Ecology, 85(2), 2004, pp. 484—489
© 2004 by the Ecological Society of America

ARE LIANAS INCREASING IN IMPORTANCE IN TROPICAL FORESTS?
A 17-YEAR RECORD FROM PANAMA
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Abstract.

The relative importance of large lianas (woody vines) increased by 100%

for stem enumerations conducted during the 1980s and 1990s in widely scattered Neo-
tropical forests. We use three independent types of data to evaluate the hypothesis that
lianas have increased in importancein old growth forests on Barro Colorado Island, Panama.
Lianaleaf litter production and the proportion of forest-wide leaf litter composed of lianas
increased between 1986 and 2002. In contrast, liana seed production and liana seedling
densities were much more variable through time with particularly high levels during and
immediately after El Nifio years. Longer time series will be required to detect shiftsin life-
form composition for highly dynamic seed and seedling communities. The Barro Colorado
Island leaf production data are, however, consistent with the hypothesis that lianas are
increasing in importance in Neotropical forests.
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INTRODUCTION

The “‘changing dynamics of tropical forests” hy-
pothesis attributes recent increases in turnover rates of
trees and the basal area of trees and lianas to rising
concentrations of atmospheric CO, (Phillips and Gen-
try 1994, Phillips et al. 1998, 2002b). The evidence for
changing dynamics comes from enumerations of all
woody stems in forest plots scattered widely across the
Neotropics. This evidence has been controversial be-
cause several biases inherent to plot enumerations may
alter apparent turnover rates and basal area estimates
(reviewed by Phillips et al. 2002a). Due to its central
importance and the ensuing controversy, independent
tests of the ‘“changing dynamics of tropical forests”
hypothesis are to be expected. Surprisingly, the only
independent tests have been eddy flux studies of net
carbon sequestration and atmospheric inversion stud-
ies, both of which have proven to be equally contro-
versial (Malhi and Grace 2000). Here, we use three
independent types of data to evaluate the hypothesis
that lianas are increasing in importance on Barro Col-
orado Island (BCl), Panama.

Lianas are large woody vinesthat reach their greatest
diversity and biomassin tropical forests (Gentry 1991).
The basal area of lianas larger than 10 cm in diameter
at breast height (dbh) increased by 4.58% per year dur-
ing the 1980s and 1990sin forest plots scattered widely
across the Neotropics (Phillips et al. 2002b). Several
biases influence plot-based estimates of tree turnover
rates and basal area and may inflate the apparent im-
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portance of lianas. Tree death, tree fall gaps, and forest
edges all favor lianas (Putz 1984, Laurance et al. 2001,
Schnitzer and Carson 2001). If plots were initially
placed in majestic stands of large trees, future tree mor-
tality rates would be biased upwards (Sheil 1996) fa-
voring tree-fall gaps and lianas. Likewise, plots ini-
tially located deep inside forests may subsequently be
overtaken by forest fragmentation and edge effects that
favor lianas (Laurance et al. 2001). Tagging, climbing,
and collecting herbarium samples from trees and com-
pacting soil may also increase tree mortality favoring
lianas. These potential biases associated with plot
methods would tend to increase the apparent impor-
tance of liana basal area with time.

Phillips et al. (2002a) offered counterarguments to
each of these potential biases. Rather than rehash this
controversy, we ask whether lianas have increased in
importance for three completely independent types of
data. We have monitored species-level leaf litter pro-
duction, seed production, and seedling density on BCI
since 1986, 1987, and 1994, respectively. Phillips et
al. (2002b) reported that the importance of liana basal
area doubled relative to trees with the increase occur-
ring aimost entirely after 1986 in Amazonia (see their
Figs. 2 and 3). We ask whether liana leaf, seed, and
seedling production show similar strong increases for
the same years in a Central American forest.

Stubpy SITE AND METHODS
Sudy site

Barro Colorado Island (9°9’ N, 79°51" W; BCI) sup-
ports old growth and secondary tropical moist forests.
The old growth is now known to have escaped clearing
for agriculture for at least 1500 years and to have a
minimum age of 500 years with negligible human dis-

484



February 2004

turbance (Piperno 1990). This study took place entirely
in old growth. Annual rainfall averages 2600 mm, and
a four-month dry season begins in December. El Nifio
events bring low rainfall and sunny conditions, which
favor seed production (Wright et al. 1999, Graham et
al. 2003). Leigh (1999) further describes BCI.

