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Abstract

Premise: Determining how xylem vessel diameters vary among plants and across
environments gives insights into different water-use strategies among species and
ultimately their distributions. Here, we tested the vessel dimorphism hypothesis that
the simultaneous occurrence of many narrow and a few wide vessels gives lianas an
advantage over trees in seasonally dry environments.

Methods: We measured the diameters of 13,958 vessels from 15 liana species and
10,430 vessels from 16 tree species in a tropical seasonal rainforest, savanna,
and subtropical evergreen broadleaved forest. We compared differences in mean and
hydraulically weighted vessel diameter (MVD and Dy), vessel density (VD),
theoretical hydraulic conductivity (Kj), vessel area fraction (VAF), and wood density
(WD) between lianas and trees and among three sites.

Results: Nine liana species and four tree species had dimorphic vessels. From the
tropical seasonal rainforest to the savanna, liana MVD, Dy, and K, decreased, and VD
and WD increased, while only tree WD increased. From the tropical seasonal
rainforest to the subtropical forest, six wood traits remained unchanged for lianas,
while tree MVD, D, and K, decreased and VD increased. Trait space for lianas and
trees were more similar in the savanna and more divergent in the subtropical forest
compared to the tropical seasonal rainforest.

Conclusions: These results suggest that lianas tend to possess greater vessel
dimorphism, which may explain how lianas grow well during seasonal drought,
influencing their unique distribution across tropical rainfall gradients.
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Plant vascular anatomy and morphology strongly influence
the trade-oft in the ability of xylem to supply water to distal
leaves while, concomitantly, avoiding embolism (Hacke and
Sperry, 2001). For example, narrow vessels can allow plants
to avoid embolism during dry periods but constrain the
speed at which they can move water to their leaves when
water is abundant. By contrast, wide and long vessels have far
higher hydraulic conductivity than do narrow and short
vessels, which can be beneficial when water is abundant,
however, plants with wide and long vessels may be more
vulnerable to embolism when water is limiting or with
freezing temperatures (freeze-thaw embolism; Davis

et al., 1999; Jiménez-Castillo and Lusk, 2013). Therefore,
determining plant vessel structure is fundamental for further
understanding vascular functioning in diverse plant groups.

One way that plants most efficiently conduct water while
avoiding embolism is by adjusting their vascular design to
the prevailing environmental conditions. Variations in plant
xylem hydraulic traits are closely related to habitat type
(Fisher et al., 2007; Wheeler et al.,, 2007; Medeiros and
Pockman, 2014; Crivellaro and Schweingruber, 2015). For
example, species in warm and moist habitats generally have
larger mean vessel diameters than those of the same species
in cold or dry habitats (Wheeler et al., 2007; Pfautsch
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et al, 2016). However, some evidence suggests that stem
length or diameter is also linked to vessel diameter variation
(Olson and Rosell, 2012; Fajardo et al, 2020; Olson
et al., 2020). In addition, plant vessel dimension varies with
species identity beyond species-level plasticity and can be
constrained by species' life-history strategy.

Another way that plants may negotiate the trade-off
between water conductivity and embolism is by having a
diverse range of vessel sizes within their stems. Xylem vessel
dimorphism (Carlquist, 1981), that is, the co-occurrence of
very narrow vessels with wide vessels in a plant's secondary
xylem, may be beneficial because the wide vessels contribute
to disproportionately high hydraulic conductance (e.g.,
Jiménez-Castillo and Lusk, 2013), while the very narrow
vessels may ensure resistance to xylem embolism
(Carlquist, 1981; van der Sande et al, 2019). Therefore,
vessel dimorphism could be an important plant hydraulic
strategy and ecological adaptation.

Lianas, a common tropical and subtropical plant growth
form, tend to have exceptionally long and wide xylem
vessels, which give them an efficient stem vascular system
with high sapwood specific conductivity compared to trees
(Ewers et al., 1990; He et al., 2020; Mello et al., 2020). Lianas
also appear to have high vessel dimorphism (Rosell and
Olson, 2014; Angyalossy et al, 2015, Zhu et al, 2017;
Meunier et al., 2020), which may help lianas to avoid
embolism, also explains why some studies reported a
decoupling between liana xylem hydraulic efficiency and
safety (i.e., avoiding a hydraulic safety-efficiency trade-off;
van der Sande et al., 2019; Zhang et al,, 2019). A wide vessel
diameter range, combined with the ability of lianas to
rapidly reach the top of the forest canopy may also be
responsible for the notable pattern of relatively high liana
abundance in highly seasonal forests and across the tropics
(Schnitzer, 2005, 2018; Parolari et al., 2020).

Although most previous studies have found that lianas
generally have larger vessel diameters than co-occurring
trees (Jiménez-Castillo and Lusk, 2013; Zhang et al., 2021),
these results may differ among vegetation types. For
example, in a tropical dry forest, Werden et al. (2017)
reported that lianas had smaller mean vessel diameter than
co-occurring trees. By contrast, in seasonal dry forests,
lianas had larger mean vessel diameters than trees (Dias
et al., 2019; Medina-Vega et al., 2021). One explanation for
these mixed results is that differences in xylem traits
between lianas and trees are site-dependent (Medina-Vega
et al., 2021) or related to large variations in vessel diameters
in lianas (Crivellaro et al., 2012). However, there are few
empirical comparisons on the variation in xylem vessel
diameters and associated hydraulic traits between lianas and
trees across different habitats (but see Dias et al., 2019).
Furthermore, most comparative studies were based on
mean vessel diameter values, and many did not formally test
for variation in the xylem vessel dimorphism between these
two growth forms.

