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Abstract. The importance of lianas through time and their effect on tree reproduction are
evaluated for the first time in a Southeast Asian Dipterocarp forest. We quantified flower and
seed production by lianas and trees for 13 years, assessed liana loads in the crowns of all trees
larger than 30 cm in diameter at breast height (1.3 m) in 2002 and 2014, and assessed levels of
reproduction for the same trees during a strong general flowering event in 2014 for the 50-ha
forest dynamics plot at the Pasoh Forest Reserve, Malaysia. General flowering refers to
synchronous reproduction by hundreds of plant species at irregular, multiyear intervals and
only occurs in Southeast Asian Dipterocarp forests. Overall, lianas were present in 50% of tree
crowns and comprised 31% of flower production and 46% of seed production. Lianas reduced
growth, survival, and reproduction by their host trees. Lianas were less frequent in canopy-
emergent trees, Dipterocarps comprised a disproportionately large proportion of canopy
emergents, and, as a consequence, lianas were less frequent in Dipterocarps than in trees from
other plant families. Lianas infested the crowns of significantly fewer trees in 2014 (47.9%)
than in 2002 (52.3%); however, the decrease was restricted to trees with the lightest liana loads
and sample sizes and statistical power were enormous. Lianas comprised a stable proportion
of flower production and a highly variable proportion of seed production from 2002 through
2013. We conclude lianas have a huge impact on trees in this forest and were a stable
component of the forest between 2002 and 2014. The emergent habit and associated ability to
avoid lianas might contribute to the success of the Dipterocarpaceae.

Key words:  Dipterocarpaceae; flower production; general flowering; lianas; Pasoh Forest Reserve,
Malaysia; seed production; tree growth, tree survival.

INTRODUCTION

Woody vines, or lianas, are the second most
important growth form in many forests, particularly
seasonal tropical forests (Schnitzer and Bongers 2002).
Lianas climb host trees to reach the sunlit forest canopy
and compete with their hosts for light and soil resources
(Schnitzer et al. 2005). Lianas also reach between tree
crowns and can bring down otherwise sound trees as
their neighbors fall. Lianas affect tree dynamics and the
structure of forests.

Lianas are becoming increasingly important relative
to trees in Neotropical forests (Schnitzer and Bongers
2011, Schnitzer 2015). Nine studies now report increases
and not one study reports a decrease in the importance
of lianas in Neotropical forests (Table 1). Elsewhere the
evidence is mixed. In South Carolina, the density (stems/
ha) of large lianas increased dramatically in 50-yr old
secondary forests between 1979 and 2001 (Allen et al.
2007), but, in Wisconsin, liana abundance was un-
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changed between 1959 and 2004 (Londré and Schnitzer
2006). And, in tropical Africa, liana density decreased
between 1979 and 1992 near Makakou, Gabon (Caballé
and Martin 2001), between 1994 and 2007 in the Ituri
Forest, Democratic Republic of the Congo (Bongers
and Ewango 2015), and between 2001 and 2012 in
Korup National Park, Cameroon (Thomas et al. 2015).
Decreases in African tropical forests and increases in
Neotropical forests raise the possibility that increasing
lianas might be a regional phenomenon restricted to the
Neotropics (Schnitzer and Bongers 2011). The possibil-
ity that lianas might be changing through time has not
been evaluated for a single Asian forest.

The forests of Southeast Asia, the Afrotropics, and
the Neotropics share warm, wet climates that favor
hyperdiverse tree communities on all three continents
but have evolved independently for tens of millions of
years. The subfamily Dipterocarpoideae (henceforth
Dipterocarps) dominates basal area in many Southeast
Asian forests and is absent from the Neotropics and
Africa (excepting the Seychelles). General flowering
characterizes the reproductive phenology of aseasonal,
Dipterocarp-dominated forests. General flowering spe-
cies, including most Dipterocarps, reproduce synchro-
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nously at irregular, multiyear intervals (Appanah 1993,
Sakai et al. 2006, Cannon et al. 2007). Dipterocarps are
known to support fewer lianas than non-Dipterocarps in
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TaBLE 1. Studies examining the importance of lianas through time.

