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Abstract

Background A decade ago, to address the question,
“Why are lianas most abundant in seasonal tropical
forests across the globe?”, the Mechanistic Explanation
of Liana Global Abundance (MELGA) relied on the
assumption that lianas have deeper roots than trees and
are able to tap water from relatively deeper soil layers,
giving them a competitive advantage during drought.
Scope We assess whether the assumption that lianas
have deep roots is corroborated by the literature. We
accessed the initial MELGA paper and evaluated all
papers citing it. To date, we found that two papers tested
the MELGA, and only one corroborated it.
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Conclusions Deeper roots in lianas are not the single
mechanism explaining liana success, due to limited
empirical support. Instead, we propose that while liana
success in seasonal forests may relate to deep roots for
some species, it should not be viewed as the exclusive
result of a single trait but as the possible result of
multiple traits such as hydraulic redistribution, multifo-
cal growing, drought resilience, higher water storage
capacity, and acquisitive resource syndrome. Additional
hypotheses should be evaluated along with predicted
changes in plant community structure. These hypothe-
ses should stimulate research on the mechanisms driving
liana success in tropical forests.

Keywords Drought - Hydraulic redistribution -
Maximum-root-depth - Multifocal-growth - Tropical
forest - Woody-vine

Introduction

Investigating mechanisms predicting shifts in commu-
nity assembly due to environmental change is a main
focus in ecology (Fauset et al. 2012). The use of func-
tional traits as proxies for mechanisms offers insight into
how species respond to environmental drivers (Fauset
et al. 2012; Rosado et al. 2016). Despite the advantages
of a trait-based approach (Shipley et al. 2016), proper
selection of functional traits is complex and important
for describing how species cope in a given environmen-
tal filtering (Pivovaroff et al. 2016; Shipley et al. 2016).
Across studies/scales, the same trait may respond
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differently to a given factor (Wright and Sutton-Grier
2012; Rosado et al. 2016), suggesting that the best
approach to identify how species respond to envi-
ronmental factors incorporates multiple traits
(Pivovaroff et al. 2016; Shipley et al. 2016; Rosado
and de Mattos 2017).

According to widespread hypothesis, deep roots are
the mechanism underpinning increased liana abundance
in seasonal forests (Schnitzer 2005). Because lianas use
other plants as support, they do not need to invest in
mechanical tissue and can develop deep roots to access
water (Schnitzer 2005). This hypothesis, however, does
not preclude alternative mechanisms explaining this
pattern. While some studies indicate that deep roots in
lianas are an important coping trait for water deficits,
others indicate that deep root evidence is lacking
(Powers 2014; Santiago et al. 2014).

We argue that the main problem arises when deep
roots in lianas are assumed to explain increased liana
abundance alone. We advocate that the main gap in liana
ecology is in determining the relative importance of
mechanisms responsible for their success in drought
environments. We revisit this “paradigm” by showing
that root depth is an important, but not unitary, hypoth-
esis for liana abundance, because other traits and strat-
egies may reliably and plausibly explain the observed
patterns. Although some studies have shown that the
deep roots assumption in lianas is not a general rule
(Ewers et al. 2015; Carvalho et al. 2016), we aim to
strengthen this reasoning by focusing on evidence from
studies challenging this assumption by indicating alter-
native mechanisms. It is possible that lianas have deep
roots, but we do not have enough knowledge to gener-
alize that. We intend to show the paucity of evidence for
universally deep roots in lianas (Schnitzer 2005), invit-
ing the contribution of other concurrent causes, which
may vary among species, to the relative success of lianas
in seasonal tropical forests.

