysis of such time-series typically requires autocorrelation
adjustments to account for time-lags (Dutilleul et al, 1993)
and detrending adjustments to decouple short- and long-term
temporal trends (Bestelmeyer et al., 2011).

Using similar breakpoint approaches, an increase in variance
before a threshold is reached has potential for predicting forest
ecosystem collapse (Carpenter and Brock, 2006; Schefter et al.,

2009). Increasing variance can be a result of two phenomena
that may occur close to thresholds: (1) critical slowing down,
i.e., slow recovery from disturbance; and/or (2) flickering, i.e.,
biological response indicators switching back-and-forth between
two states (Scheffer et al., 2001). Therefore, monitoring of forest
state indicator variance in the early stages of disturbance and
liana increase may allow prediction of imminent loss of resilience.
However, both modelling and empirical approaches have shown
that variance changes are not sufficiently consistent for either
threshold prediction or retrospective diagnosis (Moore, 2018),
hence the response curve and breakpoint approaches are likely
to be more reliable.

Assuming that a threshold has been detected, continued
analysis after forest disturbance has ceased or across a
chronosequence of forest recovery (Figure7C, and recovery
phases of Figures7A,B), could then determine whether a
hysteretic, pseudo-threshold, or pseudo-hysteretic response has
occurred (Figure 4). From this analysis, a Hysteretic Response
Class would be indicated by reduced forest state indicator values
relative to liana dominance, slower recovery of these indicators
over time, and potentially also increased variance compared to
the disturbance phase (Bestelmeyer et al., 2011) (Figures 7A-D).
Further temporal (or chronosequence) data from secondary
forests will be required to distinguish persistent secondary states
from subtle recovery under our proposed pseudo-threshold and
pseudo-hysteretic responses. A Pseudo-threshold Response Class
would be indicated by immediate but very slow recovery of
forest state indicators, initially undetectable, but with rapid
recovery occurring once the threshold level of liana dominance
is reached as identified in the disturbance phase. A Pseudo-
hysteretic Response Class would mirror the pseudo-threshold
response, but with reduced forest state indicator values relative
to liana dominance and slower recovery of these indicators over
time. Pseudo-threshold and pseudo-hysteretic responses are not
illustrated in Figure 7, as their distinction from threshold and
hysteretic responses would be very subtle.

Infrequent occurrence of forest stands with state indicator
values intermediate between those of primary forest and liana
dominated secondary forest can be used as further evidence of a
liana-induced threshold response (Figure 7E). This expectation
arises from the steep gradient at the threshold value in the
driver- (or liana-) forest state indicator relationship, showing
that transition between secondary and primary forest states is
rapid. Therefore, any forest ecosystem recovery following two
alternative trajectories is consistent with a threshold response
(Bestelmeyer et al., 2011). Breakpoint analysis or statistical
testing of unimodality (Hartigan and Hartigan, 1985) could
identify weak (threshold) or pronounced (hysteretic) maxima
(i.e., bimodality) in the frequency distribution of the forest
state indicators (Figure 7E). However, previously proposed
(fast/stalled) liana-driven successional pathways (Schnitzer et al.,
2000; Cazzolla Gatti et al., 2015; Tymen et al., 2016), have been
derived exclusively from dichotomous study designs (open vs.
closed canopy forest; high vs. low liana abundance; cut vs. uncut
lianas) and hence frequency distributions have so far not been
assessed. A dichotomous approach to liana cutting experiments
would also be expected to yield a false driver threshold, regardless
of the recovery response class, in that tree biomass (and other
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FIGURE 7 | Theoretical application of five established figures for diagnosing thresholds (Bestelmeyer et al., 2011) to distinguish between alternative forest response
classes under liana proliferation following heavy disturbance. Peach and green shading, respectively, show phases of disturbance and recovery (A,B,D), or primary
and secondary forest (E). While an abrupt change in the “biological response”, i.e., forest state indicators, over time (A-lI) might be indicative of a Threshold Response
Class, this would have to be driven by a non-abrupt increase (or experimentally manipulated variation) in liana dominance (B-I) to indicate a true threshold.
Consequently, the response curve (C-I, from Figure 4) should then show an abrupt non-linear relationship. This assumes that other drivers remain constant over the
same time period. Further verification of a threshold could be identified from increased variance in forest state indicators during and immediately prior to the threshold
in (A-1, D-1) and from a bimodal frequency of forest state indicators across the study landscape (E-I). In the absence of a threshold, liana dominance and forest state
indicators would be expected to covary under a Linear Response Class (C-II, from Figure 4), and hence show similar trends over time (A-Il and B-Il), or would show
no relationship at all if lianas are not driving forest state change (not illustrated). Similarly, in the absence of a threshold, forest state indicators would be expected to
show no temporal change in variance (D-11) and a unimodal frequency distribution (E-II). Black dashed lines further indicate expected trajectories under a Hysteretic
Response Class. Red dashed lines indicate a false (driver) threshold whereby an abrupt change in forest state indicators (A-ll) has resulted from an abrupt change in
liana dominance (B-Il). For simplicity, expected variation in state indicators is not shown, plus disturbance and recovery phases are shown as equal in duration, but
this is highly unlikely.