Rate of change

Region, location, and response variable (% per yr) Source
Neotropics
Ecuador, Peru, and Bolivia (47 plots) +3.27 Phillips et al. (2002)

Prop. stems > 10 cm DBH composed of lianas

Barro Colorado Island, Panama

Prop. leaf production composed of lianas +2.61 Wright et al. (2004)
Flower production of lianas +4.1 Wright and Calderon (2006)
Flower production of trees +1.8 Wright and Calderon (2006)
Prop. trees with lianas +1.84 Ingwell et al. (2010)
Stem density (no./ha) > 1 cm DBH of lianas +2.0 Schnitzer et al. (2012)
Stem density (no./ha) > 1 cm DBH of trees —0.6 Schnitzer et al. (2012)
Stem density (no./ha) > 5 cm DBH of lianas +2.7 Schnitzer et al. (2012)
BDFFP, Brazil
Stem density (no./ha) > 2 cm DBH of lianas +1.00 Laurance et al. (2014)
La Selva, Costa Rica
Stem density (no./ha) > 1 cm DBH of lianas +1.76 Yorke et al. (2013)

San Emilio, Costa Rica
Stem density (no./ha) > 3 cm DBH of lianas +0.293 Enquist and Enquist (2011)

Stem density (no./ha) > 3 cm DBH of trees —1.75 Enquist and Enquist (2011)
Nouragues, French Guiana
Stem density (no./ha) > 10 cm DBH of lianas +0.21 Chave et al. (2008)
Stem density (no./ha) > 10 cm DBH of trees —0.59 Chave et al. (2008)
Africa
IRET, Gabon
Stem density (no./ha) > 5 cm DBH of lianas —1.72 Caballé and Martin (2001)
Stem density (no./ha) > 5 cm DBH of trees —0.37 Caballé and Martin (2001)
Ituri, Democratic Republic of Congo
Stem density (no./ha) > 2 cm DBH of lianas —3.84 Bongers and Ewango (2015)
Korup, Cameroon
Stem density (no./ha) > 1 cm DBH of lianas —1.73 Thomas et al. (2015)
Asia
Pasoh, Malaysia
Prop. trees with lianas —0.73 this study
Prop. flower production composed of lianas no change this study

North America

Savannah River, South Carolina, USA
Prop. stems > 4.5 cm DBH composed of lianas  +11.4+ Allen et al. (2007)%

Wisconsin, USA (14 forests)
Liana abundance, lianas per tree no change Londré and Schnitzer (2006)

Notes: Temporal trends are presented separately for trees and lianas whenever possible.
Insignificant temporal differences between trees and lianas are labeled no change. Schnitzer and
Bongers (2011) and Schnitzer (2015) cite three additional articles for temporal change in lianas,
which we exclude for the following reasons. Benitez-Malvido and Martinez-Ramos (2003) removed
plants <1 m tall and counted recruits six years later, which omits temporal variation associated
with growth and survival. Rogers et al. (2008) pool woody vines with other life forms. Foster et al.
(2008) provide incomplete information for their initial survey, which precludes an assessment of
temporal change. Schnitzer and Bongers (2011) also cited an increase in the range of ivy in
Germany, which we exclude because many free-standing species have also extended their ranges.
“Proportion of” is abbreviated “Prop.”

T This rate of increase is suspiciously large. The secondary forests were >50-yr old when the
study began. Some lianas might have first reached the large, minimum size threshold of 4.5 cm
DBH during the 22-yr study.

i We discount a second forest disturbed by a hurricane at the beginning of the measurement
period because such disturbances favor lianas.

one Southeast Asian forest (Campbell and Newbery general flowering species.

1993). The impact of lianas on the reproduction of their
host trees and the possibility of changing liana
importance over time has never been evaluated for
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We document the occurrence and consequences of
interactions between lianas and trees at the Pasoh
Research Forest, Peninsular Malaysia. Dipterocarps
dominate basal area (Kochummen et al. 1990) and
hundreds of tree species from at least 41 families
reproduce synchronously during general flowering
events (Appanah 1993). The leaves of lianas displace
the leaves of their host trees on a one-to-one mass basis
at Pasoh (Kira and Ogawa 1971), which suggests a large
potential impact on host trees. For this reason, we focus
on liana—tree interactions in which liana foliage overtops
or is intermixed with the foliage of the host tree. We
assessed liana—tree interactions in 2002 and 2014 and
documented species-level flower and fruit production
from 2001 through 2013. We answer the following
questions: (1) Do lianas occur as frequently in the
crowns of the Dipterocarpaceae as in the crowns of
other tree families? (2) Do lianas affect the reproduction
of their host trees during a strong, general flowering
event? For completeness, we also ask: Do lianas affect
host survival and growth? (3) Have lianas changed in
importance between 2002 and 2014?