Data sets

We monitored species-level leaf litter production,
seed production, and seedling density for 17, 15, and
9 years, respectively. Both community- and species-
level seed production and seedling recruitment are
highly variable among years on BCI, and this variation
is related to ElI Nifio events (Wright et al. 1999,
DeSteven and Wright 2002). This variation is likely to
mask temporal trends for seeds and seedlings. None-
theless, we present all three data sets to avoid selective
publication of positive results.

Leaf litter

From November 1985 through December 2002, |eaf
litter was collected each week from 59 0.25-m? litter
traps, oven dried to constant mass at 60°C, identified
to species, and weighed (Wright and Cornejo 1990).
We exclude partial data for 1985 and a sixtieth trap
that was destroyed in 1989 and never replaced. Traps
were randomly located in the central 1.44 ha of four
2.25-haplots with aminimum distance of 15 m between
traps. Two plots were irrigated for five dry seasons
between 1986 and 1990. Leaf litter production was un-
affected (Wright and Cornejo 1990, Cavelier et al.
1999). Leaf litter production (Mg-ha-t-yr—*) was esti-
mated as leaf dry mass summed over calendar years
and corrected for trap area. Species-level analyseswere
restricted to species with leaves captured in 10 or more
traps in at least one year to insure that multiple indi-
viduals contributed.

Seed production

Seeds and fruits were collected each week from Jan-
uary 1987 through September 2002 and identified to
species for 200 0.5-m? litter traps. Traps were |located
within a50-haplot at 13.5-mintervals along permanent
trails, randomly between 4 and 10 m from the trail, and
on alternating sides of the trail. The distance between
neighboring traps averaged 18.9 m (equal to the hy-
potenuse of a right triangle with sides of 13.5 m and
8-20 m). Seed production (seeds‘m-2yr-') was esti-
mated as the number of seeds captured plus the number
of fruits captured multiplied by a species-specific mean
number of seeds per fruit and corrected for trap area.
To standardize timing, seed production was associated
with the appropriate flowering event (seed dispersal
occurs from three weeks to 11 months after flowering)
and assigned to a meteorological year. Meteorological
years began on 1 December to accommodate rainfall
seasonality. Seeds associated with mean flowering
dates between 1 December in calendar year Z and 30

ARE LIANAS INCREASING IN THE TROPICS?

485

November in calendar year Z + 1 were assigned to
meteorological year Z + 1. Species-level analyseswere
restricted to species with seeds larger than the 1-mm
trap mesh, identifiable seeds, more than 75 seeds cap-
tured, and seeds and/or fruits captured in at least 10
traps in at least one year. The final criterion insured
that multiple individuals contributed seeds.

Seedling density

All woody seedlingslessthan 50 cm tall weretagged,
identified to species, and censused each year from 1994
through 2002 for 600 1-m? plots (Harms et al. 2000).
Seedling density (seedlings/m?) was estimated as the
total number of seedlings corrected for plot area. The
seedling plots were located 2 m from three sides of the
200 seed traps described above. The fourth side of each
seed trap faced the nearby trail. Censuses took place
between 1 January and 31 March. Virtually no seeds
germinate during these dry season months. Species-
level analyses were restricted to species with at least
50 seedlings.

Analyses

Temporal trends were first evaluated for life-forms
(lianas vs. all other life-forms pooled). Each response
variable (leaf litter production, seed production, and
seedling density) was summed over all liana species
and over all nonliana species. The proportional con-
tribution of lianas was estimated as the ratio of the
summed lianavalueto afinal sum taken over all species
regardless of life-form. Cross correlations with lag zero
were performed between year and the summed liana
value and between year and the proportional contri-
bution of lianas for each response variable. Six cross
correlations were performed, and the sequential Bon-
ferroni procedure was used to correct significance lev-
els. Significant, positive cross correlations comprise
evidencefor increasing lianas. The power of these cross
correlations to detect a positive, linear trend with con-
stant coefficient of variation was evaluated using
TRENDS 3.0, the conservative t distribution and two-
tailed tests at the 0.05 significance level (Gerrodette
1991).

The consistency of temporal trends was then eval-
uated for species-level data. The response variables
were leaf litter production (Mg-ha *-yr-1), seed pro-
duction (seedssm-2yr-1) and seedling density (seed-
lings/m?). Repeated-measures analyses of variance
(ANOVAS) treated species as subjects, year as the re-
peated measure, and life-form as the grouping factor
(lianas vs. al other life-forms). Response variables
were logarithmically transformed. Significant year X
life-form interactions are evidence that temporal trends
were consistent across species within life-forms.