Lack of evidence of deep roots in lianas

To investigate how the deep roots hypothesis in lianas
has been evaluated in the literature, we first
accessed the original paper proposing it (Schnitzer
2005), here after the Mechanistic Explanation for Liana
Global Abundance (MELGA), and reviewed references
citing the paper. To date, September 2017, the paper was
cited in 183 studies (Online Resource 1). We identified
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mentions of the MELGA in each paper. We then iden-
tified, among those that mentioned the MELGA, how
many aimed to test the hypothesis, and among those that
tested it, how many corroborated it. Fifty-eight studies
mentioned MELGA, two tested the hypothesis, and only
one corroborated it (Fig. 1). Our findings show that
despite considerable acceptance of the MELGA, to date,
there is a lack of empirical evidence indicating that deep
roots alone explain liana advantages over trees in sea-
sonal tropical forests. Amongst the studies supporting
the MELGA proposition (Schnitzer 2005), only one
measured root length in a single liana species, and did
not compare it with tree species (Restom and Nepstad
2004). Similarly, Moreira et al. (2000) found that trees
tapped deeper water in comparison with lianas. Addi-
tionally, the findings of Andrade et al. (2005) “do not
support the common assumptions that lianas rely
primarily on deep soil water”.

We also found that “deep roots” are poorly defined
(Pierret et al. 2016). The lack of appropriate methodol-
ogies measuring deep roots limits our ability to further
understand the factors affecting them and their role in
plant performance and ecological processes (Pierret
et al. 2016). Defining deep roots is complicated by
difficulties associated with measuring maximum root
depth, which may be technically impaired depending
on the environment/study site (Pierret et al. 2016). Con-
versely, soil properties such as soil penetrometer resis-
tance and pore network presence are significant factors
affecting deep root development, irrespective of plant
species (Gao et al. 2016). These constraints in measur-
ing and defining deep roots may underlie the evidence
that lianas and tree saplings compete intensely for be-
lowground resources, affecting aboveground biomass
allocation in trees (Schnitzer et al. 2005; Martinez-
Izquierdo et al. 2016).

A recent model predicting root penetration in soil
showed that for a given soil bulk, a penetrometer resis-
tance >2.5 MPa limits root growth (Gao et al. 2016).
Consequently, root growth under increasing soil resis-
tance is restricted to existing pores (Gao et al. 2016).
Thus, deep roots may be a trait associated with the
responses of individual plants in different climates rath-
er than a “typical” trait representing a functional group,
for example, lianas (Gao et al. 2016; Pierret et al. 2016).
Chen et al. (2015) compared tree and liana water use in
three tropical forests differing in drought season length
and water availability. They assumed that lower pre-
dawn water potential of trees compared with that of
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Fig. 1 Results of the investigation of the 183 papers citing the
Mechanistic Explanation for Liana Global Abundance (MELGA).
a: Papers that mentioned the hypothesis of higher maximum

lianas indicates lower moisture in the soil surrounding
tree roots. Yet, pre-dawn water potential cannot be used
to infer root depth (i.e., based on the equilibrium be-
tween leaf and soil water potential) due to nighttime
transpiration that may decrease leaf pre-dawn water
potential because of water loss, leading to potential
plant-soil water disequilibrium (Donovan et al. 2001).
Comparing the deuterium of water tapped by roots in
three soil intervals with the proportion of deuterium in
the xylem of trees and lianas, Chen et al. (2015) con-
cluded that lianas tend to show proportionally more
water uptake from deeper soil layers only during the
dry season and in the driest forest types. However, also
using a stable water isotopic approach, De Deurwaerder
et al. (2018) recently reported liana root activity in the
upper soil layer. Although this paper was excluded from
the 183 evaluated studies due to its publication after
September 2017, its fundamental recommendation that
“Root excavation or the examination of deeper soil
samples in future investigations should resolve this
uncertainty” is useful, highlighting that their isotopic
approach does not definitively evaluated the MELGA
In a large in situ drought-induction experiment,
Nepstad et al. (2007) showed a further lack of empirical
evidence supporting MELGA by demonstrating that
lianas in a tropical rainforest had higher mortality than
trees and palms. Similarly, Carvalho et al. (2016)
showed that lianas were more drought-prone and had
low abundance in a semiarid climate due to a lower
resistance to cavitation, shallow roots, and leaf decidu-
ousness. Therefore, access to deep water may be one of
multiple reasons accounting for high liana abundance in

root depth in lianas than in trees. b: Number of papers that tested
the hypothesis. ¢: Number of papers that corroborated the
hypothesis

seasonal forests. MELGA also considered that due to
CO, increases, lianas may have increased growth rates,
favoring their competitiveness (Schnitzer 2005). How-
ever, comparing liana and tree growths under elevated
atmospheric CO, showed that lianas had no advantage
(Marvin et al. 2015). Moreover, if the CO, enrichment
hypothesis for liana growth is applied, one may expect it
to occur in other ecosystems beyond seasonal forests.

