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Tropical forests store vast quantities of carbon, account for onethird of the carbon fixed by photosynthesis, and are a major sink in
the global carbon cycle. Recent evidence suggests that competition
between lianas (woody vines) and trees may reduce forest-wide
carbon uptake; however, estimates of the impact of lianas on
carbon dynamics of tropical forests are crucially lacking. Here we
used a large-scale liana removal experiment and found that, at 3 y
after liana removal, lianas reduced net above-ground carbon uptake
(growth and recruitment minus mortality) by ∼76% per year, mostly
by reducing tree growth. The loss of carbon uptake due to lianainduced mortality was four times greater in the control plots in
which lianas were present, but high variation among plots prevented a significant difference among the treatments. Lianas altered how aboveground carbon was stored. In forests where
lianas were present, the partitioning of forest aboveground
net primary production was dominated by leaves (53.2%, compared with 39.2% in liana-free forests) at the expense of woody
stems (from 28.9%, compared with 43.9%), resulting in a more
rapid return of fixed carbon to the atmosphere. After 3 y of
experimental liana removal, our results clearly demonstrate
large differences in carbon cycling between forests with and
without lianas. Combined with the recently reported increases
in liana abundance, these results indicate that lianas are an important and increasing agent of change in the carbon dynamics
of tropical forests.
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ianas (woody vines) are a key component of lowland tropical
forests, commonly contributing more than 25% of the woody
stems and species and competing intensely with trees. By relying
on the structural investment of trees for support, lianas are able to
allocate a higher proportion of biomass than trees into the production of foliage rather than carbon-dense stems (1). Thus, lianas
themselves contribute relatively little to forest-level biomass (1, 2).
The ecological effects of lianas may be more extensive than their
relatively modest contribution to biomass suggests, however.
Liana–tree competition can be far more intense than tree–tree
competition (3), substantially reducing tree growth (2, 4), fecundity (5, 6), and survival (4, 7). Furthermore, lianas may constrain
net above-ground forest primary productivity, i.e., the total amount
of carbon fixed into both canopy material (leaves, flowers, fruits,
and seeds) and woody stems (8), by failing to compensate for the
biomass that they displace in trees (1, 2).
Recent evidence indicates that lianas are now increasing in
abundance and biomass in tropical forests, possibly being driven by a
combination of increased atmospheric CO2 concentration, changing
climatic conditions, and seasonal droughts, as well as increased
natural and anthropogenic disturbances (9, 10). The increase in lianas, combined with the observations that lianas can reduce individual tree growth by up to 84% (11) and increase tree mortality risk
twofold to threefold (4, 7), has made it pertinent to investigate the
effect of lianas on forest-level biomass dynamics to better predict the
effect of increasing liana abundance on tropical forests.
www.pnas.org/cgi/doi/10.1073/pnas.1504869112

To date, only a few studies have attempted to assess the
impact of lianas on tropical forest biomass dynamics (1, 2, 11,
12). These studies indicated that the presence of lianas can
reduce stand-level biomass growth by ∼10% (11) and net
forest biomass accumulation by up to 18% (2), and that forest
carbon stocks decrease with increasing liana abundance (12);
however, these studies focused primarily on tree growth alone
(11), were restricted to forest treefall gaps (2), or were purely
observational (1, 12). Thus, the impacts of lianas on forestlevel carbon dynamics remain poorly understood. Nonetheless, these initial studies indicate that increasing liana abundance may alter the carbon balance and cycle of tropical
forests by reducing forest-level carbon storage and sequestration. Tropical forests store and sequester vast amounts of
carbon and currently contribute ∼40% of the terrestrial carbon sink (13–15); therefore, the increase in liana abundance
and biomass may have profound implications for the future of
tropical forest carbon balance (1, 2, 11, 12) and hence for
global climate change.