In this study, we evaluated the variations in liana and
tree vessel diameter distribution and six xylem hydraulic
traits (mean vessel diameter, hydraulically weighted vessel
diameter, vessel density, theoretical hydraulic conductivity,
vessel area fraction, and sapwood density). We developed a
theoretical model to predict how vessel diameters vary
between lianas and trees and across sites (Figure 1). Given
that vessel dimorphism is a common feature of lianas (e.g.,
Angyalossy et al., 2015; Gerolamo and Angyalossy, 2017)
and most lianas have a larger maximal vessel diameter than
that of trees (Zhang et al, 2019, 2021), we tested the
following hypotheses: (1) Lianas have greater vessel
dimorphism than trees, with many narrow vessels and
fewer wide ones, across the three contrasting environments.
(2) Liana vessel dimorphism increases from warm and wet
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FIGURE 1

Conceptual model for patterns in vessel diameter frequency distribution of liana and tree species along environmental gradients. (A) We

expected that the distribution of vessel diameter frequency in lianas would be positively skewed and that the skewness of vessel diameter frequency curves for
the drier (savanna) or colder (subtropical evergreen broadleaved forest) site would shift left compared to the warm, wet site (tropical forest) (as shown by the
arrow). The black dashed line represents a normal distribution. (B) We expected that vessel diameter frequency in trees would exhibit a normal distribution
across the environmental gradient, with mean vessel size smaller in the drier savanna and in the subtropical forests.
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to dry and cold sites because vessel dimorphism offers
protection against embolism (Figure 1). (3) Both lianas and
trees have smaller mean vessel diameter, hydraulically
weighted vessel diameter, theoretical hydraulic conductivity,
and vessel area fraction and higher vessel density and
sapwood density from warm and wet habitat to dry-hot
and/or cold habitats because of constraints of drought and
subzero-temperature stresses.

MATERIALS AND METHODS
Study site and species

This study was carried out in the Xishuangbanna (XSBN)
tropical seasonal rainforest, Yuanjiang savanna (YJ), and
Ailaoshan (ALS) subtropical evergreen broadleaved forest in
Yunnan Province, Southwest China. The climate of the
study region is influenced by the southwestern monsoon
and the Tibetan Plateau, and >80% of the precipitation
occurs during the rainy season (May-October) in all three
sites (Table 1).

We chose 15 liana species and 16 tree species from three
sites in September—-October 2019 when the growing season
generally ends in these sites (Appendix S1). We sampled
seven, six, and five liana species in the XSBN tropical

TABLE 1 Basic information about the study sites.

seasonal rainforest, YJ savanna, and ALS subtropical
evergreen broadleaved forest, respectively, and six tree
species in each site. Among the selected species, three liana
species and two tree species occur in both XSBN tropical
seasonal rainforest and YJ savanna. The selected species
represent a wide range of taxonomic and phylogenetic
diversity (Appendix S1). The wood type of all selected
species is diffuse-porous. We sampled three to six
individuals for each species for a total of 210 individuals
from the three sites.

Measurement of xylem traits

For each of the three to six individuals per species, we
selected one terminal branch that was 1 to 2cm in
diameter to measure vessel diameter and other wood
traits. One stem segment for each terminal branch was
fixed in FAA solution (900 mL 70% alcohol, 50 mL
formalin, 50 mL 17.5 mol/L glacial acetic acid). Stem
transverse sections (10-25pum thick) were cut with a
rotary microtome (Leica Microsystems, Leica RM2245,
Wetzlar, Germany). Sections were bleached with sodium
hypochlorite solution, stained with a mixture of 1% w/v
safranin O and 0.5% w/v astral blue, dehydrated in an
ethanol series (50%, 70%, 85%, 95%, and 100%), then

Yuanjiang (YJ) Ailaoshan (ALS)

Xishuangbanna
Site (XSBN)
Vegetation type Tropical seasonal
rainforest
Coordinates 21°41'N, 101°25'E
Elevation (m a.s.l.) 580
Mean annual 1447

precipitation (mm)

Mean annual 22.7
temperature (°C)

Temperature range 2.0-40.5
(minimum-
maximum, °C)
Soil type Latosol
Soil pH 5.41
Organic matter (mg g ') 46.91
Total N (mg g™") 3.07
Total P (mg g™') 0.69
Total K (mg g ") 10.84
Available N (mg kg™") 126.9
Available P (mg kg ™) 4.22
Available K (mg kg™") 88.2

Savanna Subtropical evergreen

broadleaved forest

23°28'N, 102°10'E 24°32'N, 101°01'E

481 2450

733 1778

24.7 11.3
3.6-45.0 -8.0-26.9
Dry-red soil Yellow-brown soil
7.88 4.24

87.73 170.4

3.96 5.64

1.3 0.97

12.72 9.46

206.9 51.17
13.28 11.10
576.3 185.4
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permanently mounted on slides with Neutral Balsam
Mounting Medium (BBI Life Sciences, Shanghai, China).
We mounted at least three slides for each individual. For
some species with stiff wood such as Tamarindus indica,
Bridelia stipularis, Castanopsis wattii, Vaccinium du-
clouxii, and Lirianthe henryi, we soaked the samples in
1:1 70% ethanol and glycerin for 1 to 2 weeks to soften
the wood. For some species with vessels that were
difficult to distinguish from other cells, we made
longitudinal and tangential sections.

At least 5-10 images for each slide were photographed
at 100x and 200x magnification with a light micro-
scope (Leica Microsystems Ltd., Leica DM2500, Wetzlar,
Germany) equipped with a digital camera (2560 x 1920
pixels). All anatomical traits were analyzed using images at
100x magnification, except for Vaccinium duclouxii,
Schima noronhae, and Jasminum seguinii at 200X magnifi-
cation. We used these images to quantify the number of
vessels per standardized area for all species. For some
species with very few vessels in an image, we combined
multiple images to increase the number of vessels that we
measured. Finally, we measured a minimum of 18 vessels
in an image (1.12 mm?®) and a minimum of 155 vessels for
species (Argyreia osyrensis var. cinerea). To better distin-
guish vessels from other tissues, we processed and
sharpened images of transverse sections with Photoshop
CC 2019 (Adobe, San Jose, CA, USA).

