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dence of a trade-off between safety and efficiency: individuals with higher K;, and
higher C;, were more vulnerable to embolism (less negative ?’50). Contrary to the
vessel diameter hypothesis, vessel size was not significantly related to embolism
resistance. Instead, vessel connectivity emerged as a key determinant: species
with a higher proportion of solitary vessels were significantly more vulnerable to
embolism, supporting the vessel network hypothesis. Multivariate combinations
of vessel traits also explained variation in ¥;,, whereas tissue fractions, including
total parenchyma and pith, did not predict variation in C,. These findings reveal

that drought tolerance (low ¥,,) and drought avoidance (high C;,) are coordinated

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2026 The Author(s). Functional Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society.

Functional Ecology. 2026;00:1-17. wileyonlinelibrary.com/journal/fec 1


www.wileyonlinelibrary.com/journal/fec
mailto:
https://orcid.org/0000-0003-3784-5720
https://orcid.org/0000-0002-6557-1432
https://orcid.org/0000-0002-0484-0758
https://orcid.org/0000-0003-3039-1076
http://creativecommons.org/licenses/by/4.0/
mailto:tavares.juliav@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1365-2435.70381&domain=pdf&date_stamp=2026-06-19

TAVARES ET AL.

2 BRTISH s
Egﬁg}gﬁm Functional Ecology

KEYWORDS

1 | INTRODUCTION

Tropical forests house 50% of total terrestrial biodiversity on the
planet (Jenkins et al., 2013; Kier et al., 2009) and play a fundamen-
tal role in global carbon and water cycles (Good et al., 2015; Pan
et al., 2011; Wei et al., 2017). Over the past decades, changes in cli-
matic conditions (e.g. increasing drought) have affected these eco-
systems (Douville et al., 2023), resulting in changes in their floristic
and functional composition (Aguirre-Gutiérrez et al., 2019, 2025;
Esquivel-Muelbert et al., 2019), structure and dynamics (Bauman
et al., 2022; Hubau et al., 2020; Tavares et al., 2023). Elucidating the
mechanisms that confer species resistance to environmental stress-
ors, including drought, are crucial to enable us to assess tropical for-
ests' sensitivity to ongoing climate change.

Tree hydraulic and wood anatomical traits are associated with a va-
riety of ecological strategies to deal with water stress, including both
drought tolerance and drought avoidance (Table 1) (Santiago et al., 2018;

TABLE 1 Listof species studied.

Family Species Code
Euphorbiaceae Alchornea latifolia ALCLAT
Flacourtiaceae Casearia arborea CASARB
Moraceae Cecropia schreberiana CECSCH
Cyrillaceae Cyrilla racemiflora CYRRAC
Lauraceae Ocotea leucoxylon OCOLEU
Araliaceae Schefflera morototoni SCHMOR
Boraginaceae Cordia borinquensis CORBOR
Elaeocarpaceae Sloanea berteroana SLOBER
Euphorbiaceae Drypetes glauca DRYGLA
Bignonaceae Tabebuia heterophylla TABHET
Burseraceae Dacryodes excelsa DACEXC
Fabaceae Inga laurina INGLAU
Sapotaceae Micropholis guyanensis MICGUY

with water transport efficiency (K,,), indicating that tropical tree species balance
hydraulic strategies along complementary axes of safety-efficiency.

4. Together, this work advances understanding of the xylem structure-function link
in tropical forests and emphasizes the importance of vessel network properties
for predicting patterns of species co-existence and forest resilience under inten-

sifying climatic extremes.

embolism resistance, hydraulic safety-efficiency trade-off, hydraulic traits, Puerto Rico,
tropical forests, vessel connectivity, wood anatomy, xylem

Smith-Martin et al., 2023; Zimmermann, 1983). A commonly measured
metric of tree drought tolerance is embolism resistance, defined as the
xylem water potential at which 50% of the stem hydraulic conductivity is
lost (¥y). s, is related to species distributions across regional and local
water availability gradients, where more negative values indicate a stron-
ger resistance to embolism (Choat et al., 2012; Oliveira et al., 2019, 2021,
Tavares et al., 2023; Tavares, Gloor, et al., 2026). Drought avoidance,
often quantified by stem capacitance at full turgor (MPa), is the ability
of stems to store water and to mobilize it under stressful conditions
(Meinzer et al., 2009). Both drought tolerance and avoidance safeguard
xylem integrity under water stress (Ziegler et al., 2023). Previous stud-
ies have suggested a trade-off between these strategies, although this
relationship is not universal, with some evidence of partial decoupling
(Meinzer et al., 2009; Santiago et al., 2018; Smith-Martin et al., 2023;
Zimmermann, 1983).