Here we present results from a large-scale liana removal experiment conducted in the Barro Colorado Nature Monument
(BCNM) in the Republic of Panama. The aim of this study was
to simulate a forest that is essentially liana-free to assess the
forest-level impacts of lianas on aboveground net primary productivity and carbon balance compared with unmanipulated
control plots in which lianas were present. The experimental
design consisted of sixteen 80 × 80 m (0.64 ha) plots located
within the ∼60-y-old secondary forest area of Gigante Peninsula
of the BCNM. In eight plots, we cut all lianas at the base, leaving
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Results and Discussion
Lianas reduced median forest-level net biomass accumulation by
76% (95% bootstrap CI, 55.1–93.8%), which is equivalent to
2.43 Mg C ha−1 y−1 (95% bootstrap CI, 0.55–4.68). By year 3 of the
experiment, forests with lianas accumulated 0.41 Mg C ha−1 y−1
(95% bootstrap CI, −1.71 to 2.16), whereas the liana-free plots
accrued 2.93 Mg C ha−1 y−1 (95% bootstrap CI, 2.14–3.34) (Fig. 1A
and SI Appendix 1). The reduction in carbon in the presence of
lianas was attributable primarily to both lower tree biomass growth
(Fig. 1B) and increased tree mortality (Fig. 1D), which explained
48.0% (95% bootstrap CI, 13.8–205.8%) and 41.7% (95% bootstrap CI, −145.8 to 80.7%), respectively (SI Appendix 1). The loss
of biomass from mortality in the liana-free forests was lowest in
year 3, when it was 75% lower than in control plots; however, due
to the large variation in mortality among plots, differences among
treatments were not significant. Nonetheless, over a longer time
period, we would more completely capture the liana-induced effects on tree mortality. Tree recruitment explained an additional
10.3% (95% bootstrap CI, 0.2–52.9%) of the liana-induced reduction in net carbon uptake (Fig. 1C).
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the remaining eight plots as unmanipulated controls. In each
plot, we collected litterfall monthly and measured the diameters
of all trees ≥10 cm in diameter and lianas ≥ 5 cm (in the control
plots) biannually for 3 y in the central 60 × 60 m area. We applied allometric equations to convert tree and liana diameters to
woody biomass and carbon (16–18). Net biomass change for each
year of the experiment was defined as the difference between the
standing woody biomass at the end of the year and the beginning
of the year. We derived aboveground biomass (AGB) increment
based on growth (i.e., growth of surviving trees and/or lianas)
and recruitment (i.e., lianas and/or trees that reached a diameter
of ≥5 cm and ≥10 cm, respectively), as well as AGB loss based on
mortality (i.e., lianas and/or trees that died) for each year of the
experiment. Aboveground woody stem productivity was defined
as the sum of growth and recruitment of trees and/or lianas, and
canopy productivity was defined as the total amount of litterfall
in each year of the experiment. All biomass measures are
reported in units of carbon (Mg C ha−1 or Mg C ha−1 y−1), with
the 95% bootstrap confidence interval (CI) as the uncertainty
measure (Materials and Methods).
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Fig. 1. Bar plots denoting median and 95% bootstrap CI of net change in biomass (A), biomass growth (B), biomass recruitment (C), and biomass mortality
(D) of trees plus lianas (Mg C ha−1 y−1) in the control plots (n = 8, white bars) and trees only in the removal plots (n = 8, dark- gray bars) for each of the 3 y of
the experiment. *0.10 > P > 0.05; **P ≤ 0.05.
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Fig. 2. Bar plots denoting median and 95% bootstrap CI of canopy (excluding twigs; Materials and Methods), stem, and total aboveground productivity (Mg ha−1 y−1)
of the control plots (n = 8, white bars) and removal plots (n = 8, dark bars) for each of the 3 y of the experiment. *0.10 > P > 0.05; **P ≤ 0.05.
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productivity from 43.8% (95% bootstrap CI, 40.4–47.6%) to
28.9% (95% bootstrap CI, 23.2–34.1%), the presence of lianas
shifts the relative carbon investment of forests from the production of plant materials with a long carbon residence time (i.e.,
decades for wood) (19) to the production of plant materials with
much shorter carbon residence times (i.e., <1 y for leaves) (20).
Therefore, lianas both reduce the total amount of carbon fixed in
tropical forests and shift the carbon that is fixed into aboveground plant material with a shorter life span, resulting in a more
rapid release of carbon back to the atmosphere.
We extrapolated our findings to investigate the potential effects of lianas on the long-term carbon storage capacity of
tropical forests. We simulated the change in biomass stocks over
the next 50 y for both liana-free forests and control forests with
lianas present using a simple exponential model that constrained
biomass stocks for the control plots based on the known values of
100-y-old and old-growth forests on nearby Barro Colorado
Island, Panama (21). We used the measured net biomass accumulation from year 3 of our experiment as the initial net biomass
accumulation rate for both treatments (SI Appendix 3). The
simulation showed that lianas have the capacity to reduce the
long-term biomass carbon storage capacity in these forests by
∼51.3 Mg C ha−1, which is equivalent to an ∼35% liana-induced
reduction in long-term biomass carbon storage. Potential lianainduced shifts in tree species composition and increasing liana
biomass over time are not included in this simulation.