For each of 3-6 individuals per species, one representa-
tive image was chosen to measure vessel traits with Image]J
software (National Institutes of Health, Bethesda, MD,
USA). Vessels were excluded when they had incomplete
edges and less than half of their area was visible. The
diameter (D) of each vessel (i) was calculated using the
equation of Meunier et al. (2020):

-s(2)

where A; (um®) represents the area of vessel i, and 7 is the
circular constant, 3.14. In total, we measured the diameter
of 24,388 vessels (13,958 and 10,430 vessels for lianas and
trees, respectively). We calculated mean vessel diameter
(MVD; um) per individual by summing all vessel diameters
and dividing them by the number of vessels. The
hydraulically weighted vessel diameter (Dy; pm) per
individual was calculated as described by Poorter

et al. (2010):
Dy = [(l)ipi4]4.
n/Jiz1

Vessel density (VD; no. mm™2), defined as the number
of vessels per unit stem cross-sectional area, was estimated
by counting the number of vessels on a subset of the whole
stem cross-section. Vessel area fraction (VAF; %) was
calculated as the percentage of cross-sectional area occupied
by vessels. The theoretical hydraulic conductivity (K;; kg

m™' 57" MPa™') was calculated using the Hagen-Poiseuille
principle (Poorter et al., 2010):

K =|-2P_|x VD x D¢,
128y

where 7 is the circular constant of 3.14, p is the water
density (998.2kgm™ at 20°C), 5 is the water viscosity
(1.002 x 10~ MPa s at 20°C).

Sapwood density was determined for 3-6 individuals per
species using stem segments 3-5cm long after removing
pith and bark. Fresh volume was measured with the water
displacement method (Hacke et al., 2000). Wood dry mass
was determined after wood was oven-dried for at least 48 h
at 80°C. Sapwood density (WD; g cm™) was calculated as
dry mass divided by fresh volume.

Statistical analyses

For each site, we calculated the mean number of vessels per
area for all species separately and for all liana species and for
all tree species using all individuals of each group. We
grouped vessels in 10-um-diameter classes from 10 to 300
um, and all vessels >300 um in diameter were grouped
together. The relative contribution of each vessel diameter
class to total hydraulic conductivity was calculated as the
sum of the fourth power of the vessel diameter within the
class divided by the sum of the fourth power of the vessel
diameter (Jiménez-Castillo and Lusk, 2013). Vessel dimor-
phism was defined by the skewness of the frequency
distribution of the vessel diameters. The skewness was
calculated as follows:
n 3
skewness= (l) > (w) ,
s

n/i-1

where s is standard deviation, n is the vessel number. If
skewness was >0.5 or <-0.5, then vessels were dimorphic; if
skewness was between -0.5 and 0.5, then vessel diameter
frequency was normally distributed (Carlquist, 1985;
Meunier et al, 2020). In addition, we compared the
difference in skewness between lianas and trees using an
independent-samples t-test.

We used a linear mixed-effects model (LMM) to test for
the effects of growth form and site on wood traits, with
species as a random factor, using the Imer function in the R
package Ime4 package (Bates et al., 2015). We also used
LMM to determine differences in the six wood traits in
either lianas or trees among the three sites and between
lianas and trees in the same site. For the XSBN tropical and
Y] savanna sites, we examined differences in the six wood
traits for the five shared species using an independent-
samples -test.

We used Pearson's correlation to investigate the linkages
between traits of lianas and trees. A principal component
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analysis (PCA) was used to evaluate how these traits of all
liana and tree species were associated using the pca function
in the R package FactoMineR (Lé et al., 2008). All data were
log;o-transformed before analysis to improve the normality
and homogeneity of variance. R v.4.0.3 (R Core Team, 2020)
was used for all analyses.

RESULTS

Lianas generally had larger vessel diameters than trees
across all three study sites (Figures 2, 3). As an extreme
example, in the XSBN tropical seasonal rainforest the

Liana

maximum vessel diameter of the liana Gnetum montanum
reached 424.7 pm, whereas the maximum vessel diameter of
the tree Castanopsis indica in that forest was only 140.2 um.
Similar to trees, lianas also had many narrow vessels. In
addition, the large vessels of liana species such as Bauhinia
championii were often surrounded by copious parenchyma
tissue (Figure 2A).

Lianas had greater vessel dimorphism than trees. Nine
liana species and only four tree species exhibited skewness
>0.5 or <-0.5 across the three sites (Appendices S2-54), and
the skewness between lianas (0.77) and trees (-0.02) differed
significantly among the three sites (t =3.74, P <0.001). The
proportion of lianas with dimorphic vessels decreased from

Tree

, ~

’

Yuanjiang savanna

FIGURE 2 Light micrographs of stem transverse sections of six species from three sites in Southwest China. (A) Bauhinia championii (liana) and

(B) Adina pilulifera (tree) are from the XSBN tropical seasonal rainforest; (C) B. championii (liana) and (D) Haldina cordifolia (tree) are from the YJ savanna;
and (E) Kadsura heteroclita (liana) and (F) Castanopsis wattii (tree) are from the ALS subtropical evergreen broadleaved forest. WV, wide vessels; NV, narrow
vessels; P, parenchyma tissues. In all images, the outer xylem is toward the top, and the inner xylem is toward the bottom. Scale bar = 200 um.
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FIGURE 3 Frequency distribution of vessel diameter and their relative contributions to total hydraulic conductivity of three representative liana species

and three representative tree species (from Figure 2) in tropical seasonal rainforest, savanna, and subtropical evergreen broadleaved forest, in Southwest
China. (A) Bauhinia championii (liana), (B) Adina pilulifera (tree), (C) B. championii (liana), (D) Haldina cordifolia (tree), (E) Kadsura heteroclita (liana),

(F) Castanopsis wattii (tree).

the tropical rainforest (five of the seven lianas had
dimorphic vessels) to savanna (two of the six) and
subtropical forest (two of the five) (Appendices S2-54).
Liana species with dimorphic vessels had a few wide vessels
and many narrow ones; these wide vessels, however,
contributed a high proportion of total hydraulic conductiv-
ity in lianas (Figure 3).