In addition to driving hydraulic safety, xylem structure plays a
critical role ensuring water transport from roots to leaves. Xylem

Sample size
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#Successional associations are: LLP—long-lived pioneers; SLB—short-lived breeders with relatively fast demography; shade tolerance spectrum
ranging from shade-intolerant with fast demographic strategies, intermediate tolerance and strategies, to shade-tolerant species with slow
demographic strategies (Riiger et al., 2023). We note that demographic categories are used in our study as a descriptive framework rather than as
formal groupings for hypothesis testing.
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efficiency in water transport can be estimated based on the size and
number of conducting vessels, which together determine the the-
oretical maximum amount of water transported per unit area (K,
m*/MPatxs™) (Zimmermann, 1983). There is a direct relationship
between vessel size and hydraulic efficiency, whereby wider vessels
exhibit higher hydraulic conductivity (Zimmermann, 1983). Due to
its central role in plant carbon and water balance, the relationship
between xylem efficiency and xylem safety (via drought tolerance or
avoidance) is often considered a mechanistic basis for the ‘growth-
survival’ trade-off (Argielles-Marrén et al., 2023; Eller et al., 2018;
Oliveira et al., 2021). High xylem efficiency supports elevated car-
bon assimilation and rapid growth but may increase vulnerability to
hydraulic failure, whereas greater embolism resistance enhances
survival under water stress, typically at the cost of reduced hy-
draulic efficiency. These physiological trade-offs are thought to
scale up to species-level life-history variation, such that tree demo-
graphic strategies reflect contrasting allocations to growth versus
persistence (Adler et al., 2014; Salguero-Gémez et al., 2016). Fast
demographic strategies are generally associated with rapid growth
and higher mortality risk, while slow strategies favour longevity and
lower growth rates (Ruger et al., 2018, 2023; Wright et al., 2010).
Increasing evidence suggests that these demographic patterns
emerge from coordinated suites of functional traits governing re-
source acquisition, transport, and use, including xylem hydraulic
and anatomical traits (Arguelles-Marrén et al., 2023; Rodriguez-
Ramirez, Arroyo, et al., 2024; Rodriguez-Ramirez, Frei, et al., 2024).
Organizing and quantifying the mechanistic basis for the xylem
safety-efficiency relationship across individuals and species is thus
crucial for advancing our understanding of species distributions, co-
existence, and vegetation dynamics (Santiago et al., 2018). While
the xylem safety-efficiency trade-off has been hypothesized and
demonstrated by some studies (Isasa et al., 2023; Lobo et al., 2018;
Pereira et al., 2023; Pratt et al., 2023; Sperry et al., 2006; Wheeler
et al., 2005), its generality and underlying anatomical mechanisms
remain under debate. A number of studies have reported weak
(Gleason et al., 2016) or even absent relationships between safety
and efficiency (Maherali et al.,, 2004; Trueba et al., 2019; Tyree
et al., 1994), questioning the universality of this trade-off across
multiple ecological contexts and the validity of metrics used to as-
sess it (Meinzer et al., 2010).

One main hypothesis of the mechanism underlying the xylem
safety-efficiency trade-off proposes a negative relationship be-
tween embolism resistance and the size of vessels (i.e. the ‘vessel
diameter’ hypothesis) (Ellmore & Ewers, 1985; Gleason et al., 2016;
Levionnois et al., 2021). In this hypothesis, large vessels, which have
higher hydraulic efficiency, are less resistant to embolism. Under this
framework, wood anatomical features cannot sustain both safety
and efficiency simultaneously (Ellmore & Ewers, 1985; Gleason
et al., 2016; Levionnois et al., 2021). In fact, studies investigating
the long-standing discussion about the existence of a trade-off be-
tween xylem efficiency and safety, consistently show that no plants
have both high embolism resistance and high hydraulic conductivity
(Gleason et al., 2016). However, the opposite does not hold true, as
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several plant species present low safety and low efficiency. While
some studies have found evidence of direct effects of vessel diam-
eter on embolism resistance (lsasa et al., 2023; Lobo et al., 2018;
Pratt et al., 2023; Sperry et al., 2006; Wheeler et al., 2005), other
studies report the absence of a relationship between these variables
(Maherali et al., 2004; Trueba et al., 2019; Tyree et al., 1994) or weak
support for a global safety versus efficiency trade-off across tree
species (Gleason et al., 2016).