One mechanism proposed to explain the increasing
importance of lianas in Neotropical forests concerns
seed dispersal modes and the widespread loss of
frugivores to hunters (Wright et al. 2007). More than
80% of tree species are frugivore-dispersed, while 60% of
liana species are wind-dispersed in Neotropical moist
forests (Gentry 1982, Muller-Landau and Hardesty
2005). For this reason, frugivore loss potentially favors
lianas over trees in Neotropical moist forests. To
evaluate this possibility for the Pasoh Research Forest,
we determined seed dispersal modes for all species
encountered in our long-term study of fruit production.

METHODS

The Pasoh Forest Reserve (2°58" N, 102°18" E)
protects 13000 ha of natural forest for timber produc-
tion and includes the Pasoh Research Forest. The 1840-
ha Research Forest includes 1240 ha protected from
logging since 1974 and a central core area of 600 ha of
unlogged, primary forest. A 50-ha forest dynamics plot
is located in the unlogged forest. Here, all free-standing
trees and shrubs >1 cm in diameter at breast height
(DBH; 1.3 m) were mapped to the nearest 0.5 m,
measured to the nearest mm, and identified to species in
1987, 1990, 1995, 2000, 2005, and 2010 following Condit
(1998). The initial census included more than 320000
individuals belonging to 814 species, 294 genera, and 78
families (Kochummen et al. 1990).

We used binoculars to assess crown position and liana
load between May and September 2002 for trees >30 cm
DBH in the 2000 census and crown position, liana load,
and reproductive status between 18 July and 10 August
2014 for trees >30 cm DBH in the 2010 census. In 2014,
we classified crown position on a five-point scale
following Dawkins and Field (1978) as follows: 1, no
direct light; 2, lateral light; 3, partial overhead light; 4,
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more than 90% of the crown receives direct overhead
light; 5, emergent crown with direct light from all
directions. In 2002, we classified crown position on a
three-point scale, which combined categories 1 and 2,
and 4 and 5 of the five-point scale. We classified
reproductive status and liana load on five-point scales
following Wright et al. (2005) as follows: 0, zero activity
(sterile or zero lianas); 1, up to 25% coverage; 2, 26—-50%
coverage; 3, 51-75% coverage; and 4, more than 75%
coverage. For liana load, coverage refers to the
proportion of the foliage of the host tree overtopped
by or intermixed with foliage of lianas. For reproduc-
tion, coverage refers to the proportion of potential
reproductive sites with flowers or fruits. Potential
reproductive sites are largely limited to sun-exposed
terminal branches, with the exception of cauliferous
species. Two observers evaluated a subsample of trees
independently in 2002 and 2014, and we used Spear-
man’s rho for ordered levels to evaluate interobserver
agreement.

We censused seed traps weekly from 13 August 2001
through 3 February 2011 and again from 17 October
2011 through 30 January 2014, following methods
described in Wright and Calderon (2006). There were
247 traps for the first 53 weekly censuses and 336
thereafter. Briefly, each seed trap consisted of a square,
0.5-m>, open-topped, 1-mm mesh bag held 80 cm above
the ground on a PVC frame. Sixteen traps were located
in large tree-fall gaps and 320 were located in the
understory at 13.5 m intervals on alternating sides of
permanent trails and randomly between 4 and 10 m
from the trail. We recorded the presence of flowers and
counted immature fruit, mature fruit, seeds, capsules,
and fruit fragments damaged by insects or vertebrates.
We identified 98.4% of seeds and fruit and 97.4% of
flower records to species or morphospecies. The lianas of
Pasoh are poorly known, and our morphospecies are
lianas observed as flowers or fruit on an unidentified
liana, as well as in our traps. Flower records refer to
unique species-trap-census combinations. Fruit records
refer to unique species-trap-census combinations, with
conspecific fruit, seeds, capsules, and fragments pooled
(immature fruit excluded). We analyze both fruit records
and the total number of seeds plus mature fruit
captured. Finally, we determined dispersal mode for
each species encountered in our seed traps on the basis
of diaspore morphology. We distinguished three broad
dispersal modes as follows: frugivore dispersed (zoo-
chorous), wind-dispersed (anemochorous), and ballisti-
cally dispersed. A final category, gravity dispersed,
contained two species with no apparent dispersal
mechanism.