Lianas had wider range in vessel diameters (6-424.7 um)
than trees did (10.5-140.2 um). Compared to trees, lianas in
the three sites had higher mean vessel diameter (MVD),
hydraulically weighted vessel diameter (D), theoretical
hydraulic conductivity (K,), and vessel area fraction (VAF),
but lower vessel density (VD) and wood density (WD)
(Table 2, Figure 4). Among the three sites, XSBN tropical

lianas had similar MVD, Dy, VD, K,, and WD compared to
ALS subtropical lianas (p >0.05), but significantly higher
MVD, Dy, and K, and lower VD and WD than the Y]J
savanna lianas (P < 0.05). By contrast, XSBN tropical trees
had similar MVD, Dy, VD, and K, compared to Y] savanna
trees (P> 0.05), but significantly higher MVD, Dy, and K
and lower VD than in the ALS subtropical trees (P < 0.05;
Figure 4).

Two of the same liana species had higher MVD, Dy, and
K, and lower VD and WD in the XSBN tropical seasonal
rainforest than in the YJ savanna (P < 0.05; Figure 5). There
were no significant differences in the six wood traits for the
two shared tree species in these two contrasting sites
(P> 0.05), except for increased WD in Phyllanthus emblica
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Results of linear mixed-effects models with stem traits as response variables.

TABLE 2

Random effects

Species

Fixed effects

Site
SS

Residual
Variance

Site x growth form

SS

Growth form
SS

SD

SD

Variance

Traits

10.387 <0.001 0.083 14.779 0.001 0.067 5.944 0.005 0.022 0.147 0.006 0.075

0.116

MVD

0.072

9.264 <0.001 0.173 33.898 <0.001 0.054 5.269 0.009 0.019 0.139 0.005

0.095

Dh

0.146

12.634 <0.001 0.083 3.873 0.060 0.180 4.224 0.021 0.106 0.326 0.021

0.539

VD

3.023 0.058 3.093 63.743 <0.001 0.334 3.444 0.04 0.102 0.32 0.049 0.220

0.293

0.100

0.273 0.762 0.314 31.349 <0.001 0.008 0.385 0.683 0.018 0.134 0.010

0.005

VAF

0.057

32.944 <0.001 0.021 6.535 0.017 0.0354 5.403 0.008 0.009 0.094 0.003

0.216

WD

Note: Sites (Xishuangbanna, Yuanjiang, and Ailaoshan) and growth forms (lianas and trees) are fixed factors and species is the random factor. Sum of squares (SS), F and P values of fixed effects, variance and standard deviation (SD) of random

effects are reported, o

0.05.
Abbreviations: Dy, hydraulically weighted vessel diameter; K,, theoretical hydraulic conductivity; MVD, mean vessel diameter; VAF, vessel area fraction; VD, vessel density; and WD, sapwood density.

from the XSBN tropical seasonal rainforest to YJ savanna
(t=-3.52, P=0.006; Figure 5). Growth form had a greater
impact on variation in MVD, Dy, K,, and VAF across lianas
and trees studied (P <0.001), except for VD and WD, for
which variation was more affected by the site (P <0.001;
Table 2).

With increasing K, the vessel skewness increased for all
liana and tree species (R=0.52, P=0.001); however, the
vessel skewness decreased with increasing WD for all liana
and tree species (R=-0.4, P=0.017; Figure 6). For lianas,
there was a positive correlation between K; and VAF
(R=0.55, P=0.018) and a negative correlation between K,
and WD (R =-0.75, P < 0.001; Figure 7). These correlations,
however, were absent for trees (Figure 7). There was a
significant positive correlation between K, and VAF and a
negative correlation between K; and WD for combined
lianas and trees in the same site (P<0.05; Figure 7;
Appendix S5).

The first two axes of PCA for XSBN tropical seasonal
rainforest, YJ savanna, and ALS subtropical evergreen
broadleaved forest explained 93.32%, 93.01%, and 92.11%
of the variation, respectively (Figure 8). The first axis of the
three sites consistently showed strong positive associations
with MVD, Dy, K, and VAF related to lianas and negative
linkages with VD and WD related to trees. The second axis
showed a positive association for VD and VAF. Lianas and
trees were clearly separated in XSBN and ALS, whereas they
overlapped in Y]J.

DISCUSSION

We found that lianas had greater vessel diameter, vessel
area fraction, dimorphism, theoretical hydraulic con-
ductivity, and lower sapwood density than trees.
Furthermore, these differences were consistent among
contrasting forest types. Vessel dimorphism in lianas
was of particular interest because it may explain the
ability of lianas to thrive in highly seasonal forests and
in treefall gaps (Schnitzer, 2005, 2018). Lianas grow well
in treefall gaps and during the dry season in seasonal
forests, when light is abundant, but water stress can limit
growth (Schnitzer and van der Heijden, 2019). Lianas
appear to utilize the large vessels for the majority of
stem water movement when water is available and the
smaller vessels for protection from embolism when
water availability is low (see also Jiménez-Castillo and
Lusk, 2013). This vessel dimorphism was consistent
across the three contrasting sites, from XSBN tropical
seasonal rainforest, to Y] savanna, to ALS subtropical
forest. By contrast, we found that trees had consistently
conservative hydraulic traits, with relatively small
diameter vessels and low vessel dimorphism due to the
lack of large vessels. The difference in liana and tree
hydraulic traits may explain why lianas and trees tend to
have different distributions and relative abundances
across tropical environments.
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Vessel dimorphism

Theoretically, liana species would benefit from vessel
dimorphism conferred by both a few wide and many
narrow vessels (Gutiérrez et al., 2009). Few but wide vessels
contribute disproportionately to high hydraulic conductiv-
ity for lianas, especially during warm and wet seasons
(Jiménez-Castillo and Lusk, 2013) and thus a high
photosynthetic rate and stem elongation (Schnitzer, 2005;
Wryka et al., 2013). However, if these wide vessels become
cavitated due to extreme drought or frost stress, the
remaining multiple narrow vessels could still maintain
limited hydraulic conductance (Carlquist, 1985; Ewers
et al., 1990; Jiménez-Castillo and Lusk, 2013; Gerolamo
and Angyalossy, 2017).