One reason behind the lack of universality/generality of the
vessel diameter hypothesis is that it does not consider that xylem
conduits constitute a highly interconnected network. In contrast,
the ‘vessel network’ hypothesis (Levionnois et al., 2021) suggests
that the connectivity of the vascular network can affect both water
transport properties as well as propagation of embolisms through
the xylem. This ‘vessel network’ hypothesis encompasses two
contrasting mechanisms: Greater vessel connectivity (i.e. vessel
grouping) can improve embolism resistance by offering alternative
pathways for water transport when some conduits become em-
bolized, a possibility supported by experimental (Lens et al., 2011;
Levionnois et al., 2021; Wason et al., 2021) and theoretical stud-
ies (Tyree et al., 1994). For instance, species growing under intense
water stress tend to have more and larger groups of vessels than
species associated with more mesic conditions, suggesting vessel
grouping may provide hydraulic redundancy (Carlquist, 1984, 2009).
On the other hand, high connectivity may facilitate the spread of
gas bubbles between vessels, thereby increasing vulnerability to
drought-induced embolism (Avila et al., 2023; Loepfe et al., 2007).
Some studies have found that embolism resistance is positively as-
sociated with a higher proportion of solitary vessels, implying that
greater vessel connectivity may facilitate the spread of embolism
between neighbouring conduits (Loepfe et al., 2007; Martinez-
Vilalta et al., 2012; Scholz et al., 2013).

A key anatomical feature underpinning these contrasting out-
comes appears to be the intervessel pores (i.e. ‘pits’), whose charac-
teristics can prevent embolisms spreading between vessels (Jansen
et al.,, 2009; Kaack et al., 2021; Levionnois et al., 2021, 2022; Smith-
Martin, Jansen, et al., 2022). For example, thicker pit membranes
are thought to inhibit embolism spread (Jansen et al., 2009; Kaack
et al., 2021; Levionnois et al., 2021; Trueba et al., 2019), and dry
forest species often have thicker membranes than their wet for-
est counterparts (Smith-Martin, Jansen, et al., 2022). The second
mechanism under the vessel network hypothesis is that lower vessel
connectivity may enhance embolism resistance, potentially because
highly connected vessels are more likely to have leaky pit mem-
branes that facilitate gas movement and trigger embolism propaga-
tion (Avila et al., 2023; Christman et al., 2009; Wheeler et al., 2005).
The ‘vessel diameter’ and ‘vessel network’ hypotheses are likely not
mutually exclusive, xylem safety is likely influenced by multiple fac-
tors resulting from a combination of various xylem characteristics
rather than a single trait alone.

Other wood anatomical traits, apart from metrics of vessel
size, grouping and intervessel properties, can also play a role in ex-
plaining xylem safety coordination and trade-offs (Kiorapostolou
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et al., 2019). For instance, the fractional area occupied by differ-
ent tissue types (e.g. xylem parenchyma) has, to date, received
relatively less attention in xylem structure-function studies (Chen
etal.,, 2020; Plavcova et al., 2016; Pratt & Jacobsen, 2017; Zieminska
et al., 2015). Beyond facilitating long-distance water transport
from roots to leaves, wood traits provide other essential func-
tions, including radial movement of water and nutrients through
ray parenchyma, as well as the storage of water and nutrients in
living fibres and both ray and axial parenchyma cells (Brodersen
et al., 2018; Plavcova et al., 2016). Axial parenchyma fraction tends
to correlate positively with mean vessel diameter, suggesting an im-
portant role in enhancing hydraulic conductivity (Chen et al., 2020;
Morris et al., 2018), and has also been linked to stem water stor-
age capacity (Borchert & Pockman, 2005; Michele Holbrook, 1995).
Similarly, investment in pith tissue has also been shown to buffer
water loss during dehydration (Borchert & Pockman, 2005; Michele
Holbrook, 1995). A meta-analysis across tropical tree species re-
vealed that higher specific hydraulic conductivity (Ks) is associated
with high axial parenchyma investment and, contrary to expecta-
tion, found no evidence of a relationship between stem capacitance
and investment in parenchyma (Janssen et al., 2020). Collectively,
these findings underscore that tissue fractions, although less fre-
quently studied, play important roles in xylem function (Aritsara
etal., 2021).