Analyses

Liana loads, crown position, and the Dipterocarpa-
ceae—We used a log-linear contingency analysis to
evaluate associations among plant family, crown posi-
tion, and liana load for 2014. Plant family contrasted all
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non-Dipterocarp tree species against the 30 Dipterocarp
species recorded in the 50-ha plot. Crown position
pooled categories 1 and 2 because too few trees >30 cm
DBH were in category 1. We first evaluated the
saturated model, which includes the three-way interac-
tion, and then used chi-square tests to identify and
remove insignificant interactions.

Impact of lianas on host trees—We used generalized
linear mixed-effect models to evaluate the impact of
lianas on the growth, survival, and reproduction of their
host trees. Fixed effects included a continuous covariate
to capture variation associated with initial tree size
(log(DBH)) and categorical measures of crown position
and liana load. Random effects included intercepts for
species and space. Species with five or more individuals
evaluated were included, and space was arbitrarily
divided into 200 50 X 50 m subplots. For growth, the
response variable and covariate were the logarithms of
DBH in 2005 and 2000, respectively. For survival, the
response variable was 10-yr survival (2000-2010), and
the covariate was the logarithm of DBH in 2000. For
reproduction, the response variable was reproductive
status in 2014 (sterile or fertile), and the covariate was
the logarithm of DBH in 2010. We chose to dichotomize
reproduction to avoid potential difficulties interpreting
an analysis with five categories for both the dependent
and independent variables. The fixed effects of liana
loads and crown position were for 2002 for growth and
survival and 2014 for reproduction. Error distributions
were Gaussian for growth and binomial for survival and
reproduction. For the growth analysis, normal residuals
(evaluated by the Shapiro-Wilks test) could only be
obtained by excluding trees that grew by more than 25%
or shrank by more than 10%. We believe these large
diameter increments reflect measurement errors (Condit
1998).

Model selection followed Bolker et al. (2009).
Significant random effects were identified for models
with all fixed effects using restricted maximum likeli-
hood and log-likelihood ratio tests. Fixed effects were
evaluated for models with significant random effects
using the Laplace approximation of the maximum
likelihood and the Akaike’s information criterion
(AIC). Fixed effects with AAIC > 10 were retained.
We chose AAIC > 10 to minimize Type I errors because
sample sizes were very large. We re-ran the final model
using restricted maximum likelihood to obtain coeffi-
cients and standard errors. To visualize the impact of
lianas for tree growth, we present residuals for each level
of liana load for the model obtained by removing the
significant fixed effect associated with liana load from
the best-fit model.

Temporal change in lianas—We performed two
analyses to determine whether liana loads changed
between 2002 and 2014. For the first analysis, we placed
the trees assessed in both years into a five-by-five
contingency table corresponding to the five liana load
categories in 2002 and 2014 and used the McNemar
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symmetry chi-square test to evaluate the null hypothesis
that liana loads were unchanged. For the second
analysis, we placed all trees assessed in 2002 and all
trees assessed in 2014 into a two-by-five contingency
table corresponding to the two census years and the five
liana load categories and used a chi-square test to
evaluate the null hypothesis that liana loads were
unchanged.

We performed correlation analyses to evaluate
temporal change in the proportional contribution of
lianas to flower and seed plus fruit production. We
eliminated partial years (2001, 2011, and 2014) and
evaluated correlations between year and the propor-
tional contribution of lianas to flower records, fruit
records, and seeds plus fruit captured. For complete-
ness, we also evaluated correlations between year and
the number of flower records, fruit records, and seeds
plus fruit captured separately for lianas and trees. We
did not expect these latter correlations to be significant
given the wide variation in community-wide levels of
flower and fruit production observed in general
flowering forests.

We performed all analyses using R, version 2.14.0 (R
Development Core Team 2011). We evaluated linear
mixed-effects models using the lme4 library.