Indeed, we found that more liana species in the three sites
displayed obvious dimorphic vessel frequency distribu-
tion pattern, supporting our first hypothesis that lianas
possess greater vessel dimorphism than trees. This result
suggests that vessel dimorphism is taxon-specific, occurring
disproportionately in certain liana families, genera, or
species, such as Nepenthaceae (Carlquist, 1981), Bignoniaceae
(Gerolamo and Angyalossy, 2017), Paullinia of Sapindaceae
(Chery et al., 2020) and Bauhinia of Fabaceae (Ewers et al., 1990;
Zhu et al, 2017). By contrast, trees tend to be hydraulically
conservative and have significantly smaller vessel diameter than
lianas at the same site (Zhu et al,, 2017; Zhang et al., 2021).
Compared to liana species, tree species generally have a higher
fiber content in their xylem, which supports their stature, along
with consistently small vessels that are relatively resistant to
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embolism, which provide hydraulic safety (Gerolamo and
Angyalossy, 2017; Zhu et al., 2017).

Our results do not support the second hypothesis that the
proportion of lianas with vessel dimorphism would increase
from warm and wet forest to cold and dry forest. In fact, we
found the opposite result: five of the seven liana species had
vessel dimorphism in the tropical seasonal rainforest, whereas
only two species had vessel dimorphism in the savanna and
subtropical forest. This finding suggests that anatomical
properties other than vessel size differentiation, such as vessel
groupings, presence of vasicentric tracheids, and abundant
parenchyma cells around vessels, may play important but largely
unexplored roles in the adaptation of lianas to adverse
environments (Carlquist, 1984, 1985; Angyalossy et al., 2015).

Two liana species (Bridelia stipularis and Jasminum
seguinii) possessed only narrow vessels (Appendix S4c,f) in
the hot and dry savanna in Y], Southwest China. In this site,
B. stipularis grows as a scandent shrub (having a long self-
supporting phase). Zhang et al. (2021) found that scandent
shrubs usually have smaller vessels than true lianas,
strengthening their resistance to freezing conditions in a
subalpine cold temperate forest. Vessels of J. seguinii are
even smaller than that of most other lianas and co-existing
trees. A number of previous studies have shown that small
vessels are resistant to drought-induced embolism (Pfautsch
et al., 2016; Janssen et al., 2020). Such vessel anatomy
presumably explains why J. seguinii is evergreen throughout
the year in hot and dry savanna habitat.

Interestingly, we found that the vessel skewness
increased with increasing theoretical hydraulic conductivity
but decreased with increasing wood density (Figure 6). This
relationship implies that species with greater skewness (and
thus a combination of large and small vessels) also have
light wood. Such phenomenon should be true for lianas,
which tended to have wide vessels and low wood density in
both this study and others (e.g., Ewers et al., 1990; Zhu
et al.,, 2017; Dias et al., 2019; Meunier et al., 2020). However,
the relationship between high vessel skewness and low wood
density was not true for all liana species in our study.
Bauhinia championii, a liana species distributed in the
XSBN tropical rainforest and the YJ savanna, had extremely
large vessel skewness with both large and small vessels and
high wood density, suggesting that not all liana species with
high hydraulic conductivity have light wood. Instead, the
relationship between hydraulic conductivity and wood
density may depend more on the number of fibers in the
xylem and the thickness of fiber and vessel cell walls
(Carlquist, 1981; Zhu et al., 2017; van der Sande et al., 2019).

Different responses of lianas and trees to
contrasting environments

We found that lianas had higher hydraulic conductivity and
lower hydraulic safety than trees across the three sites.
Moreover, in the hot and dry savanna ecosystem, lianas and
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trees overlapped more in trait space compared to the high-
elevation subtropical forest and tropical seasonal rainforest.
Previous studies also found that drought might allow
species with distinct growth forms to be more convergent
(e.g., Crivellaro et al., 2012; Zhang et al., 2022). Our data
suggest that xylem trait differences between growth forms
are affected by environmental conditions and, for lianas,
may be related to large vessel diameter variation (dimor-
phism; Crivellaro et al., 2012; Medina-Vega et al., 2021).

Lianas also responded to environmental constraints
differently from trees, partly consistent with our prediction
that both lianas and trees have lower hydraulic conductivity
and higher hydraulic safety in a dry-hot, cold habitat than in
a warm, wet habitat due to constraints of drought and
subzero-temperature stresses. For instance, lianas adjusted
their wood traits from the warm, wet habitat to the hot, dry
habitat, but without regulation of wood traits in the colder
habitat at high elevation. This difference suggests that
adjustment in liana wood hydraulic traits was driven mainly
by reduced precipitation rather than by low temperature at
high elevation (Crivellaro et al., 2012).

By contrast, coexisting trees from the XSBN tropical
seasonal rainforest and the Y] savanna had similar hydraulic
properties, with significantly lower vessel diameters and
hydraulic conductivity and higher wood density in the
colder ALS subtropical evergreen forest at high elevation.
These results suggest that low temperature at high elevation
rather than reduced precipitation strongly affects tree wood
traits (Fisher et al., 2007). Small vessels or decline in vessel
diameters in a subzero temperature habitat may help trees
decrease the risk of freeze—thaw cavitation (Davis et al., 1999;
Hacke and Sperry, 2001; Medeiros et al., 2019).

Ecological implications and conclusions

Our results have three important implications. First, vessel
dimorphism might provide an anatomical explanation for
the seasonal-drought growth advantage of lianas
(Schnitzer, 2005, 2018; Medina-Vega et al., 2021). Lianas
with dimorphic vessels can grow particularly well during
dry periods (Schnitzer and van der Heijden, 2019), which
might further explain why lianas thrive in highly seasonal
tropical forests (Schnitzer, 2005; Parolari et al., 2020). Even
though we did not find greater vessel dimorphism in the
exceedingly dry savanna habitat than in the tropical
rainforest, lianas might be able to employ other strategies
such as leaf shedding in the dry season and small vessels to
adapt to extremely dry environments (Werden et al., 2017).
By contrast, the greater vessel dimorphism likely facilitates
tropical rainforest lianas to adapt the seasonal climate (Zhu
et al., 2017). Additional studies relevant to liana vessel
anatomy and physiology are needed to further elucidate the
adaptation of lianas to adverse environments.