A second repeated-measures ANOVA was per-
formed to evaluate spatial consistency across traps for
leaf litter production. Small sample size at the scale of
individual traps precluded similar analyses for seeds
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Fic. 1. The proportion of leaf litter dry mass contributed
by lianas (panel A), leaf litter dry mass summed over all liana
species (panel B, solid line), and leaf litter dry mass summed
over all other species (panel B, dashed line) between 1986
and 2002.

and seedlings. The response variable was the angular
or arcsine-square root transformation of the propor-
tional contribution of lianas. The repeated-measures
ANOVA treated traps as subjects and year as the re-
peated measure. There was no grouping factor. A sig-
nificant year effect is evidence for aspatially consistent
temporal trend.

Two-tailed statistical tests were used throughout. The
Huynh-Feldt procedure protected significance levels
against violations of the compound symmetry assump-
tion of repeated-measures ANOVA. Power analyses
were performed with TRENDS 3.0 (Gerrodette 1991
[available onling]).2 All other analyses were performed
with SYSTAT 10.0 (SPSS, Chicago, lllinois, USA,;
SPSS 2000).

REsuLTs
Power to detect temporal trends

The power to detect temporal trends depends on the
length of the record and its coefficient of variation
(Gerrodette 1991). Coefficients of variation (standard
deviation divided by mean) calculated for 15, 9, and
17 years were 0.327, 0.154, and 0.099 for community-
level (summed over all species) seed production, seed-

2URL: (http://swfsc.nmfs.noaa.gov/prd/software/Trends.
html)
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ling density, and leaf litter production, respectively.
The basal area of large lianas increased by 4.58% per
yr in Amazonian plots in the 1980s and 1990s (Phillips
et al. 2002b). The probability of detecting a similar
increase approached one for litter production but was
just 0.39 for seedling density and 0.35 for seed pro-
duction, which were characterized by shorter more var-
iable time series (Figs. 1, 2, and 3).

Leaf litter

The 59 traps collected 206 kg of dried leaf litter
representing 293 species between 1 January 1986 and
31 December 2002. All entire leaves were identified to
species; however, unidentifiable leaf fragments aver-
aged 4.1% of total leaf dry mass. This percentage
showed no temporal trend (r = 0.01 for cross corre-
lation with year). Unidentifiable leaf fragments were
excluded from further analysis.

The proportional contribution of lianas to total |eaf
litter increased from 10.9% in 1986 to 17.1% in 2002
(Fig. 1A; r = 0.88, Bonferroni-corrected P < 0.001).
Summed liana leaf dry mass also increased between
1986 and 2002 (Fig. 1B; r = 0.76, Bonferroni-corrected
P < 0.005).

Forty-one liana species and 63 other species fulfilled
the criteriato be included in species-level analyses (see
Methods: Leaf litter). In the repeated-measures AN-
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Fic. 2. The proportion of all seeds that were lianas (panel
A), the density of seeds summed over all liana species (panel
B, solid line), and the density of seeds summed over all other
species (panel B, dashed line) between 1987 and 2001. Only
seeds with a minimum dimension >1 mm were used in anal-
ySes.
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Fic. 3. The proportion of all seedlings that were lianas
(panel A), the density of seedlings summed over all liana
species (panel B, solid line), and the density of seedlings
summed over all other species (panel B, dashed line) between
1994 and 2002. Only seedlings =50 cm tall were used in
analyses.

OVA, the year X life-form interaction was significant
(Fis5. 1550 = 2.40, P < 0.05). The temporal trend ob-
served for life-forms (Fig. 1) was consistent across
species within life-forms.

Spatial consistency was evaluated in a trap-level
analysis of the proportional contribution of lianas to
leaf litter production. The year effect was significant
(F1s,870 = 6.70, P < 0.001), indicating that the temporal
trend was consistent across traps. Spatial consistency
was also evident from cross correlations performed be-
tween year and the proportional contribution of liana
leaf litter for each trap. These cross correlations were
positive for 43 of the 59 traps (binomial test, P <
0.001).

Seed production

The 200 traps captured 495497 seeds and 212040
mature fruit representing 488 species between 1 Jan-
uary 1987 and 26 September 2002. All entire seeds and
fruit were identified to genus, and >99% were iden-
tified to species.