Looking ahead: additional functional hypotheses

Based on the above, we propose alternative hypoth-
eses to explain liana success in seasonal tropical
forests. Importantly, each presented hypothesis
should not be viewed as a universal mechanism for
all liana species, but as additional hypotheses that
may work for different liana species. Assuming that
all lianas have similar traits is the same as assuming
that liana abundance is associated with deep roots.
Secondly, we argue that MELGA and any additional
hypotheses should be tested based on the foundation-
al steps of functional plant ecology (Shipley et al.
2016): identifying (i) if deep roots and additional
traits are proxies for increases in fitness/abundance
by evaluating the relationship between trait values of
co-occurring liana species and their relative abun-
dance to validate trait functionality (e.g., deep roots;
Shipley et al. 2016); and (ii) whether such traits vary
predictably along an environmental gradient (Shipley
et al. 2016). Based on the relationship between envi-
ronment and trait, from wetter to drier sites,
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community-weighted mean (CWM) values of root
depth should increase if they are functional (Shipley
et al. 2016).

Asner and Martin (2012) showed that, due to a
greater acquisitive strategy and nutrient use efficien-
cy, compared with trees, lianas increased along a
gradient of increasing irradiance and disturbance.
Moreover, average water-use efficiency did not differ
between lianas and trees; differences between life-
forms were site precipitation- and temperature-de-
pendent, leading to lianas and trees showing trait
convergence (Asner and Martin 2012). Van Der
Heijden and Phillips (2008) asserted that disturbance
degree was the main factor leading to higher liana
density, not climate or soil variables. Explaining the
mechanisms of increased liana abundance in seasonal
sites is evidently not straightforward; thus, testing
environment-traits and trait-abundance relationships
is essential to validate trait functionality. Additional-
ly, comparisons between life-forms must account for
phenology because lianas and deciduous trees may
have similar water-use strategies compared with li-
anas and evergreens (Chen et al. 2017).

Hydraulic redistribution and multifocal growth

Lianas show horizontal and vertical growth (Putz 1984),
reaching lengths of up to 310 m (Sakai et al. 2002),
frequently reaching the canopy from the ground (Putz
1984) and allowing the same individual to be rooted at
many points in an environment (Schnitzer et al. 2008).
We hypothesize that this multifocal growing strategy
(MFS) may provide drought coping, by enabling water
uptake over a broader area (Tang et al. 2012). MFS
allowing access to different soil water availability and
creating a soil water potential gradient driving water
flow may promote water movement from wet to dry soil
through roots (hydraulic redistribution; HR) (Neumann
and Cardon 2012). HR is widespread and may provide
several advantages for plants, such as increasing root life
span (Bauerle et al. 2008) and nutrient uptake
(Neumann and Cardon 2012). To our knowledge, al-
though not measured in lianas, HR is documented in
other life-forms and may potentially occur across spe-
cies and rooting patterns (Neumann and Cardon 2012).
Thus, HR should be an important factor in liana research
(Powers 2014). We predict that an MFS may allow
lianas to explore soil resources at multiple locations.
HR should be described based on sap-flow sensors
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capable of capturing bi-directional fluxes (Burgess
et al. 1998), combined with mapping their spatial distri-
bution to detect MFS. We expect that lianas with more
rooting points will have a greater HR magnitude in
response to rainy events after drought. Another predic-
tion may utilize MFS as an HR proxy: along a gradient
of water availability, there will be an increase in rooting
points from wetter to drier sites.

