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Abstract. Lianas are more abundant in seasonal forests than in wetter forests and are
thought to perform better than trees when light is abundant and water is limited. We tested the
hypothesis that lianas perform better than trees during seasonal drought using a common gar-
den experiment with 12 taxonomically diverse species (six liana and six tree species) in 12 repli-
cated plots. We irrigated six of the plots during the dry season for four years, while the
remaining six control plots received only ambient rainfall. In year 5, we measured stem diame-
ters for all individuals and harvested above- and belowground biomass for a subset of individu-
als to quantify absolute growth and biomass allocation to roots, stems, and leaves, as well as
total root length and maximum rooting depth. We also measured rate of photosynthesis,
intrinsic water use efficiency (iWUE), pre-dawn and midday water potential, and a set of func-
tional and hydraulic traits. During the peak of the dry season, lianas in control plots had 54%
higher predawn leaf water potentials (ΨPD), and 45% higher photosynthetic rates than trees in
control plots. By contrast, during the peak of the wet season, these physiological differences
between lianas and trees become less pronounced and, in some cases, even disappeared. Trees
had higher specific leaf area (SLA) than lianas; however, no other functional trait differed
between growth forms. Trees responded to the irrigation treatment with 15% larger diameters
and 119% greater biomass than trees in control plots. Liana growth, however, did not respond
to irrigation; liana diameter and biomass were similar in control and irrigation plots, suggest-
ing that lianas were far less limited by soil moisture than were trees. Contrary to previous
hypotheses, lianas did not have deeper roots than trees; however, lianas had longer roots per
stem diameter than did trees. Our results support the hypothesis that lianas perform better and
experience less physiological stress than trees during seasonal drought, suggesting clear differ-
ences between growth forms in response to altered rainfall regimes. Ultimately, better dry-sea-
son performance may explain why liana abundance peaks in seasonal forests compared to
trees, which peak in abundance in less seasonal, wetter forests.

Key words: climate change; drought; liana increases; rooting depth; seasonality; trees; tropical forests;
whole-plant harvest.

INTRODUCTION

Understanding the factors that control the abundance
and distribution patterns of plant species is a fundamen-
tal goal in ecology. One of the main drivers of species
distributions in tropical biomes is rainfall gradients, and
plant species composition and forest structure shift con-
siderably across broad precipitation gradients (Beard

1944, Engelbrecht et al. 2007). The abundance of most
tropical vascular plant groups (e.g., epiphytes, herbs,
palms, and trees) increases with annual rainfall (Cline-
bell et al. 1995, Gentry 1995). Lianas (woody vines),
however, seem to follow an opposite distribution pat-
tern. Lianas reach maximum relative abundance in sea-
sonally dry tropical forests and decrease in abundance as
mean annual rainfall increases (Gentry 1995, Schnitzer
2005, DeWalt et al. 2015). For example, Schnitzer (2005)
found that there were five times more lianas in the drier
forest compared to the wet forest across the rainfall gra-
dient of the isthmus of Panama. Schnitzer (2005) also
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reported that lianas were considerably more abundant in
highly seasonal forests compared to wet forests across a
large number of tropical forests, especially compared to
trees (Gentry 1991, Swaine and Grace 2007, Dewalt
et al. 2010). An explanation for lianas being more abun-
dant relative to trees in seasonal forests is that lianas per-
form better than trees when water is limited because
light is plentiful during dry periods (Schnitzer 2018).
This seasonal growth advantage, however, is thought to
be lost in aseasonal wet forests, where light is low year-
round, thus explaining pan-tropical liana distribution
(Schnitzer 2005). For example, in a seasonal forest in
Panama, understory lianas were found to grow in height
seven times more than understory trees during the dry
season, but only two times more during the wet season
(Schnitzer 2005). In a more recent and much larger study
in Panama, canopy lianas had a far higher growth rate
during the dry season than the wet season, whereas trees
had the opposite pattern, with a higher growth rate dur-
ing the wet season than the dry season (Schnitzer and
van der Heijden 2019).
There are several potential explanations for the ability

of lianas to perform better than trees during seasonal
drought. Lianas may grow well during the dry season
because they have higher dry season photosynthetic rates,
hydraulic conductance, predawn leaf water potential, and
more efficient water use compared to trees (Cai et al.
2009, Zhu and Cao 2009, Chen et al. 2015, 2017). Lianas
may also access and use water more efficiently than trees
(Schnitzer 2005) and may have better developed and dee-
per root systems than co-occurring trees (Restom and
Nepstad 2004), thus, permitting lianas access to deeper
sources of water (Andrade et al. 2005, Chen et al. 2015,
2017). Recent studies have also investigated whether trees
and lianas differ in hydraulic traits (De Guzman et al.
2016, Werden et al. 2017, van der Sande et al. 2019). For
example, van der Sande et al. (2019) found that there was
a trade-off between hydraulic efficiency and safety in trees;
however, in lianas, hydraulic efficiency was decoupled
from hydraulic safety, meaning that lianas potentially have
high water conductance and photosynthetic rates while
limiting their vulnerability to drought.
An alternative explanation is that lianas have a suite