Additionally, studies focusing on aseasonal tropical forests are
relatively rare. These forests are typically not considered water-
limited and harbour exceptionally high biodiversity. However, ase-
asonal wet conditions do not prevent episodes of hydraulic stress
(e.g. during extreme drought events or hurricanes) (Smith-Martin
et al., 2023; Smith-Martin, Muscarella, et al., 2022). It therefore re-
mains unclear whether anatomical patterns identified in seasonal
tropical forests also apply to aseasonal systems (Cosme et al., 2017;
Zuleta et al., 2022). Here we explore the relationship between wood
anatomical features and xylem function by integrating metrics of
vessel size, grouping and tissue fractions with hydraulic traits (em-
bolism resistance and stem capacitance) measured on the same in-
dividual branches of 78 individuals from 13 species in an aseasonal
wet forest in Puerto Rico. We addressed the following research

questions (Figure 1):

1. Do species in an aseasonal wet tropical forest show evidence for a
trade-off between xylem safety and efficiency? We expect to find
a xylem safety-efficiency trade-off as a negative relationship
between embolism resistance and theoretical hydraulic conduc-
tivity (Isasa et al., 2023; Lobo et al., 2018; Pereira et al., 2023;
Pratt et al., 2023; Sperry et al., 2006; Wheeler et al., 2005).
2. Which wood anatomical traits are associated with different strate-
gies of hydraulic safety, ranging from drought tolerance to drought
avoidance? We expect that species with larger vessels would have
higher hydraulic efficiency but lower drought tolerance, in line
with the ‘vessel diameter’ hypothesis (Ellmore & Ewers, 1985;
Gleason et al., 2016; Levionnois et al., 2021). We also expect
that species with higher vessel grouping would exhibit greater

TABLE 2 Hydraulic and wood anatomical measurements.

Hydraulic Stem embolism resistance (MPa) s

traits Stem capacitance at full turgor (MPa) C
Maximum theoretical hydraulic K
conductivity (m*/MPaxs™)

Wood Median vessel diameter (um) Vdiam

anatomical Solitary vessel index SvVI

traits
Fractional area of vessel lumen Vfrac
Fractional area of pith Pfrac
Fractional area of axial parenchyma Afrac
Fractional area of ray parenchyma Rfrac
Fractional area of fibre Ffrac

Fractional area of total parenchyma RAPfrac

(axial + ray)

[ Q1: s there a xylem Safety-Efficiency trade-off? }
/ \

Tolerance Avoidance

\\N |

[ Q2: Which anatomical traits underlie xylem safety? }

Metrics:

FIGURE 1 Conceptual diagram showing the key questions of
this study (Q1 and Q2) and metrics evaluated to assess hydraulic
efficiency (theoretical hydraulic conductance—K,,) and safety,

on which we consider two different plant strategies: Drought
tolerance (embolism resistance—'I’So) and drought avoidance
(stem capacitance at full turgor—Cy,). We expect that species

with higher embolism resistance will have lower vessel diameter
(Vdiam) and higher solitary vessel index (SVI) or lower SVI, as an
alternative hypothesis. We expect that species with high pith and
total parenchyma fractions (Tf—tissue fractions) will have high Ci,.
Additionally, we hypothesise that a multivariate representation of
the evaluated wood anatomical traits, expressed as PC1, may be
the best describer of ¥, and C,, variation.

embolism resistance, supporting the ‘vessel network’ hypoth-
esis (Levionnois et al., 2021). Alternatively, some studies suggest
that species with more solitary vessels may be more resistant to
embolism, as reduced connectivity might limit the spread of air
between vessels (Avila et al., 2023; Loepfe et al., 2007). We also
expect to observe a positive relationship between tissue fraction
(pith and total parenchyma) and drought avoidance (Borchert &
Pockman, 2005; Janssen et al., 2020; Michele Holbrook, 1995).
Finally, because hydraulic function is likely governed by coordi-
nated suites of traits, we hypothesise that a multivariate repre-
sentation of wood anatomical traits may better describe variation
in drought tolerance and avoidance than individual anatomical
traits.
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2 | METHODS
2.1 | Study site and focal species