Combining trade-offs to describe water use

Although the functional significance of deep roots may
be lower water capacitance in lianas than in trees (Chen
et al. 2015, 2017; De Guzman et al. 2016), the opposite
is also possible: liana species may be better able to
transport and store water (Ewers et al. 2015), indicating
that multiple traits affect liana responses to drought.
Consequently, higher water storage in stems could be
associated with lower investment in deep roots; this
trade-off between deep roots and water storage capacity
has been observed in trees (Paz et al. 2015). By com-
paring trait differences among tree species from three
successional stages, Paz et al. (2015) demonstrated that
early- and mid-successional tree species invested more
in root depth elongation, while old-growth species were
shallow-rooted but had higher water storage capacity.
This trade-off provides important insights into lianas’
investment in root depth because different life-forms
may share similar trait relationships (Wright et al.
2004). Some lianas have a high proportion of parenchy-
ma in the secondary xylem (Morris et al. 2016), sug-
gesting susceptibility to cavitation/embolism (Ewers
et al. 2015; De Guzman et al. 2016; Chen et al. 2017).
Therefore, deep roots in lianas may not be mandatory;
rather, they may be a trait dependent on water storage
trade-offs. Importantly, although Morris et al. (2016)
indicated that lianas have one of the highest proportions
of parenchyma in the secondary xylem of all life-forms,
we should not assume that all lianas have similar
functioning.

A secondary potential trade-off is related to
resistance/resilience to cavitation, which is mediated
by wood density. Although lower wood density plants
may be more susceptible to cavitation, they have a
greater ability for xylem refilling (Ogasa et al. 2013).
Although this negative correlation between recovery
performance in xylem hydraulic conductivity and cavi-
tation resistance has been observed in trees, a physio-
logical mechanism of xylem refilling could also be
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observed in life-forms with low wood density, like li-
anas (Ewers et al. 2015). Based on these trade-offs, we
hypothesize that the higher abundance of some lianas
may be due to the combination of shallow roots, lower
wood density, and higher capacitance conferring high
resilience to embolism.

Alternative functional designs

Hypotheses explaining liana abundance are not mutual-
ly exclusive due to the concept of alternative functional
designs (Marks and Lechowicz 2006; Marks 2007).
Based on the hierarchy of traits, different trait arrays,
indicating different routes for plant success (Marks and
Lechowicz 2006; Marks 2007), may lead to plant dom-
inance (Rosado and de Mattos 2017). We propose that
although liana success in seasonal forests may be related
to deep roots for some species, it may be the result of
different combinations of traits, such as deep roots, HR,
multifocal growing strategies, drought resilience, and
higher water storage capacity, for other species. For
instance, recent findings indicated that foliar water up-
take (FWU), an additional water source maintaining
physiological processes and growth (Eller et al. 2013),
was greater in lianas than in trees in a tropical seasonal
forest (Fu et al. 2016). As the authors identified, fog was
the most important water source for lianas, contrary to
their hypothesis that lianas would use more soil water.

This theoretical background of alternative func-
tional designs may indicate the co-occurrence of
liana species with multiple phenotypes. Thus, exam-
ining environment-traits and trait-abundance relation-
ships should focus on not only organ-level traits but also
traits at the whole-plant level, which may more accu-
rately describe species’ responses to the environment
(Marks 2007).

Conclusions

The common hypothesis explaining global patterns of
liana abundance is a valid and important mechanism
(Schnitzer 2005) but should not be considered alone,
as research indicates alternative strategies for drought
coping without deep root systems. Sufficient evidence
reveals that species from the same life-form (e.g., trees
or lianas) do not have the same drought-resistance strat-
egies. This has important implications because it may
improve our interpretation of community structures and

processes involving liana species, and predictions relat-
ed to climate change. The proposed hypotheses may
guide future research on the mechanisms driving the
success of lianas in tropical forests.

Acknowledgements We thank an anonymous reviewer and R.
J. Burnham for great comments and suggestions. TAA was sup-
ported by CAPES (88881.135051/2016-01) and BHPR by grants
from FAPERJ (E-26/110.985/2013 and E-26/111.208/2014) and
the Prociencia Scholarship.