The proportional contribution of lianas to seed pro-
duction varied by a factor of two among years but
lacked any temporal trend (Fig. 2A; r = 0.17, Bon-
ferroni-corrected P = 1.0). Summed liana seed pro-
duction varied by afactor of four among years and also
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lacked any temporal trend (Fig. 2B; r = —0.11, Bon-
ferroni-corrected P = 1.0). Summed seed production
was greatest in the 1992 El Nifio year for both lianas
and nonlianas and was also relatively large in the 1997
El Nifio year (Fig. 2B).

Fifty liana species and 69 other species fulfilled the
criteria to be included in species-level analyses (see
Methods: Seed production). Each seed is weighted
equally in Fig. 2B. When instead species are weighted
equally, enhanced seed production is clearly evident
for both lianas and other life-forms during the 1992
and 1997 El Nifio years (Wright et al. 1999, DeSteven
and Wright 2002; S. J. Wright and O. Calderbn, un-
published data). This El Nifio effect contributed to a
highly significant year effect (Fy, 106 = 5.02, P <
0.001) and to an insignificant interaction between year
and life-form (F, 1635 = 0.58, P = 0.86) in the repeated-
measures ANOVA.

Seedling density

The nine annual censuses included 34 724 individual
seedlings representing 370 species. The 652 seedlings
that died before being identified were excluded.

The proportional contribution of lianas to seedling
density varied by <30% among years and lacked a
consistent temporal trend (Fig. 3A; r = 0.20, Bonfer-
roni-corrected P = 1.0). Summed lianaseedling density
increased steadily from 1994 through 2001 then de-
clined sharply in 2002 (Fig. 3B; r = 0.65, Bonferroni-
corrected P = 0.34). Summed nonliana seedling den-
sity increased sharply in 1998 and 1999 (Fig. 3B).

Elevated seed production during the 1997 El Nifo
year caused the steep increase in nonliana seedling den-
sity in 1998 and 1999. Two species areillustrative. The
most abundant canopy tree on Barro Colorado Island
(BCI), Trichiliatuberculata, produced an extraordinary
seed crop during the 1997 EI Nifio year (DeSteven and
Wright 2002, Wright 2002). The seeds of T. tuberculata
germinate quickly, and the 3.8 seedling recruits per m?
of this one species comprised 23% of all seedlings in
the 1998 census (Wright 2002). The most abundant
subcanopy tree on BCIl, Faramea occidentalis, also
produced an extraordinary seed crop during the 1997
El Nifio year (S. J. Wright and O. Calderon, unpub-
lished data). The seeds of F. occidentalis lie dormant
during the dry season so that seedling recruits from the
1997 seed crop were first recorded in the 1999 census,
when the 4.5 recruits per m? of this one species com-
prised 26% of all seedlings. Largely because these two
species were not lianas, the proportional contribution
of lianas to seedling density fell in 1998 and 1999 (Fig.
3A). It was not possible to evaluate changes in seedling
density associated with elevated seed production dur-
ing the 1992 El Nifio year because seedling density
was not documented for 1992 and 1993.

Twenty-five liana species and 71 other species ful-
filled the criteria to be included in species-level anal-
yses (see Methods: Seedling Density). The pulse of
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seedlings associated with the 1997 El Nifio event con-
tributed to a significant effect of year (Fg 75, = 4.39, P
< 0.001) and an insignificant interaction between year
and life-form (Fg 75, = 1.18, P = 0.32) in the repeated-
measures ANOVA.

DiscussioN

Leaf litter production by lianas hasincreased steadily
on Barro Colorado Island (BCI) since 1986 (Fig. 1),
and the increase has been consistent spatially and
among species. The increase of perhaps 55% in the
proportional contribution of lianas to leaf litter pro-
duction on BCI (Fig. 1A) is less than the contempo-
raneous increase of ~100% in the proportional con-
tribution of large lianas to basal areafor sites scattered
widely across the Neotropics (Phillips et al. 2002b).
Lianas support substantially more leaves per unit basal
area than do trees (Putz 1983, Gerwing and Farias
2000). Unless the total leaf area in a forest actually
increases, this allometric difference between trees and
lianas should magnify the proportional contribution of
lianas to leaf litter production relative to their propor-
tional contribution to basal area. Still, the two reported
increases are of similar magnitude and are consistent
with the hypothesis that lianas are increasing in im-
portance in old growth tropical forests.