RESULTS

In 2002, we assessed crown positions and liana loads
for 3471 of 3814 trees >30 cm DBH in the 2000 census
of the 50-ha plot. Unassessed trees were dead, missing,
or not visible with binoculars. In 2014, we assessed
crown position, liana loads, and reproductive status for
3364, 3323, and 3166 of 3762 trees >30 cm DBH in the
2010 census, respectively. The 157 trees assessed for
liana loads but not for reproduction had heavy liana
loads that precluded evaluation of reproduction. We will
make the full data set is publicly available at DRYAD.

Two observers assessed 243 and 960 trees indepen-
dently in 2002 and 2014, respectively. Spearman’s rho
equaled 0.779 (P < 10 %) and 0.592 (P < 10~°) for liana
loads in 2002 and 2014, respectively, and 0.443 (P <
107%) and 0.447 (P < 107°) for crown position and
reproductive status in 2014, respectively. Independent
assignments were highly repeatable for liana categories
and reasonably repeatable for crown and reproductive
categories.

Liana loads, crown position, and the Dipterocarpaceae

The three-way interaction among membership in the
family Dipterocarpaceae, crown position and liana load
was insignificant (deviance = 13.2, df = 12, P = 0.355).
All three two-way interactions were highly significant.
Dipterocarps tended to have lower liana loads than non-
Dipterocarps (Fig. 1A; deviance = 72.3 df = 4, P <
107'%), canopy emergents tended to be Dipterocarps
(Fig. 1B; deviance = 333.2, df = 3, P < 107'°), and
emergents tended to have lower liana loads than smaller
trees (Fig. 1C; deviance = 220.5, df =12, P < 1079,
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Fic. 1. Histograms illustrating significant two-way interactions between (A) liana loads and membership in the family

Dipterocarpaceae, (B) crown position and the family Dipterocarpaceae, and (C) liana loads and crown position. The vertical axis
refers to the proportion of individual trees >30 cm DBH (1.3 m). Proportions sum to 1 for each category in the inset keys. Data are
from the 2014 survey of the 50-ha plot at the Pasoh Research Forest, Malaysia.

Impact of lianas on host trees

Sample sizes for the analyses of liana impact on host
growth, survival, and reproduction were 2403 (149),
3043 (149), and 2706 (130) individuals (species),
respectively. AAIC values were 38.6, 47.2, and 46.0 for
removal of the fixed-effect term for lianas from the best-
fit models for growth, survival, and reproduction,
respectively. Lianas reduced diameter growth, survival,
and reproduction of their host trees (Fig. 2, Table 2;
Appendix). Growth and reproduction declined with
each successive increase in the categorical level of liana
load (Fig. 2A, C). In contrast, mortality was similar for
trees with less than 75% of their crowns infested with
lianas (24% dead in 10 years) but much greater for trees
with more than 75% of their crowns infested (42% dead;
Fig. 2B).

Crown position affected tree diameter growth, with
greater growth in trees exposed to more sunlight (Table

2). Crown position did not affect survival and repro-
duction significantly. AAIC values were 29.4, 2.8, and
4.8 for removal of the fixed effect term for crown
position from models for growth, survival, and repro-
duction, respectively.

Temporal change in liana loads

Liana loads decreased significantly from 2002 to 2014
for the 2457 trees assessed in both years (McNemar
symmetry chi-square test = 36.5, df = 10, P < 0.0001).
This is a cohort analysis, however, and the significant
decrease might be related to some change associated
with trees being 12 years older and larger. Possible
changes include growth to large size with lower liana
loads (Fig. 1C) and the high mortality rate of trees with
the largest liana loads (Fig. 2B). To avoid these potential
pitfalls of a cohort analysis, we also compared liana
loads for all 3471 and 3325 trees assessed in 2002 or
2014, respectively. The decrease in liana loads was still
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Fic. 2. Lianas effect on the (A) diameter growth, (B)
survival, and (C) reproduction of their host trees. In panel (A),
the histogram represents mean (*=SE) residuals from a
generalized linear mixed model obtained by removing the fixed
effect of lianas from the best fit model (growth was measured in
mm, then log-transformed for analysis). In panel (B), the
histogram represents the proportion of trees that died between
2000 and 2010. In panel (C), the histogram represents the
proportion of trees that were reproductive in July/August 2014.
Liana load refers to the proportion of the foliage of the host
tree that was overtopped by or intermixed with foliage of lianas.
Liana loads were recorded in 2002 for (A and B) growth and
survival and (C) 2014 for reproduction. All trees are >30 cm
DBH (1.3 m).

highly significant (x> = 16.2, df =4, P < 0.005). Heavy
liana loads (>50%) characterized similar proportions of
trees in 2002 and 2014, but more trees were liana free in
2014 (Fig. 3).
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Temporal change in flower and fruit production by lianas

We recorded 85828 flower records, 36821 fruit
records, and 130519 individual seeds plus fruit in 611
weekly censuses of 336 seed traps. Lianas comprised
32.3% of the flower records, 45.9% of the fruit records,
and 49.9% of the seeds plus fruit.