References

Andrade JL, Meinzer FC, Goldstein G, Schnitzer SA (2005) Water
uptake and transport in lianas and co-occurring trees of a
seasonally dry tropical forest. Trees 19:282-289.
https://doi.org/10.1007/s00468-004-0388-x

Asner GP, Martin RE (2012) Contrasting leaf chemical traits in
tropical lianas and trees: implications for future forest com-
position. Ecol Lett 15:1001-1007

Bauerle TL, Richards JH, Smart DR, Eissenstat DM (2008)
Importance of internal hydraulic redistribution for prolonging
the lifespan of roots in dry soil. Plant Cell Environ 31:177—
186. https://doi.org/10.1111/.1365-3040.2007.01749.x

Burgess SSO, Adams MA, Turner NC, Ong CK (1998) The
redistribution of soil water by tree root systems. Oecologia
115:306-311

Carvalho ECD, Martins FR, Oliveira RS, Soares AA, Aratijo FS
(2016) Why is liana abundance low in semiarid climates?
Austral Ecol 41:559-571. https://doi.org/10.1111/aec.12345

Chen YJ, Cao KF, Schnitzer SA, Fan ZX, Zhang JL,
Bongers F (2015) Water-use advantage for lianas over
trees in tropical seasonal forests. New Phytol 205:128—
136. https://doi.org/10.1111/nph.13036

Chen Y-J, Schnitzer SA, Zhang Y-J, Fan ZX, Goldstein G,
Tomlinson KW, Lin H, Zhang JL, Cao KF (2017)
Physiological regulation and efficient xylem water
transport regulate diurnal water and carbon balances
of tropical lianas. Funct Ecol 31:306-317. https://doi.
org/10.1111/1365-2435.12724

De Deurwaerder H, Hervé-Fernandez P, Stahl C, etal (2018) Liana
and tree below-ground water competition—evidence for wa-
ter resource partitioning during the dry season. Tree Physiol
1-13. https://doi.org/10.1093/treephys/tpy002

De Guzman ME, Santiago LS, Schnitzer SA, Alvarez-Cansino L
(2016) Trade-offs between water transport capacity and
drought resistance in neotropical canopy liana and tree spe-
cies. Tree Physiol. https://doi.org/10.1093/treephys/tpw086

Donovan LA, Linton MJ, Richards JH (2001) Predawn plant water
potential does not necessarily equilibrate with soil water
potential under well-watered conditions. Oecologia 129:
328-335

Eller CB, Lima AL, Oliveira RS (2013) Foliar uptake of
fog water and transport belowground alleviates drought
effects in the cloud forest tree species, Drimys
brasiliensis (Winteraceae). New Phytol 199:151-162.
https://doi.org/10.1111/nph.12248

@ Springer


https://doi.org/10.1007/s00468-004-0388-x
https://doi.org/10.1111/j.1365-3040.2007.01749.x
https://doi.org/10.1111/aec.12345
https://doi.org/10.1111/nph.13036
https://doi.org/10.1111/1365-2435.12724
https://doi.org/10.1111/1365-2435.12724
https://doi.org/10.1093/treephys/tpy002
https://doi.org/10.1093/treephys/tpw086
https://doi.org/10.1111/nph.12248

Plant Soil (2018) 430:1-6

Ewers FW, Rosell JA, Olson ME (2015) Lianas as structural
parasites. In: Hacke UG (ed) Functional and ecological xy-
lem anatomy. Springer, New York, p 281

Fauset S, Baker TR, Lewis SL, Feldpausch TR, Affum-Baffoe K,
Foli EG, Hamer KC, Swaine MD (2012) Drought-induced
shifts in the floristic and functional composition of
tropical forests in Ghana. Ecol Lett 15:1120-1129.
https://doi.org/10.1111/j.1461-0248.2012.01834.x

FuP, Liu W, Fan Z, Cao K (2016) Is fog an important water source
for woody plants in an Asian tropical karst forest during the
dry season? 972:964-972. https://doi.org/10.1002/eco.1694

Gao W, Hodgkinson L, Jin K, Watts CW, Ashton RW, Shen J, Ren
T, Dodd IC, Binley A, Phillips AL, Hedden P, Hawkesford
MJ, Whalley WR (2016) Deep roots and soil structure. Plant
Cell Environ 39:1662-1668. https://doi.org/10.1111
/pce.12684