We conducted this study in the Luquillo Experimental Forest (LEF)
in El Yunque National Forest in northeast Puerto Rico (18°20'N,
65°49' W), with permission granted by the Luquillo LTER. The LEF
is an aseasonal tropical wet forest that receives ca. 3500mm of
rainfall per year, with a minimum monthly average typically above
200mm. Mean annual temperature of the LEF is 25°C (Thompson
et al., 2002). We sampled 13 tree species that span a broad range of
life-history strategies (Table 1).

2.2 | Sample collection

We measured branches for stem sapwood capacitance and stem
resistance to embolism between July 2019 and December 2020 in
one continuous campaign, with some interruptions in 2020 due to
COVID-19 curfews when we were not able to sample. This is an ever-
wet forest, and during the sampling period, no month received less
than 100mm of precipitation. To capture variation among individu-
als, our goal was to sample at least five healthy mature individuals
representative of local populations per species from a range of eleva-
tions between 250 and 600m. The sample size per species (Table 1)
depended on their distribution across the elevation gradient and our
ability to collect appropriate branch samples. Size of individual trees
varied but all had a minimum DBH of 10cm. For each individual, be-
tween 7 and 9 AM we sampled three sun-exposed canopy branches
>1.5m long using a pole cutter. We started the hydraulic trait
measurements in the laboratory of all samples within 2h of branch
collection. To minimize branch drying during transport, we immedi-
ately sealed the cut ends in water bags while the whole branch was
wrapped in black plastic bags with wet paper towels to reduce tran-
spiration until the lab or vehicle was reached. Branches were stored
in buckets of water as soon as possible with the cut end recut roughly
3cm while under water, to reduce risk of air infiltration. Labs had cli-
mate controls to minimize the impact of temperature and humidity

changes on measurements.

2.3 | Embolism resistance

Methods for estimating hydraulic parameters follow those reported
in Smith-Martin, Jansen, et al. (2022) and Smith-Martin, Muscarella,
et al. (2022). Briefly, we used the optical vulnerability (OV) tech-
nique to determine xylem embolism build-up in stems (Brodribb
et al., 2016, 2017). We clamped distal stems (~3-6 mm) in custom-
built three-dimensional printed clamps (OpenSourceOV—OSQOV)
with 8-megapixel Raspberry Pi camera and six bright light-emitting
diodes operated by Raspberry Pi microcomputer. To place the stems
in the clamps, we removed a ~2 cm? area of bark from distal branches
with healthy foliage to expose the xylem. Adhesive hydrogel (Tensive,
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Fairfield, NJ, USA) was applied to the exposed xylem, covered with
a coverslip, and clamped into OSOV clamps. The OSOV clamps were
set to take a picture every 2min until no more embolism events
were observed for at least 12h (~72-96 h depending on the species).
Simultaneously, we used stem psychrometers to record water po-
tential every 10 min. ImageJ software (National Institutes of Health,
USA) was used to analyse the pictures of stem embolisms following
Brodribb et al. (2016) and Brodribb et al. (2017). Embolism accumula-
tion in stems was quantified as a cumulative total of embolized pixels
in each image divided by the total number of embolized pixels. We
used the fitted linear time and water potential relationship to find
obtain the values at which 50% of the cumulative embolized pix-
els had occurred (Y’SO). We were not able to measure OV curves on
the stems of Cecropia schreberiana and Schefflera morototoni due to
the large diameter of the distal stems of these species with hollow
stems, which were too large to be clamped into our custom-made
clamps and obtain clear images necessary for the OV curves. We did
not estimate tissue fraction for these samples because of the lack of
hydraulic data.