Fig. 4 presents annual production for trees and lianas
expressed as numbers of flower records (Fig. 4A), fruit
records (Fig. 4B), and seeds plus fruit (Fig. 4C). As
expected, interannual variation associated with weak
general flowering events in 2002, 2005, and 2010 was
large (Sun et al. 2007), and correlations between year
and levels of reproduction were insignificant for lianas
and trees (|r| < 0.465, P > 0.15 for the six measures of
reproduction in Fig. 4). We will not return to absolute
variation in reproductive output.

Fig. 5 presents the proportion of annual reproductive
output comprised by lianas. This proportion was
unrelated to year for flower production (r = 0.090, P =
0.792), but increased significantly with year for both
measures of fruit production (r=0.702, P < 0.02, and r

TaBLE 2. Summary of fixed effects for the generalized linear mixed models that best explained growth, survival, and reproduction.
Growth Survival Reproduction

Fixed effect Estimate SE t Estimate SE z Estimate SE z
Intercept 0.166 0.0134 12.4%%* —4.33 0.933 4.64%** —8.09 1.11 —7.26%**
Covariate [log(DBH)] 0.976 0.00223 438.6%** 0.497 0.151 3.20%** 1.15 0.180 6.41%**
Liana level 2 —0.00178 0.00172 —1.0 0.00194 0.132 0.015 —0.0628 0.152 —0.414
Liana level 3 —0.00456  0.00202 —2.3% 0.232 0.147  1.58 —0.395 0.177  —2.23*
Liana level 4 —0.0101 0.00221 —4.6%* 0.213 0.168 1.27 —0.798 0.196 —4.08%**
Liana level 5 —0.0118 0.00202 —5.8%** 1.05 0.142 7.37%** —1.47 0.238 —6.15%**
Crown level 2 0.00766  0.00176 4.3%*
Crown level 3 0.0137 0.00237 5.8%%*

Notes: Estimated coefficients for the categorical fixed effects of lianas and crown position are relative to trees without lianas and
trees whose crowns are entirely overtopped by taller trees (receive lateral light or sunflecks only), respectively. Crown position had
only insignificant effects on survival and reproduction, which are not shown. Random effects are presented in the Appendix.

* P <0.05; % P < 0.01; *** P <0.001.
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Fic. 4. The production of (A) flowers and (B and C) seeds
plus fruit by lianas (solid line, solid circles) and trees (dotted
line, open circles). The measure of production is (A) flower
records, (B) fruit records, and (C) the total number of seeds
plus fruit captured. Records refer to the summed number of
species-specific presences or unique species-trap-census combi-
nations. Levels of production are unrelated to year (all Pearson
correlation coefficients are <0.5 and all P values are larger than
0.15). Data are from 611 weekly censuses of 336 0.5-m> traps.

=0.739, P < 0.01 for fruit records and seeds plus fruit,
respectively).

Seed dispersal modes

We evaluated fruit and diaspore morphology to
determine dispersal mode for 104 liana and 261 tree
species. Zoochory characterized 81.2% and 70.2% of the
tree and liana species, respectively. Anemochory char-
acterized 13.0% and 27.9% of the tree and liana species,
respectively. The remaining species were ballistically or
gravity dispersed. We evaluated 23 Dipterocarp species,
21 were anemochorous, and two were gravity dispersed.