Marks CO (2007) The causes of variation in tree seedligns traits: the
roles of environmental selection versus chance. Evolution (N Y)
61:455-469. https:/doi.org/10.1111/).1742-4658.2007.00021.x

Marks CO, Lechowicz MJ (2006) Alternative designs and the
evolution of functional diversity. Am Nat 167:55-66

Martinez-Izquierdo L, Garcia MM, Powers JS, Schnitzer SA
(2016) Lianas suppress seedling growth and survival of 14
tree species in a Panamanian tropical forest. Ecology 97:215—
224. https://doi.org/10.1890/14-2261.1

Marvin DC, Winter K, Burnham RJ, Schnitzer SA (2015) No
evidence that elevated CO2 gives tropical lianas an advan-
tage over tropical trees. Glob Chang Biol 21:2055-2069.
https://doi.org/10.1111/gcb.12820

Moreira MZ, Sternberg LSL, Nepstad DC (2000) Vertical patterns
of soil water uptake by plants in a primary forest and an
abandoned pasture in the eastern Amazon: an isotopic ap-
proach. Plant Soil 222:95-107

Morris H, Plavcova L, Cvecko P, Fichtler E, Gillingham
MAF, Martinez-Cabrera HI, McGlinn DJ, Wheeler E,
Zheng J, Zieminska K, Jansen S (2016) A global
analysis of parenchyma tissue fractions in secondary
xylem of seed plants. New Phytol 209:1553-1565.
https://doi.org/10.1111/nph.13737

Nepstad DC, Tohver IM, Ray D, Moutinho P, Cardinot G (2007)
Mortality of large trees and lianas following experimental
drought in an Amazon forest. Ecology 88:2259-2269.
https://doi.org/10.1890/06-1046.1

Neumann RB, Cardon ZG (2012) The magnitude of hydraulic
redistribution by plant roots: a review and synthesis of em-
pirical and modeling studies. New Phytol 194:337-352.
https://doi.org/10.1111/j.1469-8137.2012.04088.x

Ogasa M, Miki NH, Murakami Y, Yoshikawa K (2013) Recovery
performance in xylem hydraulic conductivity is correlated
with cavitation resistance for temperate deciduous tree spe-
cies. Tree Physiol 33:335-344. https://doi.org/10.1093
/treephys/tpt010

Paz H, Pineda-Garcia F, Pinzon-Pérez LF (2015) Root depth and
morphology in response to soil drought: comparing ecolog-
ical groups along the secondary succession in a tropical dry
forest. Oecologia 179:551-561. https://doi.org/10.1007
/300442-015-3359-6

Pierret A, Maeght J-L, Clément C, Montoroi JP, Hartmann C,
Gonkhamdee S (2016) Understanding deep roots and their

@ Springer

functions in ecosystems: an advocacy for more unconven-
tional research. Ann Bot 118:621-635. https://doi.
org/10.1093/a0b/mew130

Pivovaroff AL, Pasquini SC, De Guzman ME et al (2016)
Multiple strategies for drought survival among woody plant
species. Funct Ecol 30:517-526. https://doi.org/10.1111
/1365-2435.12518

Powers JS (2014) Reciprocal interactions between lianas and
forest soil. In: Schnitzer SA, Bongers F, Burnham RJ, Putz
FE (eds) Ecology of lianas. John Wiley & Sons, Ltd, pp 175—
187

Putz FE (1984) The Natural History of Lianas on Barro Colorado
Island. Ecology 65:1713-1724

Restom TG, Nepstad DC (2004) Seedling growth dynamics of a
deeply rooting liana in a secondary forest in eastern
Amazonia. For Ecol Manag 190:109-118. https://doi.
org/10.1016/j.foreco.2003.10.010

Rosado BHP, de Mattos EA (2017) On the relative importance of
CSR ecological strategies and integrative traits to explain
species dominance at local scales. Funct Ecol 31:1969—
1974. https://doi.org/10.1111/1365-2435.12894

Rosado BHP, Figueiredo MSL, de Mattos EA, Grelle CEV (2016)
Eltonian shortfall due to the Grinnellian view: functional
ecology between the mismatch of niche concepts.
Ecography (Cop) 39:1034—-1041. https://doi.org/10.1111
/ecog.01678