of functional traits that allow them to grow when light is
abundant even though water is limited. Lianas tend to
be on the fast end of the leaf economic spectrum, with
higher specific leaf area (SLA) and foliar nutrient con-
tent (Zhu and Cao 2009, Asner and Martin 2012, Wyka
et al. 2013, Werden et al. 2017). However, more conser-
vative resource-use strategies, such as higher water use
efficiency, denser wood, and lower leaf turgor loss points
are associated with greater drought resistance (Bartlett
et al. 2014, Reich 2014, Greenwood et al. 2017, O’Brien
et al. 2017). Thus, resolving whether lianas and trees dif-
fer systematically with respect to both leaf economics
and hydraulic traits may help shed light on their distri-
bution patterns and potential responses to global
changes such as altered rainfall regimes.

Here we tested the hypothesis that lianas perform bet-
ter than trees during seasonal drought with a common-
garden irrigation experiment. We measured tree and
liana water status and photosynthesis throughout the
year, as well as functional traits for both lianas and trees
(hereafter “growth form”). We predicted that lianas and
trees would perform similarly during the wet season, but
that during the dry season, lianas would experience less
water stress and have higher physiological performance
than trees. By contrast, we predicted that, in plots that
received dry season irrigation, both lianas and trees
would have a similar level of water stress, stomatal con-
ductance, and photosynthesis, which would be more
similar to what they experience during the wet season.
We predicted that lianas would have greater rooting
depth, greater ratio of root length to diameter, better
water use efficiency, lower turgor loss point, and less
dense wood. We also predicted that dry season irrigation
would increase the size of both lianas and trees, but that
trees would have a stronger response than lianas, indicat-
ing that they suffer more water stress than co-occurring
lianas.

MATERIALS AND METHODS

Experimental design

In 2011, we established a common garden at Parque
Municipal Summit, located near the middle of the rain-
fall gradient along the isthmus of Panama. The mean
annual rainfall at this location is 2,226 mm and there is
a distinct 4-month dry season (months with a rainfall of
<100 mm) from December through April (Condit et al.
2000, 2004, Wishnie et al. 2007). In 2011, we established
12, 9 9 9 m plots that were each separated by at least
5 m in an open field, and planted replicate seedlings of
the same six common species of native lianas (Callich-
lamys latifolia, Davilla kunthii, Doliocarpus major,
Machaerium milleflorum, Maripa panamensis, Paullinia
pinnata) and six common species of native trees (Cres-
centia cujete, Dipteryx oleifera, Hieronyma alchorneoides,
Hura crepitans, Swietenia macrophylla, Terminalia ama-
zonia) in all 12 plots (Appendix S1: Table S1). We
planted on average five individuals per species per plot
for a total of N = 60 individuals per species. We planted
the seedlings in rows within each plot with 1 m between
each seedling in all directions and the order of the indi-
viduals was assigned randomly. All focal species were
evergreen or brevi-deciduous at this location. We thor-
oughly irrigated six of the plots with sprinklers at least
two days a week throughout the dry season (from Jan-
uary through April), while the six control plots did not
receive dry season supplemental irrigation. To irrigate
the plots, we used one sprinkler per plot with a spray
that reached the entire plot and irrigated with municipal
water for approximately six hours per plot, and the soil
in the plots was saturated after each watering. We
installed trellises for the lianas to climb, and lianas were
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prevented from growing on the trees. We also put trel-
lises next to the trees so that both growth forms would
experience the same environmental conditions. We rou-
tinely mowed the grass within and around the plots so
that herbaceous vegetation would not interfere with the
experiment. We allowed the plants to grow for four
years, and in February 2015, when many of them had
reached reproductive stage and the majority of the lianas
were twining and very few of them were freestanding, we
started collecting measurements (Appendix S2:
Table S1).