forest state indicators) would be expected to recover abruptly in  the least understood data element of forest thresholds (Reyer
response to the abrupt removal of lianas. et al., 2015). Threshold relationships between liana dominance
Assessment of liana thresholds would be complicated where = and forest state indicators do not necessarily indicate positive
disturbance and subsequent liana proliferation has been rapid,  feedbacks or causation. Forest state indicator responses may not
e.g., through clear-felling of trees. This is because there would  be immediate, and evidence from biological responses in other
not be sufficient spread of driver, liana dominance or forest state  ecosystems suggests that they will be affected by mean, variance,
indicator data to model the shape of the required relationships,  frequency and duration of change in drivers (Ratajczak et al.,
nor to determine whether the response has resulted from a driver =~ 2018) and interactions between them. High measurement error
threshold. In this case, data would subsequently be needed in the ~ and multiple driver and feedback interactions can even mute the
recovery phase to determine whether a non-linear relationship  biological response such that variance changes are undetectable
appears. Alternatively, a complete lack of recovery would indicate ~ (Scheffer et al., 2009; Bestelmeyer et al., 2011).
a threshold that has resulted from a pulse driver (see section
above, Selecting and Quantifying Data Elements) (Bestelmeyer ~ Unidirectional Models
et al,, 2011; Ratajczak et al, 2018). However, a lack of recovery ~ In simple cases, the response mechanism may be determined by
following liana decline seems unlikely, given the very consistent ~ additional analysis to demonstrate that potential confounding
tendency of forests to recover when lianas are absent (Marshall ~ drivers are unrelated to the liana dominance—forest state
et al, 2017). Therefore, we would only expect a complete lack ~ indicator relationship, thus demonstrating cause-effect. For
of recovery where forest has been completely degraded (Table 1) ~ example, following observation of a threshold relationship
and thus the essential properties for forest recovery have been ~ between liana abundance and tree productivity, a study might
removed, i.e., not a result of lianas per se, and not within the scope ~ conduct a secondary analysis to show that tree productivity is

of this paper. consistently positive for stems not structurally parasitised by
. . lianas at the same locations, thereby excluding environmental
Identifying Response Mechanisms bias from climatic and topographic drivers. In addition to

While liana thresholds (and other response classes) may be  controlling for environmental bias, sampling and analyses can
identifiable using the methods in the previous section, the final  also be implemented to control for liana dominance, through
challenge will be to diagnose how they have arisen, testing for ~ controlled liana cutting to ensure sufficient variation in liana
the effects of multiple, interacting drivers and feedbacks. The  abundance (see Positive Feedbacks, above). However, where
complex interactions that comprise the response mechanisms are  there are multiple drivers, large-scale experiments will be crucial
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for understanding and projecting forest ecosystem responses to
change (Fayle et al.,, 2015), including thresholds and hysteresis
(Scheffer and Carpenter, 2003; Carpenter and Brock, 2006;
Ratajczak et al., 2018) and liana proliferation (Piovesan et al.,
2018).

