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Summary

� Xylem conduits have lignified walls to resist crushing pressures. The thicker the double-wall

(T) relative to its diameter (D), the greater the implosion safety. Having safer conduits may

incur higher costs and reduced flow, while having less resistant xylem may lead to catastrophic

collapse under drought. Although recent studies have shown that conduit implosion com-

monly occurs in leaves, little is known about how leaf xylem scales T vs D to trade off safety,

flow efficiency, mechanical support, and cost.
� We measured T and D in > 7000 conduits of 122 species to investigate how T vs D scaling

varies across clades, habitats, growth forms, leaf, and vein sizes.
� As conduits become wider, their double-cell walls become proportionally thinner, resulting

in a negative allometry between T and D. That is, narrower conduits, which are usually sub-

jected to more negative pressures, are proportionally safer than wider ones. Higher implosion

safety (i.e. higher T/D ratios) was found in asterids, arid habitats, shrubs, small leaves, and

minor veins.
� Despite the strong allometry, implosion safety does not clearly trade off with other mea-

sured leaf functions, suggesting that implosion safety at whole-leaf level cannot be easily pre-

dicted solely by individual conduits’ anatomy.

Introduction

Vascular plants developed lignified xylem conduits to transport
water with high efficiency (Sperry, 2003) but variable safety
(Hacke et al., 2001). Plants can experience extreme negative pres-
sures inside the xylem, which increases the risk of conduit dys-
function by either cavitation (i.e. rupture of the continuous water
columns due to the formation and expansion of air bubbles) or
implosion (i.e. the collapse of conduit walls due to compression
forces) (Hacke et al., 2004; Sperry & Hacke, 2004). For a long
time, physiological work on xylem dysfunction focused on cavita-
tion as the main process reducing hydraulic efficiency under
drought (e.g. Brodribb & Holbrook, 2005; Choat et al., 2012).
It was assumed that cavitation occurs long before water potential
falls sufficiently low to collapse cells (Hacke et al., 2001; Sperry
& Hacke, 2004; Pittermann et al., 2011). However, several stu-
dies have now showed that implosion commonly occurs in leaves
of conifers (e.g. Cochard et al., 2004; Zhang et al., 2014; Chin
et al., 2022), ferns, and angiosperms (Zhang et al., 2016, 2023).
At least in the smaller leaf conduits (minor veins), reversible
implosion preempts cavitation and influences whole-leaf
responses to water stress (Cochard et al., 2004; Zhang
et al., 2016, 2023). Implosion was observed at leaf water poten-
tials (Ψleaf) as high as �0.9 MPa, suggesting that conduits might

not be as resistant to implosion as previously thought (Zhang
et al., 2023). Thus, there is a need to better understand leaf fea-
tures dictating implosion safety and how it varies across species.

Implosion occurs when radial (force orientated toward the
conduit center) or hoop forces (force exerted around the conduit
circumference) create mechanical stress that exceeds the wall
strength, so it buckles inwards. Diverse traits, such as conduit
shape, length, and elasticity, influence how much tension can be
supported before a conduit implodes (Sperry & Hacke, 2004).
However, to a first approximation, implosion safety at the con-
duit level can be described as a monotonic function of the ratio
between conduit double-wall thickness (T = the thickness of the
conduit cell wall plus the thickness of the adjacent conduit wall)
and its maximum lumen diameter (D = the longest diameter of
the conduit), that is T/D also called ‘thickness-to-span’ ratio
(Hacke et al., 2001; Sperry et al., 2006). Sometimes implosion
safety is also modeled as (T/D)2 (Hacke et al., 2001) or (T/D)3

(Blackman et al., 2010). Regardless of the exponent, this relation-
ship implies that implosion safety can increase by either narrow-
ing or thickening conduits. Either way may result in functional
disadvantages (Blackman et al., 2010; Pratt & Jacobsen, 2017),
even if there is some nonlinearity in the relationship between T,
D, and T/D. Narrowing conduits decreases flow efficiency.
According to the Hagen–Poiseuille law, the efficiency of
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transport in a pipe increases to the fourth power of its diameter,
so any small reduction in diameter implies a great decline in flow
(Tyree et al., 1994). Thickening conduits increases construction
cost. Although thicker conduits are safer against implosion and
more mechanically supported (Růžička et al., 2015), they are also
more costly to produce because lignin is an expensive polymer to
biosynthesize (Amthor, 2003).

Therefore, plants must trade off implosion safety and mechan-
ical support vs maximum efficiency at a minimum cost
(Sperry, 2003; Sperry et al., 2006; Pratt & Jacobsen, 2017).
Assuming linear trade-offs exist between those functions, we can
use a linear equation log(T )= a+ b × log(D) to investigate how
xylem conduits coordinate their growth in diameter (due to cell
enlargement) and in thickness (due to lignin deposition) to trade
off among different functions (Fig. 1). The y-intercept (a coeffi-
cient) indicates the overall leaf implosion resistance, with higher
values suggesting thicker cell walls (higher degree of lignification)
for any given conduit diameter, and hence higher implosion
safety across the entire network (i.e. from the petiole all the way
to the minor veins; Fig. 1a,b). The slope (b coefficient) indicates
how the implosion safety varies across vein spatial scales, that is
across vein orders (Fig. 1c,d). If b = 1 (isometric allometry), then
conduits scale T proportionally to D, that is as conduits become
wider their cell walls become proportionally thicker, resulting in
a level of conduit reinforcement (T/D) that is constant across

different vein orders. If b> 1 (positive allometry), narrower con-
duits have relatively thinner cell walls than wider conduits do. In
this case, narrower conduits have lower implosion safety, while
wider conduits are mechanically stronger and safer against implo-
sion, but also more costly to produce. If b< 1 (negative allome-
try), narrower conduits have relatively thicker cell walls than
wider conduits do. In this case, narrower conduits might have
higher implosion safety, while wider conduits might be less costly
to produce and more efficient, but at the expense of being poten-
tially more vulnerable to implosion. Therefore, a indicates the
implosion safety of the whole network (when b = 1), whereas b
indicates how implosion safety varies from wider to narrower
conduits.