2.4 | Stem capacitance at full turgor

To measure stem capacitance (C,) we used stem psychrometric
to construct pressure-volume curves while simultaneously meas-
uring water loss. Full descriptions of the method are described in
Smith-Martin, Jansen, et al. (2022) and Smith-Martin, Muscarella,
et al. (2022). Briefly, leaves were removed to eliminate water loss
through transpiration and the cut end of the branch was covered
with parafilm. Water potential (¥, MPa) was measured with stem
psychrometers (ICT International, Armidale, Australia) that were
attached to the exposed stem xylem with an air-tight seal created
with parafilm and set to log water potential every 10 min. Branches
were air dried for at least 72 h and until ¥ measurements were stable
for multiple hours. Simultaneously, branches were weighed periodi-
cally using a lab balance (precision to 0.01g) and linear regressions
were used to calculate mass water loss for a given W¥. At the end
measurement cycle, we dried the branches at 65°C for a minimum
of 1week to obtain dry mass. We used the Sack and Pasquet-Kok
(2011) spreadsheet tool to calculate stem capacitance at full turgor,
measured in MPa.

2.5 | Wood sample processing

Processing wood samples for anatomical analyses consisted of four
steps: sampling, sectioning, staining and scanning; methods gener-
ally followed those presented in Zieminska et al. (2023). Following
the embolism resistance and sapwood capacitance measurements
described above, we subsampled 7-10cm of each branch using
a hand pruner at 70cm from the tip of the branch to account for
vessel tapering towards the tip. We made sure that the sample was
taken from a straight segment of branch without major branching,
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deformation, or damage. We stored samples in 70% ethanol and
transported them to Uppsala University for analysis. We used a WSL
sledge microtome (www.wsl.ch/en/services-produkte/microtomes/)
to cut 10-30pum thick transverse sections. Thickness of the sections
was determined by the properties of the wood, with some species
or samples requiring thicker cutting to be of high quality. We stained
cut sections for 10min in an aqueous dye solution of 1% Safranin O
and 1% Astra blue (Gartner & Schweingruber, 2013), then rinsed in
deionized H,O before a successive dehydration in increasing con-
centration ethanol from 50%, 70%, 100%, 100%, 100% for 10 min
each. Sections were then mounted with Euparal and dried at 60°C
until Euparal was set.

We imaged the slides using a high-resolution slide scanner (Zeiss
Axioscan 7) for digital analysis of anatomical features. To quantify
vessel characteristics, we used a semi-automated threshold method
in Qupath (Bankhead et al., 2017) to first identify features meeting
certain criteria of colour, size, and roundness. We tuned this process
manually for each species and, after using it to identify likely ves-
sels, we cleaned and verified the annotations manually. The vessel
annotations were then exported as .svg files for spatial analysis in R
(v 4.1.3; R Core Team, 2020) using the ‘sf’ package (Pebesma, 2018)
and custom scripts. We computed vessel area metrics (median ves-
sel diameter and theoretical hydraulic conductivity Ki;, as a metric
of xylem efficiency, m*/MPa™*xs™). The total K, per sample was
calculated as zD*/128#, where D and 7 are vessel diameter and the
viscosity index of water (1.002x 10-9 MPas at 20°C), respectively
(Scholz et al., 2013).

We computed the solitary vessel index (SVI) to assess the ves-
sel network hypothesis. Vessel connectivity was quantified from .
svg-derived vessel polygons using custom R functions imple-
mented in the open-source R package (https://github.com/bobmu
scarella/qwar). These functions identify neighbouring vessel poly-
gons and determine vessel group membership based on a minimum
distance threshold derived from species-specific measurements of
vessel double wall thickness. For this, we first measured the thick-
ness of the double wall between two adjacent vessels on at least
70 vessels per species. The species mean values were then used
as thresholds to detect vessel groups. Neighbour relationships
among vessel polygons are identified using the poly2nb function
from the spdep R package (Bivand, 2002). Two or more vessels
were deemed a group when their double wall thickness was equal
to or smaller than the threshold (von Arx et al., 2013). We used
information on vessel groups to quantify the vessel grouping index
(VGI) and the SVI. The VGl is computed as the total number of ves-
sels divided by the total number of vessel groups; VGI values equal
to 1 imply only solitary vessels are present, whereas values higher
than 1 indicate more grouped vessels. The SVI was computed as
the number of solitary vessels divided by the total number of ves-
sel groups (a solitary vessel is considered as one group) (Scholz
et al., 2013); higher values indicate a larger proportion of solitary
vessels in the sample.