Multivariate analyses, with covariates or random effects to
control for environmental and spatial biases, can be used together
with data from field experiments to investigate thresholds
under a more complete range of environments (Scheffer and
Carpenter, 2003; Medlyn et al., 2015; Ratajczak et al., 2018). A
range of regression and mixed-effects techniques were used to
demonstrate the relative influence of lianas and soil properties on
tree growth and biomass dynamics in Panama (Lai et al., 2017).
However, while these unidirectional approaches to modelling
thresholds can describe the basic relationships, conclusions are
vastly improved through combined use with more complex
empirical models (Moore, 2018).

Complex System Models

Liana-forest dynamics are complex in that: (1) both lianas and
trees are influenced by multiple drivers and feedbacks; and (2)
lianas and trees influence one another. Further evidence suggests
that liana-tree interactions can also be nested, in that species
interactions increase from lianas to their hosts (Sfair et al,
2010). These are multivariate, multi-directional, interactions,
best understood through a complex systems approach. Forest
recovery response classes and underlying response mechanisms
could be unravelled using mechanistic models, i.e., models
that assume that complex systems can be explained from their
component parts, and can be parameterised and validated using
field observation and experimental data (Scheffer et al., 2001).
The challenge will be to identify all mechanistic components
(biological response, drivers, feedbacks) that interact to produce
the real-life dynamic forest system of disturbance, stability and
recovery (Figure 6).

A dynamic model of land conversion vs. forest recovery,
using literature-derived data on agricultural productivity and
fallow recovery from multiple regions, showed that forest
recovery can operate around Threshold or Hysteretic Response
Classes with two stable states dependent on agricultural pressure
and land-use history (Magnuszewski et al, 2015). A West
African forest dynamic model further found two basins of
attraction (i.e., alternative stable states) determined by canopy
structure influence on weed and vine cover (Cazzolla Gatti,
2018). Both the multi-region and West African studies were
pioneering in that they demonstrated a threshold between
degraded and recovering forest. However, these models were
limited in their inclusion of drivers (one included soil quality
alone; Magnuszewski et al., 2015) and biological responses [only
including landcover change (Magnuszewski et al., 2015), tree
height structure and species composition (Cazzolla Gatti, 2018)]
and also did not include direct focus or measurement of lianas or
other potential feedbacks.

Mechanistic, individual-based dynamic vegetation models
(DVMs) of stem increments, productivity and species
composition have consistently predicted non-linearities
between forest dynamics and competition for light (Purves and

Pacala, 2008). However, while individual-based forest growth
models have existed for decades, lianas have rarely been explicitly
included (Verbeeck and Kearsley, 2016; Muller-Landau and
Pacala, 2020). A review of 15 DVMs, none including explicit
information on lianas, showed that prediction of tree mortality
at stand, landscape and global scales remains highly variable
under climate change (Bugmann et al, 2019). Potential for
parameterising DVMs to include lianas is improving with
emerging inventory data and model accuracy, the two principal
challenges for modelling resilience (Purves and Pacala, 2008;
Andersen et al., 2009; Scheffer et al., 2009), alongside growing
knowledge regarding drivers and liana water use (McDowell
et al., 2018). Recent data advances led to reparameterization of
a global DVM for two neotropical forests, showing that lianas
significantly affect carbon sink strength in secondary forest,
while accounting for physiology, biochemistry, structure and
functional diversity (di Porcia e Brugnera et al., 2019). With
data from more sites in secondary forests, subsequent dynamic
model extensions could then identify variation in forest recovery
potential (and response classes) vs. drivers, liana dominance,
management and climate change scenarios, and hence also vs.
parasitoid or bandage effects of different liana species, growth
forms, or communities.