Leaf water potential, soil moisture, and gas exchange

We randomly selected ~24 individuals of each species
(1–2 individuals per plot) on which we measured leaf
water status throughout the year. We measured leaf
water potential at pre-dawn (ΨPD) and mid-day (ΨMD)
on a total of 127 lianas and 100 trees from both irrigated
and control plots on five separate sampling times
throughout 2015: twice during the dry season (March
and April), once during the transition from dry to wet
season (May), and twice during the wet season (Septem-
ber and October). We performed these measurements
using a 1505D Pressure Chamber Instrument (PMS
Instrument Company, Portland, Oregon, USA). Soils
were uniform throughout the common garden and
appeared to be oxisols. On the same day that we mea-
sured leaf water potential, we also measured soil mois-
ture in the top 5 cm of soil at the base of each individual
(~24 measurements per plot) with a soil moisture sensor
(SM150, Delta-T Devices, Burwell, UK) in March,
April, May, and September. We measured leaf gas
exchange with an LI-6400 portable photosynthesis sys-
tem (Li-Cor, Lincoln, Nebraska, USA) once during the
dry season (March) and once during the wet season
(October). The CO2 concentration was set to 400 lmol/
mol, photosynthetic photon flux density was set to
1,200 lmol�m�2�s�1, and the temperature was set to
32°C. Due to sampling constraints, we were able to take
these measurements only for plants in the control plots.
Nonetheless, the dry and wet season comparisons
between lianas and trees allowed us to test the hypothe-
sis that lianas perform better than trees during the dry
season but not the wet season. We calculated intrinsic
water use efficiency (iWUE) as the ratio of photosyn-
thetic rate to stomatal conductance (gs).

Diameter, biomass, and rooting depth and length

Four years after the treatment began, we measured
the diameter (20 cm from the base) for all individuals in
the common garden (12–42 individuals per species per
treatment, depending on survival rates at the time of
measuring). We harvested above- and belowground bio-
mass of a subsample of individuals from both irrigation
treatments, which included all of the species except for
Hieronyma alchorneoides. Whole-plant biomass harvests

included a total of 12 trees (six from the irrigated and six
from the control plots) and 27 lianas (15 from the irri-
gated and 12 from the control plots). For all the har-
vested individuals, we weighed all leaves, stems, and
coarse roots, and measured root lengths and maximum
rooting depth of coarse roots down to diameters of
~5 mm. For each individual, we collected a subsample
of leaves, stems, and roots, which we dried at 60°C for
>72 h until they reached constant mass, and then were
weighed. Oven-dried masses were used to estimate total
dry biomass for each tissue type per individual. We cal-
culated the fraction of total biomass allocated to leaves
(leaf mass fraction, LMF), stems (stem mass fraction,
SMF), and to coarse roots (root mass fraction, RMF).
For all of the harvested individuals, we calculated the
sum of all root lengths (hereafter root length) and the
maximum rooting depth. We also calculated the ratio
between root length to the stem diameter at 20 cm from
the base.

Leaf chemistry, specific leaf area, and hydraulic traits

We chose one individual from three of the irrigated
plots and one from three of the control plots for all trait
measurement (six individuals per species). We measured
leaf carbon (C), nitrogen (N), and C stable isotopic con-
centrations (d13C) on an Isotope Ratio Mass Spectrome-
ter at the Smithsonian Tropical Research Institute Soils
Laboratory in Panama. We collected the leaves during
the wet season and, depending on leaf size, we ground,
bulked, and analyzed three to five leaves per individual.
We used the stable isotope of carbon, d13C, as a proxy
for integrated water use efficiency (WUE). We obtained
specific leaf area (SLA) by measuring leaf area including
petioles on three leaves from each of the chosen individ-
uals using an LI-3100C Area Meter (Li-Cor). We then
quantified leaf dry mass by drying each leaf at 60°C until
it reached constant mass. We calculated SLA (cm2/g) as
the leaf area divided by dry leaf mass, and we calculated
the average of three measurements per individual plant.
We calculated leaf turgor loss point (TLP) using the

bench dry method to measure pressure–volume curves
as described in Tyree and Hammel (1972). For each spe-
cies, we created TLP curve for three individuals from the
irrigated plots and three from the control plots. We
selected each individual from a different plot. From the
pressure–volume curves, we calculated leaf relative water
content at TLP (RWCTLP), leaf capacitance at TLP
(CTLP), and absolute capacitance at full turgor (ACFT;
Ewers et al. 1997, Sack et al. 2003). All hydraulic trait
measurements were made during the wet season on fully
expanded healthy leaves.
We quantified stem and root wood density for all the

harvested individuals following Chave et al. (2006).
Specifically, stem and root wood density (WD) were cal-
culated as the ratio of dry mass to fresh volume (g/cm3).
We collected fresh wood samples immediately after har-
vesting and estimated their volume as the mass of water
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needed to displace the sample. We then dried the sam-
ples at 60°C until they reached constant mass and
weighed them.