Because xylem tension increases from the petiole to the minor
veins, there could be a gradient in implosion safety from the
proximal to distal ends of the venation network. That is, because
minor veins are subjected to more negative water potentials and
thus are under higher risk of collapse, we could expect them to
develop higher implosion safety than major veins, resulting in
b< 1. Assuming that the xylem path length shapes the water
potential drop across the leaf, then we could also expect higher
implosion resistance in terminal veins as leaf increases in size.
Alternatively, minor veins may exhibit lower implosion safety.
The greater diffusivity of minor veins, often achieved by the pre-
sence of more or larger pit pores, permit greater radial leakage to

log(T) = a + b × log(D)

Allometric equation
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Fig. 1 Scaling scenarios for the log–log relationship between leaf conduit double-wall thickness (T ) and maximum lumen diameter (D) for three
hypothetical species (yellow, green, and orange). (a) Species have same slope (b coefficient) but different y-intercepts (a coefficients): a> 0 (yellow line) –
conduits have thicker cell walls relative to their diameter (i.e. higher lignification), potentially resulting in higher implosion safety across the entire venation
network; a= 0 (green line) – conduits have lower degree of lignification; a< 0 (orange line) – conduits have thinner cells walls relative to their diameter,
potentially resulting in lower implosion safety across the entire leaf venation network. (b) Illustrations of how conduits T and D are expected to vary across
vein sizes in each of the three scaling scenarios with same b but different a. (c) Species have same a but different b: b> 1 (yellow line) – as conduits
become wider their cell walls become proportionally thicker, resulting in greater xylem reinforcement and lower vulnerability to implosion in wider
conduits; b= 1 (green line) – conduits diameter and thickness increase proportionally, resulting in a constant safety implosion across conduits of different
diameters; b< 1 (orange line) – as conduits become wider their cell walls become proportionally thinner, resulting in greater xylem reinforcement in
narrower conduits, but potentially higher vulnerability to implosion in wider conduits. (d) Illustrations of how conduits T and D are expected to vary across
vein sizes in each of the three scaling scenarios of same a but different b.
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the mesophyll (Zwieniecki et al., 2002), but may also weaken the
double-cell walls (Hacke et al., 2004; Sperry & Hacke, 2004),
reducing their implosion resistance. Studies investigating implo-
sion safety variation across vein orders have found inconsistent
results, either showing no variation in the T vs D scaling across
vein orders (Blackman et al., 2018) or showing that implosion
occurs first in the minor veins (Zhang et al., 2016, 2023). There-
fore, it is still unclear whether there is any generality in how T
and D scale across vein orders and leaf sizes.

Similarly, species from arid habitats experience more xylem
tension and are likely under greater selection for developing
safer conduits (Blackman et al., 2018; Echeverrı́a et al., 2022;
Nardini, 2022). But, it is unclear whether their higher implo-
sion safety is achieved by developing more lignified xylem con-
duits across the entire leaf network (higher a), by investing in
safer minor veins (b< 1), or by a combination of both. Pre-
vious studies evaluating those questions have focused on stem
xylem (e.g. Pittermann et al., 2006; Echeverrı́a et al., 2022).
Because leaf veins can be substantially less lignified than stem
conduits, it is unclear whether the findings observed in wood
xylem can also be applied to leaves. Some studies investigated T
vs D scaling in leaf xylem of a subset of gymnosperms (Pitter-
mann et al., 2011), angiosperms (e.g. Blackman et al., 2018),
and ferns species (Pittermann et al., 2011). However, we still
lack a more comprehensive assessment of leaf implosion safety
in a wide range of phylogenetically and morphologically diverse
species.

Here, we investigated how implosion safety varied in 122 ferns
and angiosperms species with different habitats, growth forms,
and leaf sizes. For each species, we also measured traits describing
leaf mechanical support, flow efficiency, and construction cost
and tested for potential trade-offs between them. Specifically, we
asked the following: (1) How do leaf conduits’ T and D scale to
each other? (2) How do the coefficients (a and b) of the T vs D
scaling vary across species, clades, habitats, growth forms, leaf
sizes, and vein orders? (3) Is there a linear trade-off between
implosion safety vs mechanical support, flow efficiency, and
construction cost?

Materials and Methods

Study species

We sampled 122 species (Supporting Information Table S1)
from the University of California Botanical Garden at Berkeley (‘
UCBG’, 37.87, �122.23; Berkeley, CA, USA). Species selection
maximized phylogenetic coverage, and included species with dif-
ferent growth forms, leaf sizes, and habitats (Table S1; Fig. S1).
Because this garden collection often has a single or just a few
individuals per species, our sampling approach was limited to a
few branches (> 1 m long) collected from a single individual
(woody species), or to a few leaves collected from 1 to 5 indivi-
duals (herbaceous species). Samples were collected in the morn-
ing, re-cut under water, re-hydrated overnight, and then used for
the measurement of leaf anatomical and functional traits. As most
of those traits are destructive, we used different leaves for each

trait. This sampling approach with a low number of replicates
within species is appropriate for studying inter-specific trait varia-
tion across a phylogenetically diverse set of species (Shipley
et al., 2016).

Anatomical measurements

Fresh and mature leaves (3–4 per species) were cut into 1-cm2

sections, fixed in formalin acetic acid, and embedded in paraffin
blocks. Sections included different leaf portions (base, middle,
apex, and petiole) and vein orders. Transverse cross sections of
8–10 μm of thickness were cut with a microtome (RM2265;
Leica, Nubloch, Germany), stained using the Johansen’s
safranin-O and fast green method (Johansen, 1940), and
mounted in permanent glass slides using Cytoseal 60 medium
(Richard-Allan Scientific, San Diego, CA, USA). Sections were
observed under a light microscope (DM 2000; Leica), and photo-
graphed (at ×20–100 objectives) with a camera control unit
(DS-Fi1; Nikon, Melville, NY, USA). We selected 6–8 images
per species and manually measured the maximum and minimum
lumen diameters (Dmax and Dmin, μm) and the double-cell wall
thickness (T, μm) on all or, at most, 10 adjacent conduits per
image using IMAGEJ (https://imagej.nih.gov/). In vascular bundles
with > 10 conduits, we systematically selected conduits to cover
the range of conduit sizes observed in each picture.