Sakai A, Nomiya H, Suzuki W (2002) Horizontal distribution of
stolons of a temperate liana Wisteria floribunda DC. and its
ecological significance. J For Res 7:125-130

Santiago LS, Pasquini SC, De Guzman ME (2014) Physiological
implications of the liana growth form. In: Schnitzer SA,
Bongers F, Burnham RJ, Putz FE (eds) Ecology of lianas.
John Wiley & Sons, Ltd, pp 288-298

Schnitzer S (2005) A mechanistic explanation for global patterns
of Liana abundance and distribution. Am Nat 166:262-276.
https://doi.org/10.1086/431250

Schnitzer SA, Kuzee ME, Bongers F (2005) Disentangling above-
and below-ground competition between lianas and trees in a
tropical forest. J Ecol 93:1115-1125. https://doi.org/10.1111
/j.1365-2745.2005.01056.x

Schnitzer SA, Rutishauser S, Aguilar S (2008) Supplemental
protocol for liana censuses. For Ecol Manag 255:1044-1049

Shipley B, Bello F, Cornelissen JHC et al (2016) Reinforcing loose
foundation stones in trait-based plant ecology. Oecologia
180:1-9. https://doi.org/10.1007/s00442-016-3549-x

Tang Y, Kitching RL, Cao M (2012) Lianas as structural parasites:
a re-evaluation. Chinese Sci Bull 57:307-312. https://doi.
0rg/10.1007/s11434-011-4690-x

Van Der Heijden GMFF, Phillips OL (2008) What controls liana
success in Neotropical forests? Glob Ecol Biogeogr 17:372—
383. https://doi.org/10.1111/j.1466-8238.2007.00376.x

Wright JP, Sutton-Grier A (2012) Does the leaf economic spec-
trum hold within local species pools across varying environ-
mental conditions? Funct Ecol 26:1390-1398. https://doi.
org/10.1111/1365-2435.12001

Wright 1J, Reich P, Westoby M et al (2004) The world wide leaf
economics spectrum. Nature 428:821-827


https://doi.org/10.1111/j.1461-0248.2012.01834.x
https://doi.org/10.1002/eco.1694
https://doi.org/10.1111/pce.12684
https://doi.org/10.1111/pce.12684
https://doi.org/10.1111/j.1742-4658.2007.00021.x
https://doi.org/10.1890/14-2261.1
https://doi.org/10.1111/gcb.12820
https://doi.org/10.1111/nph.13737
https://doi.org/10.1890/06-1046.1
https://doi.org/10.1111/j.1469-8137.2012.04088.x
https://doi.org/10.1093/treephys/tpt010
https://doi.org/10.1093/treephys/tpt010
https://doi.org/10.1007/s00442-015-3359-6
https://doi.org/10.1007/s00442-015-3359-6
https://doi.org/10.1093/aob/mcw130
https://doi.org/10.1093/aob/mcw130
https://doi.org/10.1111/1365-2435.12518
https://doi.org/10.1111/1365-2435.12518
https://doi.org/10.1016/j.foreco.2003.10.010
https://doi.org/10.1016/j.foreco.2003.10.010
https://doi.org/10.1111/1365-2435.12894
https://doi.org/10.1111/ecog.01678
https://doi.org/10.1111/ecog.01678
https://doi.org/10.1086/431250
https://doi.org/10.1111/j.1365-2745.2005.01056.x
https://doi.org/10.1111/j.1365-2745.2005.01056.x
https://doi.org/10.1007/s00442-016-3549-x
https://doi.org/10.1007/s11434-011-4690-x
https://doi.org/10.1007/s11434-011-4690-x
https://doi.org/10.1111/j.1466-8238.2007.00376.x
https://doi.org/10.1111/1365-2435.12001
https://doi.org/10.1111/1365-2435.12001

	Revisiting the hypothesis for increasing liana abundance in seasonal forests: a theoretical review
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Lack of evidence of deep roots in lianas
	Looking ahead: additional functional hypotheses
	Hydraulic redistribution and multifocal growth
	Combining trade-offs to describe water use
	Alternative functional designs

	Conclusions
	References