Data analysis

Our experimental design allowed for comparisons of
response variables that were collected multiple times
(i.e., soil moisture, plant water status) between both sea-
sons and irrigation treatments. For soil moisture, we
used a mixed model with irrigation treatment (irrigated
and control), and sampling time (month) as fixed effects
and plot as a random effect (Appendix S2: Table S1).
For Ψ, we calculated diurnal regulation as ΔΨ (ΨMD �
ΨPD). ΨPD, ΨMD, and ΔΨ were analyzed using mixed
models with irrigation treatment, growth form (liana
and tree), and sampling time as fixed effects and species
and individual as random effects (Appendix S2:
Table S1). We analyzed photosynthetic rates, gs, and
iWUE using a mixed effects model with season (dry and
wet) and growth form as fixed effects and species and
individual as random effects (Appendix S2: Table S1).
For variables that we measured once at the end of the

experiment (i.e., stem diameter at 20 cm, total biomass,
LMF, SMF, RMF, maximum rooting depth, root length,
ratio of root length to stem diameter), we used mixed
models with growth form and irrigation treatment as
fixed effects and species as a random effect
(Appendix S2: Table S1). We log-transformed stem
diameter at 20 cm, total biomass, maximum rooting
depth, sum of root length, and the ratio of root length to
stem diameter to account for the orders of magnitude of
difference in the data. Because of the large difference in
biomass among focal species, we calculated the mean
irrigation enhancement of biomass for each species as
follows:

Irrigation enhancement of biomass ¼
l biomass irrigated� l biomass control

l biomass control

where l is the species mean.
We compared the irrigation enhancement of biomass

between growth forms using a mixed model with growth
form as a fixed effect and species as a random effect. We
log-transformed the data because of the large differences
in biomass among species. One of the species (Machaer-
ium milleflorum) responded negatively to irrigation, so
we added 1 to all of the data to yield positive values
prior to log transformation. Irrigation treatment did not
have a significant effect on the following response vari-
ables: SLA, percent N, C:N ratio, WUE, TLP, RWCTLP,
CTLP, ACFT, stem WD, and root WD, therefore, for these
variables we used mixed models with only growth form
as a fixed effect and species as a random effect
(Appendix S2: Table S1). We log-transformed SLA. All
analyses were performed in R (Version 3.3.3). We con-
ducted all the mixed models using the nlme R package

(Pinheiro et al. 2018) and used Q-Q plots to examine the
distribution of residuals. We used least squares means
pairwise comparisons with the lsmeans R package (Rus-
sell 2016) to interpret significant differences among main
effects.

RESULTS

Soil moisture

The supplemental irrigation treatment increased soil
moisture in the irrigated plots (F1,10 = 8.56, P = 0.015).
During the dry season, mean percent soil moisture in the
irrigated plots was 4.4% higher in March than the con-
trol plots (24.86 vs. 20.51%; t = 2.93, df = 10,
P = 0.015), and 2.7% higher in April (22.32 vs. 19.60%;
t = 1.94, df = 10, P = 0.081). There was dramatic sea-
sonal variation in soil moisture throughout the year
(F3, 885 = 742.26, P < 0.001), although this was less pro-
nounced in the irrigated plots (Appendix S3: Fig. S1).
However, no irrigation treatment was applied during the
wet season and there was no significant difference
between the irrigated and control plots during May
(27.00% vs. 25.39%, respectively; t = 1.24, df = 10,
P = 0.24) and September (45.74% vs. 44.04%, respec-
tively; t = 1.30 df = 10, P = 0.22).

Leaf water potential

During the wet season (May, September, and Octo-
ber), lianas and trees had similar ΨPD (Fig. 1a). During
the dry season, however, lianas in the control plots had
significantly higher (less negative) water status than
trees (higher ΨPD, F4,781 = 9.26, P < 0.001, Fig. 1a;
Appendix S4: Table S1). The largest difference between
liana and tree water status occurred for the pre-dawn
water potential at the end of the dry season (in April),
where the mean ΨPD of lianas in control plots was 54%
higher than trees in control plots (�0.92 vs. �1.42 MPa,
respectively). Lianas in the irrigated plots were also less
water stressed than the trees in the irrigated plots during
the dry season but the difference was slightly lower than
in the control plots (Fig. 1a; Appendix S4: Table S1),
with the lianas in irrigated plots having only 43% higher
mean values than trees in irrigated plots in April (�0.83
vs. �0.58 MPa respectively). Lianas also had higher
(less negative) midday dry-season water potentials
(ΨMD) than trees in the control plots, an effect that dis-
appeared with the irrigation treatment. Both lianas and
trees in irrigated plots had less negative ΨMD than the
ones in the control plots during the dry season (F1,

235 = 18.49, P < 0.001, Fig. 1b; Appendix S5:
Table S1), indicating that the irrigation treatment
affected plant water status. These findings suggest that
lianas were far less water stressed than the tress in the
control plots, and that trees responded more to dry sea-
son irrigation than did lianas. Indeed, mean DΨ was
higher for lianas than trees at each measurement period;
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FIG. 1. (a) Predawn, (b) midday, and (c) the difference between predawn and midday leaf water potential Ψ of lianas and trees
in irrigated and control plots measured on the same individuals two times during the dry season (March and April), once during
the transition from dry to wet (May), and two times during the wet season (September and October). Error bars are standard error.
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however, these differences were not statistically signifi-
cant (F1, 235 = 0.76, P = 0.383; Fig. 1c).