Functional traits

Implosion safety ratio (T/D) was calculated as the ratio between
T and Dmax for each conduit. Higher T/D values are assumed to
be associated with greater implosion safety. Per this assumption,
we estimated a theoretical critical implosion pressure (Pcri, MPa),
that is the critical pressure above which a cell wall collapses. Pcri
should be a function of T/D, but the specific equation depends
on what type of stress (radial or hoop) induces the implosion
(Young, 1989). Because the prevalent type of stress causing leaf
conduits to collapse is not known precisely, we used two different
mechanical models of Pcri.

The first model Eqn 1 (Blackman et al., 2010) is based on
Timoshenko’s equation for an isolated and perfectly rounded
pipe under negative pressure (Timoshenko, 1930) and considers
that hoop forces are the main underlying stress inducing collapse.

Pcri1 ¼
2E

1�υ
2ð Þ

�
T

2Dmax

� �3

Eqn 1

where, E, radial elastic modulus of xylem conduits in MPa; υ,
Poisson ratio for lignin = 0.28; T, conduit double-wall cell thick-
ness in μm; Dmax, maximum conduit diameter in μm.

In the absence of per species data, Pcri1 was calculated assum-
ing that E ranges from 100 (Pcri1 low) to 300MPa (Pcri1 high)
(Blackman et al., 2010). To estimate how much the leaf conduits
cross-sectional shape deviates from a rounded shape, we calculate
the conduit ovality as O = (Dmax –Dmin)/(Dmax+Dmin), where
Dmin is the minimum conduit lumen diameter in μm (Ikeda
et al., 2013). An ovality value of 0 indicates a perfectly rounded
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conduit. Conduits with O< 0.005 still behave as a cylindrical
pipe under compressive forces, but above this value conduit shape
starts interfering in Pcri1 (Ikeda et al., 2013). Note that O was not
directly used to adjust Pcri1.

The second model Eqn 2 (Hacke et al., 2001; Sperry &
Hacke, 2004) considers the double-wall between neighboring
conduits as a flat solid plate of finite Dmax and effectively infinite
length. It also assumes that radial stresses occurring in the com-
mon wall between an embolized and a water-filled conduit are
the main cause of implosion, while hoop stresses are negligible
(Sperry & Hacke, 2004).

Pcri2 ¼
W

b

� �

�
T

Dmax

� �2

Eqn 2

where, W, cell wall strength at saturation in MPa; b, coefficient
that depends on the width-to-length ratio of the conduits (0.25
for a ratio of 0.5 or less).

Cell wall strength is unknown for the species evaluated. In
wood xylem, W c. 40–80MPa (Hacke et al., 2001; Sperry &
Hacke, 2004), but it could be lower for leaf xylem. Therefore, we
calculated Pcri2 assuming that W ranges from 10 (Pcri2 low) to
80MPa (Pcri2 high). Although both mechanical models described
above are approximations (Hacke et al., 2004; Sperry &
Hacke, 2004) and may not give accurate pressures for collapse,
they likely account for enough variation across species to provide
useful insights.

Flow efficiency was quantified as the maximum leaf hydraulic
conductance (Kleafmax, mmol m�2 s�1MPa�1), measured on
4–10 leaves per species using the evaporative flux method (Sack
& Scoffoni, 2012) with a pressure-drop flow meter (Melcher
et al., 2012). In this method, a transpiring leaf was firmly con-
nected to a tube running to a water source, which was then placed
in series with a resistance tube (PEEK tubing; VWR, Radnor,
PA, USA) of known hydraulic conductance. To accelerate the
evaporation process, leaf samples were placed over a box fan and
below a light source. Once a steady-state flow rate was achieved,
pressures across the resistance tube were recorded, for at least
10 min, using two pressure transducers (model PX26-001GV;
Omega Engineering, Norwalk, CT, USA) interfaced to a data
logging system (U6 USB; Labjack, Lakewood, CO, USA). Next,
the leaf was disconnected from the tubing system, and placed in a
sealable plastic bag for c. 20 min for water potential equilibration.
Final leaf water potential was measured using a pressure chamber
(model 1505D; PMS, Albany, OR, USA). Leaf area (LA, cm2)
was obtained using a flatbed scanner and the leafarea macro
(https://github.com/bblonder/leafarea) in the IMAGEJ software
v.1.53t (https://imagej.nih.gov/). Finally, Kleafmax normalized by
leaf area and corrected for leaf temperature was calculated follow-
ing Sack & Scoffoni (2012). Kleafmax describes how much water
flows across the leaf in response to a water potential gradient
between the leaf and the surrounding atmosphere; hence, higher
values indicate higher flow efficiency. LA obtained as above, was
used to classify species as microphyllous (LA ≤ 20.25 cm2), meso-
phyllous (20.25< LA< 45 cm2), and macrophyllous (LA≥
45 cm2), following Webb (1959).

Mechanical support was quantified as the leaf flexural modulus
of elasticity (ε, MN m�2). To obtain ε, we performed 3-point
bending tests using a Universal Testing Machine (Test stand
ES30; Mark-10, Copiague, NY, USA) on 3–4 leaves per species.
Leaves were placed in the UTM machine with their longitudinal
axis parallel to the bending fixture. During the bending test, the
force (force gauges M5-5 and M5-20; Mark-10) and the displace-
ment (travel display ESM0001; Mitutoyo, Aurora, IL, USA)
were recorded, and then used to produce force-displacement
plots. After each test, leaf width and thickness at the bending
point and the span length between the two bending fixtures were
measured with a digital caliper, and then used for the calculation
of ε following Read et al. (2005). Higher values of ε (i.e. stiffer
leaves) indicate higher mechanical support. In 14 species
(Table S1), leaves were too small to be properly attached to the
bending fixture and/or too flexible to produce detectable bending
forces, so ε was not measured.