In contrast, seed production and seedling density
provided no evidence for increasing importance of li-
anas (Figs. 2 and 3). Elevated seed production during
El Nifio events contributed to high interannual variation
(Wright et al. 1999, DeSteven and Wright 2002). Sub-
sequent elevated seedling recruitment was buffered by
older, surviving seedlings, which contributed to inter-
mediate levels of interannual variation in overall seed-
ling density (Fig. 3). As we anticipated, the rapid dy-
namics and high interannual variation characteristic of
seedlings and especially seeds will make it difficult to
detect temporal trends in species composition for these
life-history stages. Intriguingly, the proportional con-
tribution of lianas was consistently greater for seedling
density than for seed and leaf litter production (com-
pare Figs. 1A, 2A, and 3A). We speculate that BCI may
record further increases in lianas in the near future.

We conclude that the spatially and interspecifically
consistent increase in the proportional contribution of
lianas to leaf litter production (Fig. 1A) reflects a real
increase in the importance of lianas in old growth for-
ests on BCI. This extends the observation that the bio-
mass of the largest lianasisincreasing across Amazonia
(Phillips et al. 2002b) by demonstrating that produc-
tivity integrated over lianas of all sizes is increasing
for a Central American forest. Similar data must be
examined for other forests to determine whether the
productivity of lianas is increasing elsewhere.

The implications of increases in the importance of
lianas are potentially profound (Schnitzer and Bongers
2002). Lianas cross between trees, and, when a tree
falls, connecting lianas may pull down neighbors (Putz

S. JOSEPH WRIGHT ET AL.

Ecology, Vol. 85, No. 2

1984). Thus, an increase in lianas may contribute to
recent increases in Neotropical tree mortality rates
(Phillips et al. 2002b). An increase in tree mortality
may, in turn, favor more lianas in a positive feedback
loop. Anincreasein lianas may also contribute to recent
observations of lianas delaying tree regeneration on
BCI (Schnitzer et al. 2000). Withinindividual canopies,
liana leaves displace host tree leaves on a one-to-one
mass basis (Kira and Ogawa 1971). Thus, an ecosys-
tem-level increase in leaf area presented by canopy
lianas would be expected to cause an ecosystem-level
decrease in |leaf area presented by other life-forms.

This decrease did not occur on BCI, where leaf litter
production by all life-forms other than lianas showed
no temporal trend (Fig. 1B). More surprisingly, the
basal area of both trees and large lianas increased in
Amazon plot enumerations, with the increases aver-
aging 0.34% per year and 4.58% per year for trees and
large lianas, respectively (Phillips et al. 1998, 2002b).
This presents a quandary. Total canopy leaf area must
increase if both trees and lianas increase. An increase
in canopy leaf area must reduce light levels in lower
strata. Light compensation occurs when photosynthesis
exactly balances respiration. Heavily shaded |eaves are
abscised and heavily shaded individuals die when light
availability falls below their respective light compen-
sation points. Assuming many understory plants persist
near their light compensation points, an increasein both
trees and lianas must be accompanied by a reduction
in understory leaf area (fewer herbs, shrubs, saplings
and seedlings) or by a reduction in the light compen-
sation points of understory leaves and plants. Shrubs
have declined steadily on BCI since 1980 (Condit et
al. 1996). This decline is often attributed to drought,
but increases in canopy leaf area might also contribute.
Rising concentrations of atmospheric CO, reduce light
compensation points in the very low light levels char-
acteristic of the BCI understory (Wurth et al. 1998,
Holtum and Winter 2001). Thus, both a reduction in
understory leaf areaand light compensation points may
be underway.

The “‘changing dynamics of tropical forests” hy-
pothesis attributes recent increases in tree turnover
rates, tree basal area, and lianasto rising concentrations
of atmospheric CO, (Phillips et al. 1998, 2002b). Trop-
ical canopy trees are energy limited (Graham et al.
2003). The effects of CO, fertilization on energy bud-
gets may, however, be offset by increasing nighttime
temperatures and temperature-dependent respiration
(Clark et al. 2003) and by reductionsin solar irradiance
penetrating the atmosphere, which have averaged 2.7%
per decade since the 1950s (Stanhill and Cohen 2001).
Diverse anthropogenic influences will interact with for-
est biotain complex ways. The only obvious prediction
is change. The evidence for such change in tropical
forests consists almost entirely of controversial stem
enumerations. The possible changing dynamics of trop-
ical forestsis of central importance, and the search for
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its signal in additional independent data sets should be
a high priority.
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