Plant diameter, biomass, and rooting dynamics

Trees grew more in response to irrigation than did lia-
nas (F1, 597 = 9.84, P = 0.002; Fig. 2a), with trees in irri-
gated plots having on average 15% larger diameters than
the trees in control plots (t = 3.58, df = 597, P < 0.001).
By contrast, mean liana diameter did not differ between
irrigated and control plots (t = 0.87, df = 597,
P = 0.383). Trees in irrigated plots also had much
greater biomass than trees in control plots, whereas lia-
nas had similar biomass independent of irrigation treat-
ment. Mean tree biomass in the irrigated plots was 119%
greater than tree biomass in the control plots, whereas
liana biomass in the irrigated plots was only 26% greater
than liana biomass in the control plots (Fig. 2b). Varia-
tion in biomass was high among individuals and plots;
nevertheless, the growth form by irrigation treatment
interaction was marginally significant (F1,26 = 3.51,
P = 0.072). Calculated irrigation enhancement of bio-
mass was greater for trees than for lianas, but this

difference was not statistically significant. Lianas in con-
trol plots allocated 33.5% more of their biomass to
leaves than the lianas in irrigated plots (F1,26 = 7.91,
P = 0.009; t = 2.81, df = 26, P = 0.043; Appendix S6:
Fig. S1a), whereas the irrigated lianas allocated 11.5%
more biomass to stems (although this trend was not sta-
tistically significant; Appendix S6: Fig. S1b). Indepen-
dent of irrigation treatment, lianas allocated similar
fractions of their biomass to roots (Appendix S6:
Fig. S1c). By contrast, trees allocated similar propor-
tions of their total biomass to leaves independent of irri-
gation treatment (Appendix S6: Fig. S1a). For allocation
to roots, there was a significant interaction between
growth form and irrigation treatment (F1,26 = 4.558,
P = 0.042), with lianas allocating similar fractions of
biomass to roots independent of irrigation treatment,
whereas trees allocated more biomass to roots when they
were unirrigated. The irrigation treatment revealed a
trade-off between allocation to stems vs. roots for trees;
trees in the control treatment allocated on average 38%
more to roots at the expense of stems (t = 2.75, df = 26,
P = 0.050; Appendix S6: Fig. S1c), while the opposite
pattern was true for trees in the irrigated treatment, with

FIG. 2. (a) Diameter measured at 20 cm from the base (mm) and (b) total biomass (kg) of lianas and trees grown in irrigated
and control plots. (c) Irrigation enhancement (g/g) of biomass of all harvested individuals calculated as ([mean biomass of individu-
als in irrigated plots] – [mean biomass of individuals in control plots])/(mean biomass of individuals in control plots). All data have
been log-transformed. Different letters indicate significant differences (P < 0.05). Box plot midlines are medians. box edges are first
and third quartiles, whiskers are the minimums and maximums, and points are outliers.
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20% greater allocation to stems (although this trend was
not statistically significant; Appendix S6: Fig. S1b).
Despite clear differences in biomass, growth, and allo-

cation, rooting depth showed no significant difference
between growth forms (F1,9 = 0.86, P = 0.377) or irriga-
tion treatment (F1,26 = 0.15, P = 0.700; Appendix S7:
Fig. S1a). For root length, there was no significant effect
of between growth form, irrigation treatment, and the
interaction between growth form and irrigation treatment
(F1,19 = 3.48, P = 0.078; Appendix S7: Fig. S1b). How-
ever, lianas had a greater ratio of root length to stem
diameter in both control and irrigated plots (F1,9 = 17.14,
P = 0.003; Appendix S7: Fig. S1c), suggesting that lianas
allocate more to root length for a given stem diameter
compared to trees in the control plots.

Photosynthesis and water use efficiency

Both lianas and trees had higher photosynthetic rates
during the dry season than the wet season
(F1, 105 = 31.30, P < 0.001, Fig. 3a). Lianas had higher
photosynthetic rates than trees during both seasons
(F1, 105 = 8.19, P = 0.005); however, the magnitude of
these differences varied seasonally. During the dry

season, lianas had 45% higher photosynthetic rates than
trees (t = 2.86, df = 105, P = 0.024), but only 17%
higher photosynthetic rates during the wet season
(t = 2.06, df = 105, P = 0.178). That is, photosynthetic
rate decreased significantly more for trees than for lianas
during the dry season (Fig. 3a). Both lianas and trees
had higher gs (F1, 105 = 136.42, P < 0.001, Fig. 3b) dur-
ing the wet season, and higher iWUE (F1, 105 = 81.06,
P < 0.001; Fig. 3c) during the dry season.