Construction cost was estimated using two different proxies:
leaf mass per area (LMA, g m�2) and total volume of veins per
area (VTotV, mm3mm�2). LMA describes the total amount of
resources invested in constructing each unit of leaf area. To
obtain LMA, 3–5 leaves per species were scanned to obtain the
leaf area and oven-dried at 50°C for 48 h to determine their dry
mass. LMA was then calculated as leaf dry mass divided by leaf
area (Pérez-Harguindeguy et al., 2016). VTotV describes the
total volume of veins per unit of leaf area, and it is a reasonable
proxy of the construction cost of conduits per se. To calculate
VTotV, we first obtained leaf cleared images of all species, except
for Nymphaea spp. and Aucuba japonica Thunb., because it was
impossible to obtain a clear image of their venation networks.
Next, we used the LeafVeinCNN app in MATLAB to calculate the
total volume of veins (Xu et al., 2021), assuming that veins have
a cylindrical shape. Finally, we divided the total volume of veins
by leaf area to obtain VTotV. Higher LMA and VTotV values
reflect higher construction cost.

Species habitat

We inferred habitat for each species based on its current geographic
range. To retrieve the geographic range, we used occurrence data
from Botanical Information and Ecology Network (Maitner
et al., 2018) and Global Biodiversity Information Facility
(https://www.gbif.org/) databases. Occurrence records were manu-
ally cleaned by removing duplicated, outdated (pre-1950), or sus-
pect geographical coordinates (outside the species natural habitat).
Next, the mean annual precipitation (MAP) for each coordinate
was extracted from the Worldclim database (https://www.
worldclim.org/data/bioclim.html) at 2.50 resolution (c. 5 km). For
each species, we averaged the MAP for all occurrence points and
then classified the species habitat as hydric (MAP> 2000mm),
mesic (500mm<MAP≤ 2000mm), or arid (MAP≤ 500mm).

Statistical analysis

To investigate how leaf conduits’ T and Dmax scale to each
other, we log10-transformed both variables and then used the
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SMATR R-package v.3 (Warton et al., 2012) to fit standardized
major axis (SMA) regression models. We used the functions
sma (log(T ) c. log(D), slope.test = 1) to test whether the coeffi-
cient b for all species together was significantly different from
one. To investigate whether the coefficients b (log(T ) c. log
(D) × group) and a (log(T ) c. log(D)+ group) differed across
groups (species, clades, habitats, growth forms, leaf sizes, and
vein orders), we used Likelihood ratio (λ) and Wald (W ) statis-
tics, respectively (Warton et al., 2012). We also performed
Kruskal–Wallis tests followed by pairwise Wilcox tests with
Benjamini & Hochberg’s (1995) P-value adjustment method to
test for differences in anatomical traits across those groups. Cur-
rently, the SMATR package does not support multiple regressions
(Warton et al., 2012). Thus, to investigate any potential influ-
ence of both leaf sizes and species in the T c. D scaling relation-
ship across vein orders, we fitted a standard mixed model
regression using the function ‘lme’ from the NLME R-package.
Leaf area was model as fixed effect, while vein orders nested
within species, and species nested within genus as random
effects, that is lme (log(T ) c. log(D) × log(LA), random = c.1|
genus/species/vein orders). We used the NLME function ‘anova()’
to assess the significance of each predictor variable effect and
the function ‘residplot()’ from the PREDICTMEANS R-package to
perform residual analysis.

To further examine phylogenetically driven variation in
implosion safety, we built a phylogenetic tree for all species
using V.PHYLOMAKER2 R-package (Jin & Qian, 2022) and the ‘
GBOTB.extended.WP.tre’ mega-tree. Next, we used the func-
tion ‘fastAnc’ from the PHYTOOLS R-package to perform a fast
estimation of the ancestral states for a, b, and T/D. We also
conducted Blomberg’s K tests (Blomberg et al., 2003) using
the PHYTOOLS function ‘phylosig’ to test for phylogenetic signals
in those same traits (i.e. the tendency for related species to
resemble each other, more than they resemble species drawn at
random from a tree). K< 1 indicates faster trait evolution than
expected under a Brownian model (weaker phylogenetic sig-
nal), while K> 1 indicates slower trait evolution (stronger phy-
logenetic signal).

To investigate possible trade-offs among leaf functions, we
used two complementary approaches. First, we carried out a prin-
cipal component analysis (PCA) using the ‘prcomp’ function in
R. Before the PCA, we centered and z-transformed all traits to
improve comparability among them and reduce bias toward traits
with higher variance. We used the broken stick method (Jack-
son, 1993) for estimating the number of principal components to
be retained. Our PCA was carried out with 106 of the 122 stu-
died species, as we removed 16 species with missing data for
VTotV and ε. Second, we ran ordinary least-squares regression
models to test for pairwise trade-offs between implosion safety
(response variable) and the other leaf traits (predictor variables).
We also regressed Pcri1 and Pcri2 values to assess the relationship
between our two different models of conduit collapse.

All analyses were carried out using the R v.4.3.1 (R Core
Team, 2023). Code to reproduce analyses is available at
https://github.com/ilamatos/xylem_implosion_safety. Regressions
or differences were considered significant if P< 0.05.