Long-term biomass carbon storage may be further reduced if
increasing liana biomass intensifies liana-tree competition and/or
increases the proportion of trees that are competing with lianas.
Likewise, a potential liana-driven shift in tree species composition
also may alter long-term biomass carbon storage if the presence of
lianas leads to an increase in fast-growing trees with low wood
densities, as is predicted (11, 22). Nevertheless, our simulation

8

Because biomass dynamics of lianas are included in the wholeforest estimates, our findings corroborate earlier research indicating that lianas themselves do not compensate for the loss in
tree biomass that they cause (1, 2, 11). Per unit of biomass, lianas
have a much stronger competitive effect on trees compared with
other trees (3), and our findings appear to represent the unique
effect of lianas on forest carbon dynamics and not merely the
effect of biomass removal. This point is confirmed by our inclusion
of lianas in the biomass calculations in the control plots. Biomass
accumulation of trees growing without lianas was 76.0% (95%
bootstrap CI, 55.1–93.8%) greater than the sum of biomass accumulation of lianas and trees in the control plots. The overall
impact of lianas on the carbon balance of these forests is considerably greater than that suggested in previous studies (1, 2, 11),
which may be due to our comprehensive experimental approach
rather than an observational one (11), and our focus on forestlevel carbon dynamics rather than on treefall gaps alone (2).
Lianas substantially augmented forest-level leaf productivity
and changed the relative amounts of carbon stored in leaves and
wood. Forests canopy productivity decreased by 14.0% (95%
bootstrap CI, 5.8–22.8%) when lianas were removed (Fig. 2A),
primarily due to the decrease in leaf productivity (SI Appendix 2).
The difference in leaf productivity between the removal and
control plots remained relatively constant over time (∼10–15%
difference), indicating that the lower leaf productivity was not
the result of tree canopies still recovering from previous liana
infestation. Conversely, forest-level woody stem productivity increased by 64.5% (95% bootstrap CI, 18.4–120.6%) after liana
removal (Fig. 2B), more than completely offsetting the lower
canopy productivity (Fig. 2C). Thus, by increasing the contribution of leaf productivity to aboveground net primary productivity
from 39.2% (95% bootstrap CI, 34.6–44.2%) to 53.2% (95%
bootstrap CI, 46.8–61.1%) and reducing that of woody stem

provides an initial conservative estimate of the potential long-term
effect of lianas on forest-level carbon stocks. Long-term experimental data are needed to validate these predictions.
In summary, using an experimental approach, we have shown
that lianas greatly reduce net carbon uptake and storage in this
forest by reducing tree growth and recruitment, increasing tree
mortality, and shifting forest-level carbon allocation to leaves
rather than woody tissue. In the presence of lianas, these forests
act as carbon sinks, but, based on our results, they reach only
∼24% of their carbon sink potential compared with liana-free
forests. Longer-term data are needed to assess whether this initial
difference in carbon sink potential persists over time. Notwithstanding, our results indicate that, due to their unique attributes,
lianas have the potential to severely reduce both the carbon sink
potential and the long-term carbon storage capacity of tropical
forests. Whereas the strength of the liana effect will vary with the
density and biomass of lianas, the increases in liana density, biomass, and productivity reported in many neotropical forests (9, 10,
23) may be partially responsible for the long-term decline in the
Amazonian carbon sink (24), which in turn contributes to increasing atmospheric CO2 levels and accelerated climate change.
Materials and Methods
Site Description and Treatment Design. The liana removal experiment was
carried out at Gigante Peninsula in Panama, which is located on the mainland
within the BCNM and adjacent to Barro Colorado Island. Gigante Peninsula is
covered by a mix of early and late secondary seasonally moist lowland forest.
Annual rainfall is 2,600 mm, with a distinct 4-mo dry season from December to
April during which rainfall rarely exceeds 100 mm/mo (25).