Specific leaf area, leaf chemistry, and hydraulic traits

Aside from SLA, there were no differences in func-
tional traits between growth forms. On average, trees
had higher SLA than lianas (122.53 vs. 91.54 cm2/g,
respectively; F1,12 = 10.66, P = 0.009; Appendix S8:
Table S1). However, lianas and trees did not differ signif-
icantly in foliar N concentrations, foliar C:N ratios,
WUE, turgor loss point, relative water content at turgor
loss point, capacitance at turgor loss point, absolute
capacitance at turgor loss point, and wood densities of
stems and roots (Appendix S8: Table S1). The lack of
significant difference in foliar N, d13C, TLP, and wood
density between lianas and trees limits our ability to

FIG. 3. (a) Photosynthesis rates (lmol CO2�m�2�s�1), (b) stomatal conductance (mol H2O�m�2�s�1), and (c) intrinsic water use
efficiency (WUE; (lmol CO2/mol H2O) of lianas and trees in control plots during the dry season (dry) and the wet season (wet). All
data have been log-transformed. Letters indicate significant differences (P < 0.05). Box plot mid-lines are medians. box edges are
first and third quartiles, whiskers are the minimums and maximums, and points are outliers.
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array trees and lianas along the acquisitive-conservative
trait continuum, thus we do not discuss these results fur-
ther. One potential reason why we did not find any dif-
ferences among liana and tree TLP is because we
conducted these measurements in the wet season, and
not in the dry season, as has been done in other studies
when a greater range of value among species has been
found (Mar�echaux et al. 2015, 2017).

DISCUSSION

Our experiment is the first to examine the long-term
effects of dry season irrigation on lianas and trees in a
highly controlled environment (e.g., all individuals had
the same age and access to similar levels of light in the
open-field common garden). Our study is also the first
to examine how dry season irrigation affects plant
growth with a whole plant harvest after four years of
treatment. One of our key findings was that lianas were
able to maintain higher photosynthetic levels while expe-
riencing less drought stress than co-occurring trees dur-
ing the dry season. Another key finding was that trees
responded more to irrigation than the lianas by growing
far more in terms of diameter and total biomass, which
also suggests that the trees were more drought stressed
during the dry season than were lianas. Our final key
findings were that lianas had greater ratio of root length
to diameter than control trees; however, contrary to
what we expected, lianas were not deeper rooted, did not
have better water use efficiency, lower turgor loss point,
and less dense wood than trees.

Liana and tree response to seasonal drought

The response of trees to dry-season irrigation indicates
that trees in this study were limited by soil moisture dur-
ing the dry season. By contrast, lianas in this study did
not respond to increased soil moisture, and yet were able
to maintain higher water potential (Fig. 1) and photo-
synthesis (Fig. 3a) than trees during the dry season with-
out dry season irrigation. The combination of higher
photosynthesis levels and greater physiological regulation
(stomatal control) could allow lianas to function more
efficiently than trees when water is limited during sea-
sonal drought. The ability of lianas to perform better
than competing trees during seasonal drought gives lia-
nas a seasonal growth advantage over trees in seasonal
forests that they lack in wet forests, thus explaining
higher liana abundance in seasonal forests because they
have an extra 3 to 5 months of growth that they lack in
ever-wet forests (Schnitzer 2005, 2018). Our results
(Fig. 2) are consistent with Schnitzer (2005), who also
found that lianas grew more than trees when water was
limited. Similarly, in a recent study of >1,100 canopy
trees and >800 canopy lianas in central Panama, Sch-
nitzer and van der Heijden (2019) reported that liana
growth rate was higher during the dry season than the
wet season in each of the five years of their study, and

that lianas grew as much during the ~4-month dry season
as they did during the ~8-month wet season. By contrast,
they found that tree growth rate was far higher during
the wet season, and that trees grew far more during the
8-month wet season than the 4-month dry season.
Our results are also consistent with previous studies