Results

We measured 7113 leaf conduits. Conduit shape, dimensions, and
arrangement greatly varied across species (Fig. 2; Table S1). Only
0.7% of the conduits exhibited ovality O< 0.005. The median cri-
tical pressure for collapse under hooping forces were �0.83MPa
(Pcri1 low) and �2.40MPa (Pcri1 high), for the low and up ranges
of xylem elastic modulus. Critical pressures for collapse due to
radial forces were �3.92MPa (Pcri2 low) and �31.37MPa (Pcri2
high) for the low and up ranges of cell wall strength. Pcri1 vs Pcri2
were monotonically and nonlinearly correlated (Fig. S2a,b), and
Pcri2 always estimated more negative pressures for collapse
(Fig. S2c–f). Median Dmax was 6.90 μm, ranging from 1.21 μm
(Randia laetevirens Standl., a dry tropical forest tree) to 80.28 μm
(Parajubaea torallyi (Mart.) Burret, a dry tropical forest palm),
whereas median T was 2.28 μm, ranging from 0.46 μm (Sagittaria
latifolia, a temperate aquatic herb) to 7.95 μm (Simmondsia chinen-
sis (Link) C.K.Schneid., a desert shrub). T/D varied c. 145-fold
from 0.02 (S. latifolia) to 2.97 (S. chinensis). We also found sub-
stantial variation in functional traits across species (Table S1).

A negative allometry exists between leaf conduits diameter
and thickness, but differences exist among clades

When we evaluated all species together, b was significantly lower
than one (b = 0.55, test statistic r =�0.58, P< 0.001), indicat-
ing a negative allometry (Fig. 3). Both coefficients b (likelihood
ratio statistic λ= 672.6, P< 0.001) and a (Wald statistic
W= 4284, P< 0.001) significantly varied across species, ranging
from b= 0.29–1.20 (Figs 4, S3) and a=�0.77 to 0.27 (Fig. S3;
Table S2).

Despite the overall negative allometry (Fig. 4a), eight species
(Table S2; Fig. 4b,c) showed b values not significantly different
from one (isometric allometry), meaning a constant implosion
safety across conduits of different sizes. None of the evaluated
species showed b> 1 (positive allometry). Coefficients a
(W= 790.1, P< 0.01) and b (λ= 26.28, P< 0.01) also signifi-
cantly varied across plant clades (Fig. 5a–f). Asterids exhibited
the thickest conduits with higher implosion safety ratios (T/D),
while monocots showed the widest and thinnest conduits with
smaller T/D (Fig. 6b; Table S3). K values were lower than 1 for
T/D (K= 0.33; P= 0.46), a (K= 0.62; P< 0.01), and b
(K= 0.61; P< 0.01), indicating weak phylogenetic signal for
implosion safety. Ancestral reconstruction characters mapped
onto the phylogenetic tree are shown in Figs 6(a), S4 and S5.

Leaf conduits are more resistant against implosion in arid
habitats, woody species, small leaves, and minor veins

Coefficients a (W= 349.6, P< 0.001) and b (λ= 10.92,
P= 0.004) varied across species habitats. Compared with hydric
and mesic species, arid species showed significantly narrower and
thicker conduits, with higher T/D (Table S3; Fig. 5g–i). Compar-
ing across growth forms (Fig. S6), a (W= 441.20, P< 0.01) and
b (λ= 97.49, P< 0.01) also varied significantly. Shrubs showed
the narrower and potentially safer conduits (highest T/D ratios),
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whereas aquatic species showed the wider and most vulnerable
ones (lowest T/D ratios, Table S3). Implosion safety was higher,
Pcri was lower (more negative), and b coefficient (λ= 21.90,
P< 0.01) was steeper in microphyllous species (Table S3;
Fig. S7), suggesting that conduits in small leaves are more resistant
to implosion. However, our mixed model regression suggests a
non-significant effect of leaf area on the T c. D scaling across vein
orders (Table S4). Coefficients a (W= 167, P< 0.001) and b

(λ= 32.29, P< 0.001) also differed across vein orders (Fig. 5j–l).
Slope was significantly steeper (higher b) in minor and medium
veins and shallower (lower b) in major veins, implying that con-
duit double-wall thickness increases with increasing diameter at a
higher rate in higher vein orders than in major veins. Moreover,
implosion safety index (T/D ratio) significantly increases from
minor to major veins (Table S3), suggesting again that conduits
in smaller veins might be more resistant to implosion.
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Fig. 2 Leaf cross-sectional images showing
variation in the dimensions, shape, number, and
arrangement of leaf xylem conduits (tracheids
and vessel elements) across ferns and angiosperm
species. (a) Randia laetevirens Standl. (asterid):
mesic tree with narrow conduits; (b)Onoclea

sensibilis L. (fern): mesic herb with medium size
conduits; (c) Parajubaea torallyi (Mart.) Burret
(monocot): mesic palm with wide conduits; (d)
Camellia sinensis (L.) Kuntze (asterid): mesic tree
with conduits of different shapes; (e) Deyeuxia
nutkaensis (J.Presl) Steud. (monocot): mesic herb
with ellipsoidal conduits; (f) Illicium lanceolatum

A.C.Sm. (basal angiosperm): mesic tree with
conduits of different shapes; (g) Asimina triloba

(L.) Dunal (basal angiosperm): mesic tree, midrib
with two layers of xylem conduits; (h) Cyclanthus
bipartitus Poit. ex A.Rich. (monocot): hydric tree,
midrib with many vascular bundles; (i) Phillyrea
latifolia L. (asterid): mesic tree, midrib with single
vascular bundle; (j) Prosartes hookeri Torr.
(monocot): mesic herb, fibers surrounding the
xylem conduits; (k) Simmondsia chinensis (Link)
C.K.Schneid. (rosid): arid shrub, fibers
intermingled with xylem conduits; (l) Romneya

coulteri Harv. (basal eudicot): arid shrub, no
apparent fiber neighboring xylem conduits; (m)
Montinia caryophyllacea Thunb. (asterid): arid
shrub: uncollapsed xylem conduits; (n)Montinia

caryophyllacea (asterid): collapsed xylem
conduits likely due to water stress. In all panels,
some representative xylem conduits are labeled
with X, while fibers, if present, are labeled with f.
Only in panel n, the label X indicates collapsed
xylem conduits, which can be identified by their
irregular shape.
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No trade-offs were observed between implosion safety,
efficiency, and mechanical support