In 2008, sixteen 80 × 80 m (0.64 ha) plots were located in floristically and
structurally similar areas within the ∼60-y-old forest area of Gigante Peninsula. In the central 60 × 60 m area in each plot, all lianas and trees ≥1 cm
were measured in 2008 and then a second time in 2011, immediately before
liana removal. Aboveground tree carbon stocks in these 16 plots averaged
75.1 Mg C ha−1, which is representative of other ∼60-y-old forests in the
neotropics (26, 27). The forests in Gigante contained only 36.4–81.2% of the
carbon measured in old-growth forests in Amazonia (13). Almost all (86%)
trees ≥10 cm diameter at breast height (DBH; diameter at 1.3 m above the
forest floor or above buttresses) in the plots carried lianas in the crown,
exceeding the liana infestation rate of 73.6% in old-growth forests on Barro
Colorado Island (4) and 52.6% in old-growth forests in Tambopata, Peru (28),
but similar to that in the seasonally deciduous old-growth forests of Bolivia
(29). Plots similar in liana biomass and tree structure were paired for the
purpose of randomly assigning treatments (either liana removal or unmanipulated control). Before liana removal, the control and removal plots
were statistically indistinguishable in terms of liana biomass and liana infestation rate (SI Appendix 4).
In March 2011, all lianas were removed from eight of the plots, leaving
eight unmanipulated control plots. Lianas were cut near the forest floor using
machetes and were not removed from the trees to avoid damaging tree
crowns. Liana debris was left in the plots to decompose. The removal plots
were kept liana-free by cutting all resprouting lianas monthly for the first
2 mo and bimonthly for the next 6 mo, after which lianas were not resprouting
vigorously, and plots were subsequently monitored and resprouting liana stems
cut every 3–4 mo. Control plots were visited at the same frequency and intensity as the liana removal plots, to avoid a visitation effect (30, 31).
Biomass Growth, Recruitment, and Mortality and Stem Productivity. For all
dicotyledonous trees ≥10 cm DBH in both the removal and the control plots, we
installed dendrometer bands above 10 cm DBH (or above deformations when
necessary) at 4 mo before liana removal. Diameter increment was monitored
twice yearly at the beginning of the wet and dry seasons using electronic calipers. Tree stem diameter and diameter growth in subsequent censuses were
calculated based on these measurements while correcting for stem curvature.
The tree diameter measurements were converted to AGB for each census
using a regression equation appropriate for tropical moist forests (16). Tree
height was inferred from diameter using a height–diameter Weibull equation based on data collected at Gigante Peninsula (SI Appendix 5). Locally
measured wood density values were available for the majority of tree species occurring in our plots (32). Wood density values were assigned to each
stem using this database (98% of stems), or using the Global Wood Density
Database (33, 34), following the method of Lewis et al. (35) when species-
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specific wood density data were not available. Only 0.3% of the stems were
not represented in either database; for those exceptional species, a sitebased average wood density of 0.62 g m−3 was used. The diameters of all
lianas ≥5 cm in the control plots were measured at the beginning of the wet
and dry seasons using appropriate liana census techniques (36, 37). Diameter
data were converted into AGB using a liana-specific allometric (17).
We computed woody biomass change of a given plot per year as the
difference between total AGB (both lianas and trees) at the end of the year
and that at the beginning of the year. We calculated woody biomass growth
as the difference in AGB between the years for stems that were alive both at
the beginning and the end of the year. We calculated woody biomass recruitment for each year by summing the biomass of the new stems that
reached the diameter thresholds (10 cm for trees and 5 cm for lianas) by the
end of the year. We calculated woody biomass mortality for each year by
summing the biomass of all dead stems of the year before mortality occurred.
Total woody stem productivity was calculated as the sum of biomass growth
and biomass recruitment. Due to the short census periods (∼4 mo for the dry
season and ∼8 mo for the wet season), we assumed that we measured all
recruitment and mortality events, and thus did not correct our stem productivity estimates for lianas or trees that might have recruited and subsequently died unobserved within a census period (38). To convert biomass
estimates from Mg dry mass to Mg C, we used species-specific wood carbon
fraction values for 27% of the tree stems, and an average wood carbon
fraction of 47.35% for the remainder of the trees and for the lianas (18).