Second, liana xylem traits were predictable with their
distinct distribution among the three sites. In the savanna
site, liana vessel diameter decreased and wood density
increased, both of which enhance the resistance to
drought stress and thus allow lianas to establish in the
hot and dry habitat (Zhang et al, 2022). These
characteristics also likely explain why lianas are abundant
but small in savanna ecosystem (Zhang et al., 2020). In a
high-elevation subtropical forest, lianas still maintained
wide vessels, which enable high hydraulic conductivity
but are also vulnerable to freeze-thaw embolism (Hacke
and Sperry, 2001; Jiménez-Castillo and Lusk, 2013;
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Schnitzer, 2018). The vulnerability of lianas to freeze—
thaw embolism may explain why liana abundance
decreases sharply in forests subject to freezing tempera-
tures (Schnitzer, 2005, 2018; Bai et al., 2022).

Third, with global climate change, the severity and
frequency of drought have been rising and will continue
to increase in the future (IPCC, 2019). Given that lianas
tend to have greater vessel dimorphism and reduced
vessel diameter in many tropical ecosystems, they may
be able to capitalize on slight reductions in future
precipitation if it increases seasonality without becom-
ing too dry (Schnitzer and Bongers, 2011; but see
Willson et al., 2022).

To conclude, our results suggest that lianas possess
large vessels, even in dry and cold habitats. A dimorphic
vessel pattern may enable lianas to grow well when water
is available and also to reduce their risks of embolism
when water becomes limiting, ensuring both high
hydraulic efficiency and safety, which may contribute
substantially to liana occurrence and survival in
seasonal, dry, cold habitats. The dimorphic vessel
patterns reported in lianas was seldom found in co-
occurring trees; most trees exhibited small vessels with
normal or nearly normal distribution patterns, indicat-
ing that they have a more conservative hydraulic
strategy. These findings give insights into different
adaptive mechanisms of lianas and co-occurring trees
across common environmental gradients in terms of
stem vessel variation and the potential xylem anatomical
modifications that could help plants cope with global
climate change.

AUTHOR CONTRIBUTIONS

K.Y.Z,, D.Y., and J.L.Z. designed the experiment; K.Y.Z. and
Y.K. collected the data; K.Y.Z., D.Y., and J.L.Z. analyzed the
data; and K.Y.Z,, Y.D., J.L.Z., and S.A.S. led the writing. All
authors contributed critically to the drafts and gave final
approval for publication. The authors have no conflicts of
interest to declare.

ACKNOWLEDGMENTS

This work was supported by the National Natural
Science Foundation of China (32171507, 31870385,
31901285, 31850410488). J.-L.Z. was supported by CAS
“Light of West China” program. In addition, G.G.O.D.
was supported by Yunnan Province Government for
Talents Program (E1YN101BO1), Zhi Hui Yunnan
program (202203AM140024), and Young International
Staff Chinese Academy of Sciences (CAS) President
International  Fellowship Initiative (PIFI) grant
(2019FYB0001). We thank the National Forest
Ecosystem Research Stations at Xishuangbanna and
Ailaoshan, and Yuanjiang Savanna Ecosystem Research
Station for logistic support. We are grateful to two
anonymous reviewers and the journal editors for their
comments and suggestions, which substantially im-
proved the quality of our manuscript.

DATA AVAILABILITY STATEMENT

Data and R codes of this manuscript are archived on
Zenodo at https://doi.org/10.5281/zenodo.7602002 (Zhang
et al., 2023).

ORCID

Ke-Yan Zhang © http://orcid.org/0000-0002-1736-5212
Da Yang © http://orcid.org/0000-0001-7306-3289
Yun-Bing Zhang © http://orcid.org/0000-0002-2739-4324
Qi Liu © http://orcid.org/0000-0003-3962-0867
Gbadamassi G. O. Dossa (& http://orcid.org/0000-0001-
9767-7306

Stefan A. Schnitzer
Jiao-Lin Zhang

http://orcid.org/0000-0002-2715-9455
http://orcid.org/0000-0003-3693-7965

REFERENCES

Angyalossy, V., M. R. Pace, and A. C. Lima. 2015. Liana anatomy: a broad
perspective on structural evolution of the vascular system. In S. A.
Schnitzer, F. Bongers, R. J. Burnham, and F. E. Putz [eds.], Ecology of
lianas, 251-287. John Wiley, NY, NY, USA.

Bai, X. L., Q. Liu, D. Mohandass, M. Cao, H. D. Wen, Y. J. Chen,
S. K. Gupta, et al. 2022. Spatial autocorrelation shapes liana
distribution better than topography and host tree properties in a
subtropical evergreen broadleaved forest in SW China. Biotropica 54:
301-308.

Bates, D., M. Michler, B. Bolker, and S. Walker. 2015. Fitting linear mixed-
effects models using lme4. Journal of Statistical Software 67: 1-48.

Carlquist, S. 1981. Wood anatomy of Nepenthaceae. Bulletin of the Torrey
Botanical Club 108: 324-330.

Carlquist, S. 1984. Vessel grouping in dicotyledon wood: significance and
relationship to imperforate tracheary elements. Aliso: A Journal of
Systematic and Evolutionary Botany 10: 505-525.

Carlquist, S. 1985. Observations on functional wood histology of vines and
lianas: vessel dimorphism, tracheids, vasicentric tracheids, narrow
vessels, and parenchyma. Aliso: A Journal of Systematic and
Evolutionary Botany 11: 139-157.

Chery, J. G., I. L. da Cunha Neto, M. R. Pace, P. Acevedo-Rodriguez,
C. D. Specht, and C. J. Rothfels. 2020. Wood anatomy of the
neotropical liana lineage Paullinia L. (Sapindaceae). IAWA Journal
41: 278-300.

Crivellaro, A., K. McCulloh, F. A. Jones, and B. Lachenbruch. 2012.
Anatomy and mechanical and hydraulic needs of woody climbers
contrasted with subshrubs on the Island of Cyprus. IAWA Journal 33:
355-373.