DiscussioN

Trees from the family Dipterocarpaceae have signif-
icantly lower levels of liana infestation than do non-
Dipterocarps at Pasoh, Malaysia (Fig. 1A) and at
Danum Valley, Sabah, Malaysia (Campbell and New-
bery 1993). Campbell and Newbery (1993) hypothesize
that Dipterocarps escape lianas because they shed lower
branches (and presumably lianas) ontogenetically as
they shift from monopodial growth as juveniles to
sympodial growth as adults (Hallé and Ng 1981) and
because adults have tall branch-free boles lacking
trellises to support climbing lianas. We cannot evaluate
the first component of this hypothesis because our data
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concern adult trees >30 cm DBH. The results of our
analysis of interactions among liana load, crown
position, and plant family are consistent with the second
component of the hypothesis for adult trees. The first
branches of canopy emergents are above the crowns of
neighboring canopy trees. Thus, all canopy emergents
have relatively long, branch-free boles. At Pasoh,
emergents have lower liana loads than do canopy trees
(Fig. 1C), most emergents are Dipterocarps (Fig. 1B)
and, as a consequence, liana loads are less severe for
Dipterocarps (Fig. 1A). The insignificant three-way
interaction among liana loads, canopy position, and
plant family suggests that Dipterocarps enjoy no further
advantage in the interaction with lianas beyond escape
as canopy emergents.

Lianas reduced growth, survival, and reproduction of
their host trees at Pasoh (Fig. 2). Similar negative effects
on host trees have been observed elsewhere (e.g., Clark
and Clark 1990, Schnitzer et al. 2005, Wright et al.
2005). The reduction in host survival is strikingly similar
at Pasoh and at Barro Colorado Island, Panama. At
both sites, mortality rates are similar for trees with
<75% of their foliage affected by lianas and much
greater for trees with more extreme levels of liana
infestation (Fig. 2B; Ingwell et al. 2010). Adult survival
has a large effect on population fitness in long-lived
forest trees (Franco and Silvertown 2004). More rapid
growth, increased reproduction, and, in particular,
greater adult survival associated with low adult liana
loads could contribute to the dominance of many
Southeast Asian forests by Dipterocarps if the low liana
loads observed among the emergent Dipterocarps of

1.0+

Proportion composed of lianas

0.0
T T T T T T
2002 2004 2006 2008 2010 2012
Year
Fic. 5. The proportion of reproductive production com-

posed of lianas. The solid line and circles represent flower
production quantified by flower records, where a record refers
to each unique species-trap-week combination (r = 0.090, P =
0.792). The dashed line and solid circles represent fruit
production quantified by fruit records (r = 0.702, P < 0.05).
The dotted line and open circles represent fruit production
quantified by the total number of seeds plus fruit captured (r =
0.739, P < 0.01). Data are from 611 weekly censuses of 336 0.5-
m? traps.
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Pasoh (Fig. 1A) and Danum Valley (Campbell and
Newbery 1993) are representative of Dipterocarps
elsewhere.

Temporal change in the importance of lianas

Apparent results differed among our three measures
of temporal change in lianas. Liana loads declined
significantly between 2002 and 2014 (Fig. 3). The
proportional contribution of lianas to flower production
was virtually constant between 2002 and 2013 (Fig. 5),
and the proportional contribution of lianas to fruit
production increased significantly between 2002 and
2013 (Fig. 5).

We believe these contradictory results are readily
reconciled. For liana loads, the significant decline was
quantitatively small and was limited to trees with light
liana loads (Fig. 3). The decline is significant only
because sample sizes and statistical power are enormous
(3471 and 3323 trees assessed in 2002 and 2014,
respectively, including 2457 trees assessed in both years).
For the proportional contribution of lianas to fruit
production, the significant increase occurred amidst
large interannual variation in fruit production by both
lianas and trees (Fig. 4B, C). As a consequence, the
proportional contribution of lianas to fruit production
varied widely among years (Fig. 5). Many Pasoh species
flower more frequently than they fruit (Chen 2007). For
this reason, flower production is relatively stable (Fig.
4A), and we believe the proportional contribution of
lianas to flower production is a better indicator of
temporal trends. We conclude that lianas are relatively
stable at Pasoh because liana loads and the proportional
contribution of lianas to flower production changed
little between 2002 and 2014 (Figs. 3 and 5).

Lianas are increasing regionally in the western
Amazon (Phillips et al. 2002) and at five intensively
studied Neotropical forests (Table 1). Outside the
Neotropics, lianas might be increasing at one site in
South Carolina, USA (Allen et al. 2007; see our footnote
to Table 1), are relatively stable in Wisconsin, USA
(Londré and Schnitzer 2006) and in one Southeast Asian
forest (this study), and are decreasing in three African
forests (Caballée and Martin 2001, Bongers and Ewango
2015, Thomas et al. 2015). Increasing liana importance
appears to be a regional phenomenon restricted to the
Neotropics.