Our main goal was to test for differences in aboveground net primary
productivity, woody biomass growth, recruitment, and mortality between
the two treatments, not to precisely quantify these processes at the forest
level, we therefore did not include palms in any of calculations for two
reasons. First, mature palms tend to grow apically rather than in diameter
(39), precluding growth estimation based on changes in diameter and height
measurements were not available. Second, palms tend to have less liana infestation than trees (28), and thus are expected to show less response to liana
removal. Palm biomass was similar in the control and removal plots (0.87 ±
0.20 Mg C ha−1 and 0.76 ± 0.10 Mg C ha−1, respectively), as estimated by the
family-level allometric equation using diameter at breast height only (40), and
thus it is unlikely that the exclusion of palms affected our overall results.
Canopy Productivity. In each plot, we deployed five 0.75 m × 0.75 m litterfall
traps with 1-mm mesh 0.75–1 m above the ground. Litter traps were spaced at
least 5 m apart and were arranged in a pattern consistent among plots. Litterfall was collected monthly starting in the second month after liana cutting,
thus excluding the initial pulse of dead leaves from the liana cutting. Leaves
were dried at ∼65 °C, sorted into different components in an air-conditioned
laboratory, and then weighed. The fractions included leaves plus petioles,
flowers, fruits plus seeds, twigs (<5 cm diameter), and unidentified fine debris.
In the control plots, we combined tree and liana litter to account for canopylevel productivity in a manner similar to the liana removal plots.
To convert litter biomass into carbon estimates, we assumed a litterfall
carbon fraction of 47.1%, which was based on ∼1,000 leaf samples from
across the Amazon (41). We did not attempt to correct the litterfall measurements for losses due to herbivory, branch falls, and biogenic organic
compounds, and we did not account for palm litter. For both treatments, we
assumed that the flux of carbon into canopy productivity equalled the flux
of carbon out of it; i.e., the amount of aboveground net primary productivity allocated annually to the canopy should be equal to the litterfall.
However, as a result of the liana cutting itself, litterfall in the liana removal
plots was initially higher, owing to increased litter of dead liana twigs
(SI Appendix 2), which violated the aforementioned assumption for the first
1.5 y of the experiment. Nonetheless, twig litterfall in the liana removal
plots decreased to levels similar to that in the control plots ∼1.5 y after liana
cutting, and thus including twig litterfall in total canopy productivity estimates in year 3 did not change the patterns found (SI Appendix 2). To facilitate comparisons between all years of the experiment, we present
estimates of canopy productivity excluding the twig component for both the
liana removal plots and the control plots.
Statistical Analysis. We quantified the differences in aboveground net primary productivity and biomass dynamics between liana-free forests (removal)
and those in which lianas were present (control). We accounted for the
uncertainty in the diameter, dendrometer, and litterfall measurements in
obtaining the different biomass metrics (i.e., growth, mortality, recruitment,
net change, and aboveground net primary production) by calculating
bootstrapped CIs using a Monte Carlo bootstrap approach (42, 43). The initial
diameter of each tree and the diameter of lianas in each census in each plot
were varied at random using a normal distribution with a SE of 5% (42). In
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All biomass and productivity estimates were converted into Mg C ha−1 y−1.
All analyses were carried out in R 3.1.2 (45). The diameter and biomass
data for all liana and tree stems and the litterfall measurements are
available in the Dryad Data Repository (dx.doi.org/10.5061/dryad.83gt9).
The R-scripts used to calculate the median biomass variables and mean
stem, canopy, and total net primary productivity for each treatment are
provided in SI Appendix 6.

subsequent censuses, tree diameters were calculated by adding a randomly
selected value of dendrometer growth from a normal distribution with an SE
of 3% (44) to the initial tree diameter. The resulting diameters for each
census were then used to calculate tree height and subsequently biomass for
each tree and each plot. We used a similar method for canopy productivity
estimates, but with productivity values for each litterfall category for each
plot and each census drawn at random from a normal distribution using the
mean and standard variation based on the data from the five litterfall traps.
We used this approach to calculate 1,000 realizations of the biomass metrics
for all 16 plots, and then used an additional bootstrap approach using 1,000
iterations to calculate the mean of the biomass metrics per treatment and per
census and the difference in means between the treatments for the relevant
biomass metric for each of those realizations. This resulted in 1,000,000 iterations of the mean for each metric for each treatment, which were then used
to calculate the median, upper, and lower boundaries of the 95% CI as the
50th, 97.5th, and 2.5th percentiles, respectively. Differences in biomass or
productivity estimates between the removal and control treatments were
considered significant when the CI of the difference did not include zero.