Crivellaro, A., and F. H. Schweingruber. 2015. Stem anatomical features of
dicotyledons. Kessel Publishing, Remagen, Germany.

Davis, S. D., J. S. Sperry, and U. G. Hacke. 1999. The relationship between
xylem conduit diameter and cavitation caused by freezing. American
Journal of Botany 86: 1367-1372.

Dias, A. S, R. S. Oliveira, F. R. Martins, F. Bongers, N. P. R. Anten, and
F. Sterck. 2019. How do lianas and trees change their vascular strategy
in seasonal versus rain forest? Perspectives in Plant Ecology, Evolution
and Systematics 40: 1-10.

Ewers, F. W., J. B. Fisher, and S.-T. Chiu. 1990. A survey of vessel
dimensions in stems of tropical lianas and other growth forms.
Oecologia 84: 544-552.

Fajardo, A., C. Martinez-Pérez, M. A. Cervantes-Alcayde, and M. E. Olson.
2020. Stem length, not climate, controls vessel diameter in two trees
species across a sharp precipitation gradient. New Phytologist 225:
2347-2355.

Fisher, J. B., G. Goldstein, T. J. Jones, and S. Cordell. 2007. Wood vessel
diameter is related to elevation and genotype in the Hawaiian tree
Metrosideros polymorpha (Myrtaceae). American Journal of Botany
94: 709-715.

85UB017 SUOLILLIOD SAIES1D) 3|qeldde au Ag peusenob ae sojoie YO '8sN J0 S9|Nn J0) Akeuq 18Ul UO AB]IM UO (SUONIPUOD-PUR-SLLBY D" A8 | 1M Aleql 1 pu1|uo//:SAnL) SUOIPUOD pue SIS | 8U1 89S *[£202/90/80] U0 A%iq1T8uljuo AB|iM ‘Uepies ealtelog ool | euueqBuenustx Ad vSTIT 24 e/z00T 0T/I0p/wod A im Ateiq 1 ul|uo'sqndesq//sdny wols pepeojumoq v ‘€202 'L6T2LEST


https://doi.org/10.5281/zenodo.7602002
http://orcid.org/0000-0002-1736-5212
http://orcid.org/0000-0001-7306-3289
http://orcid.org/0000-0002-2739-4324
http://orcid.org/0000-0003-3962-0867
http://orcid.org/0000-0001-9767-7306
http://orcid.org/0000-0001-9767-7306
http://orcid.org/0000-0002-2715-9455
http://orcid.org/0000-0003-3693-7965

VESSEL DIMORPHISM OF LIANAS AMONG ENVIRONMENTS

13 of 14

Gerolamo, C. S, and V. Angyalossy. 2017. Wood anatomy and
conductivity in lianas, shrubs and trees of Bignoniaceae. JAWA
Journal 38: 412-432.

Gutiérrez, M., R. S. Miguel-Chavez, and T. Terrazas. 2009. Xylem
conductivity and anatomical traits in diverse lianas and small tree
species from a tropical forest of Southwest Mexico. International
Journal of Botany 5: 279-286.

Hacke, U. G., and J. S. Sperry. 2001. Functional and ecological xylem
anatomy. Perspectives in Plant Ecology, Evolution and Systematics 4:
97-115.

Hacke, U. G,, ]. S. Sperry, and J. Pittermann. 2000. Drought experience and
cavitation resistance in six shrubs from the Great Basin, Utah. Basic
and Applied Ecology 1: 31-41.

He, P., S. M. Gleason, I. J. Wright, E. Weng, H. Liu, S. Zhu, M. Lu, et al.
2020. Growing-season temperature and precipitation are independent
drivers of global variation in xylem hydraulic conductivity. Global
Change Biology 26: 1833—-1841.

IPCC [Intergovernmental Panel on Climate Change]. 2019. Climate change
and land: an IPCC special report on climate change, desertification,
land degradation, sustainable land management, food security, and
greenhouse gas fluxes in terrestrial ecosystems. In P. R. Shukla, J.
Skea, E. Calvo Buendia, V. Masson-Delmotte, H.-O. Pértner, D. C.
Roberts, P. Zhai, et al. [eds.]. Website https://www.ipcc.ch/srccl/

Janssen, T. A. J., T. Holtta, K. Fleischer, K. Naudts, and H. Dolman. 2020.
Wood allocation trade-offs between fiber wall, fiber lumen, and axial
parenchyma drive drought resistance in neotropical trees. Plant, Cell
and Environment 43: 965-980.

Jiménez-Castillo, M., and C. H. Lusk. 2013. Vascular performance of
woody plants in a temperate rain forest: lianas suffer higher levels of
freeze-thaw embolism than associated trees. Functional Ecology 27:
403-412.

L¢, S., J. Josse, and F. Husson. 2008. FactoMineR: an R package for
multivariate analysis. Journal of Statistical Software 25: 1-18

Medeiros, J. S., F. Lens, H. Maherali, and S. Jansen. 2019. Vestured pits and
scalariform perforation plate morphology modify the relationships
between angiosperm vessel diameter, climate and maximum plant
height. New Phytologist 221: 1802-1813.

Medeiros, J. S., and W. T. Pockman. 2014. Freezing regime and trade-offs
with water transport efficiency generate variation in xylem structure
across diploid populations of Larrea sp. (Zygophyllaceae). American
Journal of Botany 101: 598-607.

Medina-Vega, J. A., F. Bongers, L. Poorter, S. A. Schnitzer, and F. J. Sterck.
2021. Lianas have more acquisitive traits than trees in a dry but not in
a wet forest. Journal of Ecology 109: 2367-2384.

Mello, F. N. A, S. Estrada-Villegas, D. M. DeFilippis, and S. A. Schnitzer.
2020. Can functional traits explain plant coexistence? A case study
with tropical lianas and trees. Diversity 12: 397.

Meunier, F., S. M. Krishna Moorthy, H. P. T. De Deurwaerder, R. Kreus,
J. Van den Bulcke, R. Lehnebach, and H. Verbeeck. 2020. Within-site
variability of liana wood anatomical traits: a case study in Laussat,
French Guiana. Forests 11: 523.