We used two approaches to measure tissue fraction. For ves-
sels, we summed the area of all annotated vessels and divided by the

total cross-sectional area of the sample. To quantify the fractional
area of other tissue types, we used a grid sampling approach (Smith
Jr et al., 1989; Zieminska et al., 2015). Specifically, using Qupath
software (Bankhead et al., 2017), we imposed a grid on each image
with a mean of 368 +19.2 overlapping grid crosses per sample. We
then manually identified the distinct tissue type (i.e. vessels, fibres,
axial parenchyma, ray parenchyma and pith) at each grid intersection
point. Tissue fractions were calculated for each sample by dividing
the number of points in each specific tissue by the total number of
intersection points for that sample (Zieminska et al., 2015). Because
hydraulic measurements were not available, fibre, axial, and ray pa-
renchyma fractions were not computed for two species, C. schrebe-
riana and S. morototoni. In total, we sampled three to nine individuals
per species for anatomical analysis based on the amount of samples
that were successfully tested for hydraulic traits and the quality of

the available wood.

2.6 | Dataanalyses

To investigate xylem safety (drought tolerance and drought avoid-
ance) and efficiency relationships, we used bivariate species cen-
tring linear mixed-effect models (Isasa et al., 2023), allowing slopes
(p) and intercepts () to vary, and including species as a random ef-
fect (Figures 2c and 3a; Table S1). In this formulation (Equation 1),
the predictor variable is decomposed into the species mean (xj)
and the deviation from that mean (xi - Xxj), allowing us to estimate

separate coefficients for across-species (f

} eross) @nd within-species

(Bitnin) relationships (Isasa et al., 2023), explicitly partitioning trait-
trait relationships into interspecific and intraspecific components.
Size-related traits (Vdiam and Kth) were log-transformed prior to
analysis due to their convex (nonlinear) relationship with xylem
safety (Pereira et al., 2023).

Yi= (a+uj) + Bacross Xﬁ'*’ (ﬂwithin +Vj) X <Xi_xj) +¢€; (1)

When random slopes for were found to be redundant,

within
which is when there was no evidence that species differed in their
within-species response, we simplified the model by removing the
random slope term (Vj). Redundancy was determined when the prin-
cipal components of the random effects (rePCA) indicated the slope
was close to zero, and model comparison using AIC showed no signifi-
cant improvement in fit with the more complex model. For such cases

(Figures 3b and 5; Table S3), we used Equation (2).
Yi= (a+uj)+ﬂacross X)ﬁ+ﬂwithinx<xi_ﬁ)+€i (2)

We additionally tested for evidence supporting either the vessel
diameter or network hypotheses (Table S2) by using multivariate spe-
cies centring linear mixed-effect models (Isasa et al., 2023), where
the fixed-effects part included two predictors, each decomposed
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FIGURE 2 Wood anatomical trait variation across species in an aseasonal tropical forest. Panels show species variation in (a) log-
transformed median vessel diameter, (b) log-transformed maximum theoretical hydraulic conductivity, (c) solitary vessel index, (d) fractional
area of vessel lumen, (e) fractional area of pith, (f) fractional area of total parenchyma (axial + ray), (g) fractional area of axial parenchyma,
(h) fractional area ray parenchyma, and (i) fractional area of fibre. Please see Tables 1 and 2 for species names and variable abbreviations,
respectively. Successional associations are: LLP—long-lived pioneers; SLB—short-lived breeders; shade-intolerant species with fast,
intermediate or slow demographic strategies (Riger et al., 2023). We note that, in our study, demographic categories are used to provide
descriptive context, rather than as explicit groupings for hypothesis testing. Tissue fractions of Cecropia schreberiana and Schefflera
morototoni were not estimated due to the lack of embolism resistance measurements for those species.

into across and within species components, plus a random intercept

for species, as follows:

Yi= (a + u}') +ﬁiacross Xxlj +ﬁ1within X (Xli _X1j> +ﬁ23cross XXZj

(3)
+ Bowithin X (sz ”ﬁ) +e;

where variables are as described above except Xy and X,; are Vdiam
and SVI for the j species, respectively. All variables in these models
were scaled and centred prior to analysis.

We then performed bivariate species centring linear mixed-
effect models (Isasa et al., 2023) to evaluate the extent to which pith
and total parenchyma fractions are associated with stem capacitance
at full turgor. Model fits of species centring linear mixed-effects
models were performed by using package Ime4 (Bates et al., 2014).
We further investigated if a broad and multivariate representation of
wood anatomical traits better describes variation in hydraulic safety
(drought tolerance and drought avoidance) than univariate traits. To

do so, we first computed the first and second principal component
axes of all the wood anatomical features using a scaled and centred
PCA. We then performed bivariate species centring linear mixed-
effect models among wood anatomical traits, PC1 (vessel-related
trait axis) and PC2 (tissue fraction-related axis) versus embolism
resistance and stem capacitance at full turgor. The best model was
assessed using AIC (Table S3).