We identified two significant principal component (PC) axes
(Fig. S8), which cumulatively explained 52% of the total variation

among leaf traits (Fig. 7). PC1 was dominated by cost (LMA),
implosion safety (T/D), and flow efficiency (Kleafmax), while PC2
was associated with mechanical support (ε) and cost (VTotV). We
found no evidence that higher implosion safety is linked to lower
flow efficiency or higher mechanical support along the first two

Fig. 3 Standardized major axis (SMA) regression
for the log–log relationship between leaf conduit
double-wall thickness and maximum lumen
diameter across 7113 conduits measured from
122 species of fern and angiosperms. Values
were log10-transformed before SMA regression,
and then xy-axis were back transformed to their
original units in μm. Black dashed lines indicate
hypothetical isometric slope (b= 1.0) and
positive allometric (b= 1.5) linear relationships
between T vs D. Solid red line represents the
actual estimated T vs Dmax relationship, which
conforms with a negative allometric relationship
(b= 0.55; a=�0.11). Solid and thin black lines
represent the 95% confidence interval for the
SMA regression.

Fig. 4 Standardized major axis regressions for the
log–log relationship between leaf conduit
double-wall thickness and maximum lumen
diameter for three species with distinct slopes: (a)
Daphniphyllum himalayenseMüll.Arg. –
negative allometry (b= 0.29, a = 0.09); (b)
Aristolochia baetica L. – isometric allometry
(b= 0.87 but not significantly different from 1,
a=�0.34); and (c) Equisetum telmateia Ehrh. –
isometric allometry (b= 1.2 but not significantly
different from 1, a =�0.74). Black dashed lines
represent an isometric line (b= 1.0). Numbered
inserts illustrate the expected variation in
conduits dimensions (Dmax, maximum lumen
diameter; T, double-cell wall thickness),
implosion safety (T/D), critical pressure for
implosion (Pcri1 low and Pcri2 low) according to
their allometric equations. Conduit shapes
approximate the real geometry observed in each
species.
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Fig. 5 Standardized major axis (SMA) regressions for the log–log relationship between leaf conduit double-wall thickness and maximum lumen diameter
across clades: (a) ferns (b= 0.59, a=�0.19), (b) basal angiosperms (b= 0.51, a=�0.09), (c) monocots (b= 0.51, a=�0.18), (d) basal eudicots (b= 0.50,
a=�0.06), (e) rosids (b= 0.55, a=�0.10), (f) asterids (b= 0.57, a=�0.08); species habitats: (g) arid (b= 0.60, a =�0.09), (h) mesic (b= 0.55,
a=�0.11), (i) hydric (b= 0.50, a =�0.15); and vein orders: (j) major (b= 0.57, a=�0.15), (k) medium (b= 0.63, a=�0.16), (l) minor veins (b= 0.68,
a=�0.18). Values were log10-transformed before SMA regression, and then xy-axis were back transformed to their original units in μm. Black dashed lines
represent hypothetical isometric (b= 1.0) linear relationships between T vs D, with a zero y-intercept (a= 0). Solid red lines represent the actual estimated
T vs D relationship. Solid and thin black lines represent the 95% confidence interval for the SMA regression. Letters indicate significant differences in the
slopes across groups.
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PCs. Linear regressions corroborate those findings, as no significant
trade-off was observed between implosion safety and flow effi-
ciency, nor between safety and mechanical support (Fig. 8a,b).
Higher safety against implosion was associated with higher con-
struction cost described as LMA (Fig. 8c), but no significant rela-
tionship was found between implosion safety and VTotV (Fig. 8d).

Discussion

Overall, leaf conduits in ferns and angiosperms become wider faster
than thicker, showing a negative allometry (b< 1). This negative

allometry previously reported for 26 Australian woody angiosperms
(Blackman et al., 2018), is now confirmed within a much broader
and more phylogenetically diverse dataset. Specifically, we found
that conduit thickening is occurring at approximately half of the
rate (b= 0.55) of proportional growth between T and D. This
result indicates that (1) wider conduits are proportionally thinner
for their diameter size, and hence potentially more vulnerable to
implosion, whereas (2) narrower conduits are proportionally
thicker for their diameter size, and hence potentially safer. If the
tension inside xylem conduits was constant across the leaf venation
network, we could expect an isometric scaling between T and D
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Fig. 6 Phylogenetically driven variation in
implosion safety: (a) Ancestral state
reconstruction of implosion safety ratio (T/D) for
a phylogenetic tree of 122 species of ferns and
angiosperms. Tip symbols indicate distinct
growth forms (aquatic, climbing, herb, shrub,
and tree). (b) Variation in T/D across plant clades.
Letters indicate significant differences across
groups according to Kruskal–Wallis tests followed
by pairwise Wilcox tests.
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Fig. 7 Principal components analysis (PCA) of
four leaf functional traits: conduit safety against
implosion, flow efficiency, mechanical support,
and construction cost in 108 ferns and
angiosperms species (14 species were removed
from the PCA because they missed values for
mechanical support). 95% Confidence ellipses
enclose the data at each plant clade.
Parenthetical values indicate variance explained
by each principal component. Implosion safety
was described as the ratio between the leaf
xylem conduits double-cell wall thickness and
maximum lumen diameter; flow efficiency was
quantified as the maximum lead hydraulic
conductance; mechanical support was described
as the leaf modulus of elasticity; and leaf
construction cost was quantified as the leaf mass
per area (LMA), and total volume of vein per unit
of leaf area (VTotV).