Five mechanisms have been hypothesized to favor
lianas in old-growth forests subjected to anthropogenic
forcing, as reviewed by Schnitzer and Bongers (2011)
and Schnitzer (2015). It might be possible to distinguish
among these hypotheses if lianas are indeed only
increasing regionally in the Neotropics. The five
mechanisms involve more positive responses among
lianas than among trees to rising tree turnover rates
(Phillips et al. 2002), rising atmospheric CO, concentra-
tions (Phillips et al. 2002), rising nitrogen deposition
(Schnitzer 2015), declining precipitation (Swaine and
Grace 2007), and frugivore removal by hunters (Wright
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et al. 2007). Temporal change in tree turnover rates has
only been evaluated in the Neotropics so will not be
considered further. Atmospheric CO, concentrations
and nitrogen deposition are increasing globally so
cannot explain a regional phenomenon restricted to
the Neotropics. In addition, some of the smallest
regional increases in nitrogen deposition co-occur with
strong increases in lianas in the western Amazon
(Phillips et al. 2002, Hietz et al. 2011). Directional
temporal changes in precipitation vary regionally.
Precipitation is declining in central Africa (Zhou et al.
2014), but lianas are declining (not increasing) for one
forest located within (Bongers and Ewango 2015) and
two forests located just to the west of the region
evaluated by Zhou et al. (Caballe and Martin 2001,
Thomas et al. 2015). In addition, temporal changes in
precipitation vary across the Neotropics (Malhi and
Wright 2004) and, thus, cannot explain a regional
phenomenon restricted to the Neotropics.

The final mechanism hypothesizes a causal link
among lianas, frugivores, and hunters mediated by seed
dispersal mode (Wright et al. 2007). The dispersal of
zoochorous seeds suffers where hunters reduce frugivore
abundances (Markl et al. 2012). Zoochory characterizes
70-90% of tree species throughout the tropics (Gentry
1982, Willson et al. 1989). Seed dispersal modes are
more variable among regions for lianas (Gentry 1991,
Gallagher and Leishman 2012). Zoochory characterizes
37% of liana species in Neotropical moist forests
(Gentry 1982, Muller-Landau and Hardesty 2005);
60% of climbing genera in the Temperate Zone (Ladwig
and Meiners 2015); 68% of the 20 most abundant lianas
at Korup, Cameroon (dispersal mode was unknown for
one species); 70.2% of the liana species at Pasoh (this
study); 72% of the liana species of West African forests
(Bongers et al. 2005); and 74% and 79.2% of the liana
species in two central African forests (Ewango 2010,
Beaune et al. 2013). In the Neotropics, the percentage of
species with zoochorous seeds varies with seasonality
and soil fertility, but is always substantially greater for
trees than for lianas (Gentry 1982, 1991). Hunters are
reducing frugivore populations throughout the Tropics
(Corlett 2007, Peres and Palacios 2007, Fa and Brown
2009). Frugivore removal might favor lianas strongly in
the Neotropics, because most Neotropical liana species
have wind-dispersed seeds. Frugivore removal might not
have this effect in the Asian and African tropics where
more similar proportions of trees and lianas have
zoochorous seeds.

Site-specific mechanisms must also affect the relative
importance of lianas. Consider two examples. Logging,
forest fragmentation, and forest edges all favor lianas
(reviewed by Schnitzer and Bongers 2002). Remaining
old-growth forests will receive increased liana seed input
as logging, fragmentation, and edges alter local land-
scapes. Animals will also have site-specific effects on
lianas in addition to effects mediated by seed dispersal.
At Pasoh, the native wild boar (Sus scrofa) is hyper
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abundant and selects tree saplings to build nests (Ickes et
al. 2005), which should favor lianas. In southern
Mesoamerica, the abundances of lianas and the native
collared peccary (Tayassu tejaca) are inversely related,
although the mechanism is unclear (Michel et al., in
press). Some combination of local, regional, and global
anthropogenic drivers affects every tropical forest today
(Wright 2010). For this reason, the mechanism(s)
responsible for directional changes in forest composi-
tion, structure, and dynamics will be very difficult to
identify particularly when the evidence for change is
limited to 15 studies with diverse results (Table 1).
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