that reported that lianas maintained better plant water
status (Fig. 1a) and higher rates of photosynthesis
(Fig. 3a) during seasonal drought than trees. For exam-
ple, Zhu and Cao (2009) found that lianas growing in a
seasonal tropical rainforest in China had less negative
predawn leaf water potential at the end of the dry season
than co-occurring trees. Chen et al. (2015) also found
that during the dry season, in the karst forest in
Xishuangbanna in Southwest China, lianas had much
higher predawn leaf water potential than trees. In our
study, however, trees responded to the irrigation treat-
ment whereas lianas did not (Fig. 2), demonstrating that
the trees were more drought stressed than the lianas, and
that this drought stress was caused, in part, by limited
soil moisture. Maintaining plant water status during sea-
sonal drought, when light levels are high, could permit
lianas to perform better than trees in seasonal forests. In
our study, lianas had higher rates of photosynthesis than
co-occurring trees during seasonal drought (Fig. 3a)
similar to Cai et al. (2009). However, based on our
results, higher photosynthesis in lianas compared to
trees appears to be diminished when water is readily
available. The combination of maintaining healthy water
status and being able to maximize photosynthesis during
the dry season, when light is plentiful, could explain why
lianas reach highest relative abundance in seasonally dry
tropical forests compared to wetter forests (Schnitzer
2018).

Root dynamics of lianas and trees

Previous studies suggested that lianas may grow better
during seasonal drought because of deep root systems
(Schnitzer 2005). For example, Restom and Nepstad
(2004) had found that 15-yr-old lianas of one of the
same species that we used in our experiment (Davilla
kunthii) had roots up to 10 m deep. However, Restom
and Nepstad (2004) did not excavate co-occurring trees,
thus, it is difficult to determine whether lianas had dee-
per rooting depths compared to trees in their study. In
the karst forest of Southwest China, Chen et al. (2015)
found that, during the dry season, lianas used deeper soil
water than co-occurring trees based on hydrogen stable
isotope concentrations in xylem water. By contrast, we
found that lianas had similar rooting depths as trees
(Appendix S7: Fig. S1a), and were not deeper rooted as
we had predicted. Johnson et al. (2013) also found that
lianas did not have deeper roots than a co-occurring tree
species in a nearby forest in Panama. Other studies using
stable isotopes found evidence that lianas were not using
deep sources of water. For example, two studies con-
ducted in Panama, in which stable isotopes of hydrogen
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were used to track water use in lianas and trees, found
that lianas shifted to deeper water sources during the
dry season whereas large trees did not; however, deeper
sources of water was only measured at ~60 cm (Meinzer
et al. 1999, Andrade et al. 2005). De Deurwaerder et al.
(2018) used stable isotopes of hydrogen and oxygen and
found that lianas used more superficial water in than
trees during the dry season in a rainforest in French Gui-
ana.
Our findings were similar in that we found that lianas

were able to maintain water status better than trees dur-
ing the dry season without having deeper roots. Appar-
ently, extracting water from ~20 to 100 cm depth in the
soil profile was deep enough to maintain relatively
healthy water status and function throughout the dry
season at this location (Appendix S7: Fig. S1a). The
absolute rooting depth of plants may not be the most
important predictor of the ability of plants to take up
water, and rooting depth likely depends on where the
extractable water is located at a given site, which can
change considerably with soil type and the geology of
the site (Manzan�e-Pinz�on et al. 2018).
Root length may also contribute to water access and

uptake when water is limited. In our study, lianas had
greater ratios of root lengths to diameter than the trees
in the control plots, independent of irrigation treatment
(Appendix S7: Fig. S1c), which suggests that lianas were
able to access greater soil volumes and potentially more
water relative to their size than the drought-stressed
trees. Thus, lianas may rely on more extensive root sys-
tems with more lateral roots to maintain water status
during seasonal drought. Lianas did not alter their root
growth patterns in relation to the irrigation treatment,
whereas trees did (Appendix S7: Fig. S1c), providing
additional evidence that the alleviation of soil water lim-
itation has less of an effect on lianas than trees. By con-
trast, we found that trees in the control plots allocated
greater proportions of their biomass to roots than the
ones in the irrigated plots, likely to increase water uptake
(Appendix S6: Fig. S1c). Our findings for tree allocation
patterns in response to dry season irrigation is consistent
with earlier hypothesis (Bloom et al. 1985), which sug-
gests that plants will trade the higher carbon cost of root
production to increase water acquisition capacity when
water is limited.

Liana growth patterns and forest carbon storage

The ability of lianas to grow well during drought may
explain why lianas are increasing in abundance and bio-
mass in tropical forests. The pattern of increasing liana
abundance was first documented in non-fragmented old
growth Amazonian forests, where Phillips et al. (2002)
discovered that, over a 20-yr period, lianas had increased
in density, basal area, and size, with the increase becom-
ing greater over time. Ingwell et al. (2010) found that the
proportion of tree canopies infested with lianas in the
seasonal tropical moist forest on Barro Colorado Island