Olson, M. E,, and J. A. Rosell. 2012. Vessel diameter—stem diameter scaling
across woody angiosperms and the ecological causes of xylem vessel
diameter variation. New Phytologist 197: 1204-1213.

Olson, M., J. A. Rosell, C. Martinez-Pérez, C. Le6n-Gémez, A. Fajardo,
S. Isnard, M. A. Cervantes-Alcayde, et al. 2020. Xylem vessel
diameter-shoot length scaling: ecological significance of porosity
types and other traits. Ecological Monographs 90: e01410.

Parolari, A. J., K. Paul, A. Griffing, R. Condit, R. Perez, S. Aguilar, and
S. A. Schnitzer. 2020. Liana abundance and diversity increase with
rainfall seasonality along a precipitation gradient in Panama.
Ecography 43: 25-33.

Pfautsch, S., M. Harbusch, A. Wesolowski, R. Smith, C. Macfarlane,
M. G. Tjoelker, P. B. Reich, and M. A. Adams. 2016. Climate
determines vascular traits in the ecologically diverse genus Eucalyp-
tus. Ecology Letters 19: 240-248.

Poorter, L., I. McDonald, A. Alarcén, E. Fichtler, J.-C. Licona, M. Pefa-
Claros, F. Sterck, Z. Villegas, et al. 2010. The importance of wood

traits and hydraulic conductance for the performance and life history
strategies of 42 rainforest tree species. New Phytologist 185: 481-492.

R Core Team. 2020. R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria.
Website https://www.R-project.org/

Rosell, J. A., and M. E. Olson. 2014. Do lianas really have wide vessels?
Vessel diameter-stem length scaling in non-self-supporting plants.
Perspectives in Plant Ecology, Evolution and Systematics 16: 288-295.

Schnitzer, S. A. 2005. A mechanistic explanation for global patterns of liana
abundance and distribution. American Naturalist 166: 262-276.

Schnitzer, S. A. 2018. Testing ecological theory with lianas. New Phytologist
220: 366-380.

Schnitzer, S. A., and F. Bongers. 2011. Increasing liana abundance and
biomass in tropical forests: emerging patterns and putative mecha-
nisms. Ecology Letters 14: 397-406.

Schnitzer, S. A., and G. M. F. van der Heijden. 2019. Lianas have a seasonal
growth advantage over co-occurring trees. Ecology 100: e02655.

van der Sande, M. T., L. Poorter, S. A. Schnitzer, B. M. J. Engelbrecht, and
L. Markesteijn. 2019. The hydraulic efficiency-safety trade-off differs
between lianas and trees. Ecology 100: €02666.

Werden, L. K,, B. G. Waring, C. M. Smith-Martin, and J. S. Powers. 2017.
Tropical dry forest trees and lianas differ in leaf economic spectrum
traits but have overlapping water-use strategies. Tree Physiology 38:
517-530.

Wheeler, E. A, P. Baas, and S. Rodgers. 2007. Variations in dicot wood
anatomy: a global analysis based on the insidewood database. IAWA
Journal 28: 229-258.

Willson, A. M., A. T. Trugman, J. S. Powers, C. M. Smith-Martin, and
D. Medvigy. 2022. Climate and hydraulic traits interact to set
thresholds for liana viability. Nature Communications 13: 3332.

Wyka, T. P., J. Oleksyn, P. Karolewski, and S. A. Schnitzer. 2013.
Phenotypic correlates of the lianescent growth form: a review. Annals
of Botany 112: 1667-1681.

Zhang, K.-Y., D. Yang, Y.-B. Zhang, D. S. Ellsworth, K. Xu, Y.-P. Zhang, Y.
-J. Chen, et al. 2021. Differentiation in stem and leaf traits among
sympatric lianas, scandent shrubs and trees in a subalpine cold
temperate forest. Tree Physiology 41: 1992-2003.

Zhang, K.-Y., D. Yang, Y.-B. Zhang, Q. Liu, Y.-S.-D. Wang, Ke Yan,
Y. Xiao, et al. 2023. Vessel dimorphism and wood traits in lianas and
trees among three contrasting environments [data set]. Zenodo
Website: https://doi.org/10.5281/zenodo.7602002

Zhang, L., Y. Chen, K. Ma, F. Bongers, and F. J. Sterck. 2019. Fully exposed
canopy tree and liana branches in a tropical forest differ in
mechanical traits but are similar in hydraulic traits. Tree Physiology
39: 1713-1724.

Zhang, Y.-B., H.-D. Wu, J. Yang, X.-Y. Song, D. Yang, F. He, J.-L. Zhang,
and H. Feilhauer. 2020. Environmental filtering and spatial processes
shape the beta diversity of liana communities in a valley savanna in
southwest China. Applied Vegetation Science 23: 482-494.

Zhang, Y.-B., D. Yang, K.-Y. Zhang, X.-L. Bai, Y.-S.-D. Wang, H.-D. Wu,
L.-Z. Ding, et al. 2022. Higher water and nutrient use efficiencies in
savanna than in rainforest lianas result in no difference in
photosynthesis. Tree Physiology 42: 145-159.

Zhu, S.-D., Y.-]. Chen, P.-L. Fu, and K.-F. Cao. 2017. Different hydraulic
traits of woody plants from tropical forests with contrasting soil water
availability. Tree Physiology 37: 1469-1477.

SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this article.

Appendix S1. List of species studied.

Appendix S2. Frequency distribution of vessel diameters
and their relative contributions to total hydraulic conduc-
tivity of liana and tree species in the Xishuangbanna tropical
seasonal rainforest.
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Appendix S3. Frequency distribution of vessel diameters
and their relative contributions to total hydraulic conduc-
tivity of liana and tree species in the Yuanjiang savanna.

Appendix S4. Frequency distribution of vessel diameters
and their relative contributions to total hydraulic conduc-
tivity of liana and tree species in the Ailaoshan subtropical
evergreen broadleaved forest.

Appendix S5. Coefficients of Pearson's correlation between
skewness and six wood traits across lianas and trees in three
sites.
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