Further inspiration for the next stage in understanding liana-
forest dynamics can be drawn from emerging research on
Barro Colorado Island (BCI), which has applied a complex
systems approach inspired by disease ecology and host-parasite
dynamics. Here, three stages of research using mechanistic,
density-dependent models have shown empirically how (a) tree
and liana density-dependent growth, and (b) species variation
in shade-tolerance, can combine to determine liana growth and
colonisation of tree hosts, subsequent tree growth, reproduction
and mortality (Visser et al., 2017, 2018) and total impact of
lianas on the per capita tree growth rate (Muller-Landau and
Visser, 2019). These models have therefore developed improved
understanding of both biological responses (liana burden on net
tree growth, carbon, reproduction and mortality) and drivers
(light, through comparison of species shade tolerance) but fall
short of incorporating the ultimate drivers and full range of
biological responses. Beyond BCI, structural equation modelling
based on 145 plots from across the tropics has demonstrated
that liana influence on above-ground carbon is dependent on
climate and stand variables (Durdn et al., 2015). However, neither
the BCI or pantropical approaches place the forest response
to lianas within a resilience framework to test for thresholds,
due to their focus on primary forest rather than secondary
-primary transitions.

While recent advances have taken fundamental steps in
understanding liana-forest dynamics, the challenge remains
to better understand environmental variation and moreover,
implications for the stability of forest states (Muller-Landau
and Pacala, 2020) and ultimately recovery responses to forest
disturbance. Alongside expanding field data on both lianas and
trees and existing mechanistic and dynamic approaches,
emerging modelling techniques provide unprecedented
opportunities for improved understanding of response
mechanisms in complex forest systems. Mutualistic network
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analysis provides an opportunity to identify thresholds of
habitat disturbance that may lead to the collapse of entire
species communities (Fortuna and Bascompte, 2006). Recent
developments in Bayesian network modelling are also providing
useful tools for analysis of environmental problems, assessing
dynamic systems using an acyclical method to make probabilistic
assessment of management outcomes (Barton et al., 2012), with
clear applicability to liana management for improved forest
resilience. Alternatively, the complexity of forest dynamics
and thresholds can be simplified though dimension reduction
(Jiang et al., 2018), thus focussing conclusions toward the core
mutualistic, bipartite relationship between lianas and trees.

CONCLUDING REMARKS

The available evidence suggests that forests often lack resilience
to liana proliferation following heavy or frequent disturbance.
However, forests appear highly variable in their response to
lianas and there is currently no direct evidence of a liana
threshold, nor the propensity for bandage or parasitoid effects
of lianas on forest recovery. Disturbance drivers often lead to
secondary states where interactions with other drivers favour
liana competition over trees, leading to stalled or arrested
recovery. More optimistically, restoration management and
natural forest succession under pseudo-thresholds and liana
bandage effects are expected to stimulate unimpeded trajectories
of recovery and carbon sequestration.

We recommend that future investigations require four
levels of attention across forest succession and environmental
gradients: (1) incorporation of lianas and both tree and liana
saplings into ground-sourced forest inventories worldwide,
enabling studies on global geospatial patterns and potential
drivers of liana distributions, biodiversity and recruitment
relative to trees; (2) long-term experiments to investigate
primary-secondary forest state changes and subsequent temporal
changes in drivers, lianas and forest state indicators, facilitated by
chronosequence data and liana cutting trials; (3) determination
of the presence of liana thresholds and other classes of forest
recovery response, through assessment of forest state indicator
responses to disturbance and liana dominance over time; and
(4) determination of the nature of the liana-forest dynamic
relationship, including regional and global variation within and
between recovery response classes, using dynamic mechanistic
modelling incorporating variation in drivers, feedbacks and their
interactions. These four data-demanding tasks will determine
the current (and potential future) importance of liana feedbacks
relative to human, biotic and abiotic drivers and to alternative
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