in Panama had increased from 32% to 75% in the last
50 yr. Laurance et al. (2014) also found that over a 14-
yr period in an undisturbed rainforest in central
Amazon, liana abundance increased by 1% per year.
Subsequent studies have also presented evidence to sup-
port increases in lianas abundance, biomass, or domi-
nance across Neotropical forests (Wright et al. 2004,
Yorke et al. 2013, Hogan et al. 2017), reviewed by Sch-
nitzer and Bongers (2011) and Schnitzer (2015).
One of the potential explanations for the increase in

liana abundance in neotropical forests relative to trees is
more intense and prolonged droughts (Schnitzer and
Bongers 2011, Schnitzer 2015). Rainfall patterns in some
tropical forests have been shifting, leading to an increase
in the length and severity of seasonal drought and a
decrease in rainfall (Feng et al. 2013), and these trends
are predicted to continue (Phillips 2009, Lee and McPha-
den 2010, Dai 2013). For example, in Panama, where
liana abundance appears to be increasing (Wright et al.
2004, Schnitzer et al. 2012) annual precipitation has
decreased by nearly 20% during the last century (Sch-
nitzer 2005, Schnitzer and Bongers 2011). One hypothe-
sis for an increase in lianas relative to trees is that a rise
in evapotranspirative demand caused by increases in sea-
sonality and temperature, coupled with a reduction of
precipitation, can give a competitive advantage to lianas
over trees (Schnitzer and Bongers 2011). Thus, because
lianas are less water stressed than trees, rising seasonality
together with decreases in rainfall could be more detri-
mental to trees, giving lianas a competitive advantage
and permitting their numbers and size to increase.
Increases in liana abundance can affect forest-level

carbon storage. For example, van Der Heijden et al.
(2015) found that liana competition with trees reduced
forest carbon uptake by ~76%, while other studies have
documented 84% reductions in carbon uptake (van der
Heijden and Phillips 2009). Furthermore, because lianas
use trees for support, it is thought that lianas are able to
invest less biomass in their stems and therefore do not
make up for the biomass that they displace in trees, lead-
ing to an overall reduction in forest carbon uptake and
storage (Schnitzer and Bongers 2002, Ingwell et al.
2010, van der Heijden et al. 2013, van Der Heijden et al.
2015). For example, in a liana removal experiment in
treefall gaps in Panama, lianas contributed only 24% of
the total aboveground biomass that they displaced in
trees (Schnitzer et al. 2014). Thus, increases in seasonal-
ity could lead to an overall reduction in forest carbon
storage caused by a reduction in tree biomass due to
drought stress and coupled with further tree biomass
reduction due to increased competition with lianas.
Differential patterns of biomass allocation to tissues

like leaves, stems, and roots between lianas and trees
may alter forest-level carbon stocks and fluxes. Previous
studies reported that lianas allocate more biomass to
leaves, while trees allocate more to stems (Cai et al.
2007, van der Heijden et al. 2013). However, our results
show that increases in seasonality due to climate change
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could cause lianas to allocate more biomass to leaves,
whereas trees to allocate less to stems in favor of roots
(Appendix S6: Fig. S1). Any consequent increases in
allocation to leaves, which have a more rapid turnover
time compared to other tissues (Powers et al. 2009), and
a decrease in allocation to stems, may reduce net tropical
forest carbon storage capacity (Galbraith et al. 2013).
For example, in a large-scale liana removal experiment,
van Der Heijden et al. (2015) found that forest areas
with lianas have higher biomass allocation to leaves,
whereas forest areas in which lianas had been experi-
mentally removed had higher allocation to stems. Fur-
thermore, as lianas increase investment into leaves, they
may compete more intensely with trees for light and
belowground resources, further suppressing carbon
uptake by trees. Thus, decreases in rainfall and rising
liana densities could shift forest biomass allocation
toward a greater proportion of leaves instead of stems
leading to a reduction in total forest carbon storage.
These findings have broad implications for forest-level
carbon storage in the face of increasing drought.
In conclusion, our findings suggest that lianas capital-

ize on seasonal drought via higher photosynthetic per-
formance while limiting water stress. By contrast, trees
suffer more from water stress, which appears to limit
their photosynthetic performance. The ability of lianas
to grow exceptionally well (and better than trees) during
seasonal drought gives lianas a seasonal growth advan-
tage, which could explain why liana abundance peaks in
highly seasonal forests. Furthermore, the ability of lianas
to perform well during stronger droughts may explain
increasing liana abundance in tropical forests. Interest-
ingly, we found that lianas and trees have similar rooting
depths; nonetheless, lianas were still able to maintain
higher rates of photosynthesis and healthier water status
compared to trees without tapping into exceptionally
deeper sources of water. Collectively, our findings help
shed light on how lianas and trees vary in their life-his-
tory strategies and respond differently to drought, which
ultimately may explain the unique distribution patterns
of lianas and trees.
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