Fig. 8 Results of linear regression to test for
pairwise trade-offs between four leaf functional
traits: conduit safety against implosion (T/
D – conduit thickness-to-span ratio), flow
efficiency (Kleafmax –maximum leaf hydraulic
conductance), mechanical support (ε – leaf
flexural modulus of elasticity), and construction
cost described either as leaf mass per area (LMA)
or total volume of veins per unit of leaf area
(VTotV), in 122 ferns and angiosperms species.
(a) Implosion safety vs flow efficiency. (b)
Implosion safety vs mechanical support. (c)
Implosion safety vs cost, as described by LMA.
(d) Implosion safety vs cost, as described by
VTotV. In all panels, shaded areas indicate the
95% confidence interval of the linear regressions.
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(b= 1), reflecting a constant degree of implosion safety from larger
to smaller veins. However, because xylem tension tends to increase,
while conduits diameter tends to decrease (although sometimes
‘enlarged’ xylem conduits occur in terminal veins, e.g. Tucker,
1964), from the petiole to the minor veins (Coomes
et al., 2008), it makes sense for leaves to invest in higher implo-
sion safety in the narrower conduits located at the more distal
parts of the venation networks (i.e. minor veins). Such conduits
are under higher risk of reaching critical pressures for collapse,
especially when transpiring leaves are under water stress. By con-
trast, wider conduits located at proximal points (i.e. petiole and
major veins) are usually under lower tension, and hence at lower
risk of implosion. Thus, it might not be cost-effective to rein-
force such larger conduits with enough lignin (Cochard
et al., 2004; Echeverrı́a et al., 2022) to achieve a proportional
thickness to diameter ratio, that is to maintain a constant implo-
sion safety across the entire venation network (b = 1).

Moreover, having wider, thinner, and potentially unsafe con-
duits could be evolutionarily viable in some cases. In our study,
the least safe conduits (lowest T/D) were found in S. latifolia, an
aquatic herb that is unlikely to be exposed to water potentials
negative enough to cause implosion. It is also possible that leaves
have collapsible conduits that implode under drought but quickly
uncollapse after rehydration (Brodribb & Holbrook, 2005).
Thus, elastic conduit implosion could also have adaptive signifi-
cance in some circumstances. Assuming that the cell wall remains
elastic during the implosion, the recovery from wall collapse
could occur while pressures are still largely negative, contrary to
cavitation-induced dysfunction that require positive pressure or
metabolic energy to refill the conduits (Brodribb & Hol-
brook, 2005). Quickly reversible implosion has been observed in
minor veins of conifer and angiosperm leaves (Cochard
et al., 2004; Chin et al., 2022; Zhang et al., 2023), and may func-
tion as a ‘circuit breaker’ to protect upstream conduits from
embolisms (Zhang et al., 2016, 2023) and/or as a water storage
mechanism to buffer water potential changes in response to slow
dehydration or vapor pressure deficit oscillations (Brodribb &
Holbrook, 2005; Chin et al., 2022).

When we compared T vs D scaling across vein orders, we
found that minor veins were proportionally safer against implo-
sion than major veins. This result corroborates the idea of a vari-
able implosion safety across the venation network, but partially
contradicts Blackman et al. (2018), who reported no statistically
significant variation in scaling across vein orders, despite the exis-
tence of a negative allometry between T vs D in their dataset.
Interestingly, minor veins seem to also be more resistant against
embolisms (Brodribb et al., 2016), so there could be an evolu-
tionary coordination of strategies for defending xylem conduits
against both implosion and cavitation (Sperry et al., 2006;
Bouche et al., 2014). In this study, we did not directly observe
collapse events, so we cannot rule out that our hypothetical pre-
dictors of implosion safety based on T/D might be insufficient to
estimate the collapsibility of minor and major veins. For instance,
xylem in major veins is often more structurally reinforced by sur-
rounding fibers (Blackman et al., 2010). This extra mechanical
reinforcement (Kawai & Okada, 2016; Blonder et al., 2020) may

increase major veins implosion safety beyond that predicted
solely by T and D. Contrarily, minor veins are usually leakier
(Ohtsuka et al., 2018), and the pit pores properties that increase
their leakage could also weaken cell walls (Hacke et al., 2004;
Sperry & Hacke, 2004), decreasing implosion safety.

The examples above suggest that other features besides T and
D could be important to determine implosion safety. Irregular
conduit shapes can create areas in the conduit that are structurally
weaker and prone to collapse at less negative pressures compared
with a conduit of similar T/D and a more circular shape
(Cochard et al., 2004; Brodribb & Holbrook, 2005). Conduit
length was not measured in this study; hence, we were unable to
assess its potential influence on implosion safety. We also did not
assess how pit pore features may affect Pcri. Estimates of implo-
sion safety in wood xylem suggest that the presence of pit pores
can weaken the double-cell walls reducing Pcri by 20–40%
(Hacke et al., 2004; Sperry & Hacke, 2004). But it is unclear
whether those estimations are also valid for leaves. We recom-
mend future studies to simultaneously measure those different
conduit anatomical features (D, T, shape, length, number and
size of pit pores) in a diverse set of species so that we will be able
to partition their individual influences in Pcri.

Implosion safety can also be influenced by characteristics
beyond the conduit level. For instance, at the vascular bundle
level, the number of conduits, their arrangement, and the identity
of their neighboring cells could all affect Pcri. Particularly in
angiosperm leaves, fibers can surround conduit clusters (Fig. 2j,
k) and help with resisting implosion (Sperry & Hacke, 2004).
Contrastingly, xylem conduits attached to living cells (e.g. meso-
phyll cells) could be more prone to collapse under drought,
particularly if living cells experience negative turgor pressure
(Ding et al., 2014). At the whole-leaf level, implosion safety
might be increased by placing wide-thin-unsafe conduits in the
center of the vascular bundle, where they are more protected
against compressive forces; and arranging the narrow-thick-safe
conduits at the periphery of the vascular bundle, where there is
greater pressure for collapse (Sperry, 2003; Cochard et al., 2004;
e.g. Fig. 2c,l).

A mechanical model of implosion that explicitly considers all
those features at the pit pore, conduit, vascular bundle, and
whole-leaf levels remains to be developed. Not surprisingly, our
models (Pcri1; Pcri2) estimated that implosion could occur at a large
range of water potentials (Fig. S2). A great source of uncertainty in
both of our models refers to cell wall elasticity (E ) and strength
(W ) (Sperry & Hacke, 2004; Blackman et al., 2010), which have
been reported for xylem wood, but are still largely unknown for
leaf xylem. All else being equal, conduits with stronger (higher W )
and less elastic (higher E ) cell walls should achieve more negative
Pcri, hence higher resistance to collapse. This means that conduits
with the same T/D ratio could differ in their actual Pcri due to dif-
ferences in E and W, which are ultimately related to variation in
the amount and spatial organization of the different materials (cel-
lulose, hemicelluloses, and lignin) composing the secondary walls
(Karam, 2005; Zhong et al., 2019). To advance our understanding
of the mechanical processes underlying leaf conduit implosion we
need more measurements of E and W, as well as more studies
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relating modeled Pcri with the actual range of pressures at which
conduits implode.

Despite the overall trend of a negative allometry between T
and D, eight of our studied species (Table S2) showed a slope not
significantly different from one. This result suggests that
although uncommon, an isometric scaling is possible in some
species. However, these species did not have any particular func-
tional or structural features in common, instead they spanned dif-
ferent clades, growth forms, habits, and leaf sizes, and also varied
in their values of functional and anatomical traits (Table S1).
Additionally, no species showed a positive allometry. Perhaps,
because having conduits that are ‘too’ wide and also ‘too’ thick,
although geometrically possible, it is biologically unfeasible for
most (if not all) plants, as leaves would be investing ‘too’ much
resources to lignified wide conduits, which are the ones experi-
ments lower tension, hence lower implosion risk.

When comparing a and b across plant clades, we could expect
a trend of decreased implosion safety from more basal to more
derived clades. This is because the evolution of xylem conduits
from hydroids (in bryophytes) through tracheids (in most ferns
and conifers) to vessels (in most angiosperms) reflects a general
trend of increased D and decreased T, which should culminate in
a trend of decreased implosion safety across clades (Sperry, 2003;
Sperry et al., 2006; Feild & Brodribb, 2013). However, our
results do not clearly support this expectation. Asterids (a more
derived angiosperm group) showed the thickest and safest con-
duits, whereas monocots (a more basal angiosperm group)
showed the widest, thinnest, and least safe conduits. This reversed
trend is somehow compatible with the ‘aquatic origin’ theory for
angiosperms (Soltis et al., 2008), which presumes that the first
angiosperms were aquatic herbs that later diverged in terrestrial
habitats. Because aquatic leaves are rarely (or never) subjected to
water stress and can be partially or completely supported by the
water, their conduits might become as wide as possible to maxi-
mize the hydraulic efficiency, without the need to invest much in
mechanical support or implosion safety. In fact, in our dataset,
aquatic species showed the least implosion resistant conduits (i.e.
lower T/D ratios), whereas shrubs and trees showed higher values
of implosion safety (i.e. higher T/D ratios). However, our data
only included three aquatic species (two basal angiosperms and
one basal monocot), so further studies are needed to elucidate the
evolutionary trends of implosion safety across clades and growth
forms. It is also possible that the apparent lower safety in mono-
cot conduits is partially counteracted by the presence of a high
density of fibers (Carlquist, 2012), which can increase resistance
to buckling forces independent of conduit dimensions. In a
recent study, leaf xylem implosion was observed in some mono-
cot species (grass and bamboo) but not in others (bamboos and
palm) despite the relatively large tensions (<�4.0MPa) inside
their conduits (Zhang et al., 2023). This means that closely
related species can differ in their levels of implosion resistance,
which is corroborated by the low phylogenetic signals reported in
our study for a, b and T/D. Collectively, those results suggest that
the evolution of implosion safety was likely complex and non-
linear. Future studies examining xylem collapse in different types
of conduits (tracheids and vessels) and secondary wall patternings

(i.e. annular, helical, reticulate, scalariform, and pitted) will be
necessary to better understand the evolutionary trends in implo-
sion safety.

When comparing a and b across habitats, we could expect a
trend of increased implosion safety in drier areas. Studies with
both wood (Sperry & Hacke, 2004) and leaf xylem (Blackman
et al., 2018) have shown that wet environments favor species with
wide and thin conduits, whereas dry environments favor species
with narrow and thick conduits. Our present study confirmed
those trends while also finding higher values of both a and b coef-
ficients in species from arid habitats. Importantly, such differ-
ences persisted even when species were growing under the same
climatic conditions in the botanical garden, suggesting low envir-
onmental plasticity in leaf conduit anatomical traits (Fonti &
Jansen, 2012; Gričar et al., 2015; Fontes et al., 2022). The T vs
D scaling also significantly varied across leaf sizes. Contrary to
our expectations, higher implosion safety was observed in smaller
leaves, perhaps because microphyllous species are commonly
found in hot and arid environments (McDonald et al., 2003),
and so are under higher risk of conduit collapse than meso- and
macrophyllous species.

Our overall finding that leaves are growing conduits wider
than thicker suggests that species prioritize higher hydraulic effi-
ciency (by producing wider conduits) and lower construction
cost (by producing thinner conduits) over higher implosion
safety and mechanical support. Nonetheless, we did not find
strong trade-offs within the leaf functional traits examined. Even
though those trade-offs might be true at the conduit level, when
we scale them at the whole-leaf level, where the measurements of
Kleafmax, ε, and LMA were taken, they may weaken or even dis-
appear. As discussed above, features such as the number and
arrangement of leaf conduits and their interactions with neigh-
boring cells could uncouple those trade-offs so that the implo-
sion safety at the whole-leaf level cannot be easily predicted by
the sum of the conduits individual resistances to collapse. More-
over, there could be complex nonlinear relationships between
implosion safety, support, efficiency, and cost, which were not
evaluated in this study. Limited knowledge of how xylem and
non-xylem features vary within organisms also makes scaling
implosion safety to whole organism function difficult. To fully
describe leaf conduits’ ability to resist collapse imposed by nega-
tive pressures, further studies need to investigate how surround-
ing elements (e.g. fibers and mesophyll.) influence implosion
safety and other leaf functions.
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Wilcox tests.

Table S4 Results of a mixed model regression analysis.
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