3 | RESULTS

We found substantial interspecific variation in wood anatomical
traits, reflecting a wide spectrum of hydraulic strategies in this
aseasonal tropical forest (Figure 2). Median vessel diameter var-
ied four-fold across species (22-82um). Shade-intolerant species
with fast demographic strategies (e.g. C. schreberiana, Alchornea
latifolia, S. morototoni) exhibited larger vessel diameters, whereas
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FIGURE 3 Relationship among hydraulic safety (drought tolerance and drought avoidance) and efficiency across individual trees in an
aseasonal wet tropical forest. Panels show the relationships between (a) log-transformed maximum hydraulic conductivity and embolism
resistance, (b) log-transformed maximum theoretical hydraulic conductivity and stem capacitance at full turgor and (c) stem capacitance
at full turgor and embolism resistance. The regression line shows model prediction fitted by the LME within-species centring model, with
species as random effect, and allowing slopes and intercepts to vary (Equations 1 and 2). We used a log scale for variables related to size/
area (Vdiam and K|, ). Each point represents an individual tree and colours denote species identity. There are no ¥, data for Cecropia
schreberiana and Schefflera morototoni due to their hollow stems preventing optical measurements. Statistical results are shown in the

Table S1.

shade-tolerant species with short-lived breeder strategies (Ruiger
et al., 2023) (Tabebuia heterophylla, Drypetes glauca) and slow de-
mographic species (Micropholis guyanensis) tended to have much
smaller vessels. This pattern across successional associations was
also reflected in theoretical hydraulic conductivity, which spanned
a 28-fold range (2.7-76.7 m*/MPaxs™). Early successional spe-
cies, including both fast growers and long-lived pioneers, had
markedly higher potential water transport capacity than inter-
mediate and late successional species. The SVI, a metric of vessel
connectivity, also varied consistently with successional strategy.
Long-lived pioneers had the highest SVI, followed by species
with fast and intermediate strategies, while short-lived breeders
showed lower values. The lowest SVI was observed in M. guyan-
ensis, a shade-tolerant species with slow demography. The frac-
tional areas of vessel lumen, axial parenchyma, ray parenchyma,
fibre, and pith also exhibited high variation range across species.
On average, fibres and ray parenchyma contributed with the high-
est tissue fraction across all species (0.52+0.07 and 0.17 +0.04,
respectively), followed by equal percentages of pith fraction

(0.13+0.05) and vessel and axial parenchyma fractions (0.11 each)
(Table 3). In terms of tissue fraction variations, axial parenchyma
presents the highest variation among species (Figure 2). The sta-
tistical summary of hydraulic traits analysed in this study, stem ca-
pacitance (Cft) and embolism resistance (TSO), which ranged from
-0.02 to 0.48 and -1.3 to -6.0MPa, respectively, are described
in detail in Smith-Martin, Jansen, et al. (2022) and Smith-Martin,
Muscarella, et al. (2022).

3.1 | Xylem safety (tolerance and avoidance) and
efficiency relationships

We found evidence of a trade-off between xylem safety and log-
efficiency across individuals (Figure 3; Table S1, linear mixed-effects
model with within-species centring). Individuals with high theoreti-
cal hydraulic conductivity (K,,) generally had low embolism resist-
ance, exhibiting less negative ¥, values (p=0.02; Figure 3; Table S1).
Drought avoidance, quantified as stem capacitance at full turgor
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TABLE 3 Summary (mean and standard deviation) trait value per species.

| Vfrac Pfrac Afrac Rfrac Ffrac RAPfrac

SV

Vdiam

Kth

P50

Succession

Species

0.59+0.09 0.22+0.02

0.19+0.02
0.27+0.02

0.03+0.02
0.01+0.02

0.08+0.02 0.11+0.07

0.51+0.09
0.30+0.03
0.57+0.06
0.49+0.05
0.42+0.09
0.47+0.11
0.54+0.05
0.43+0.08
0.32+0.05
0.34+0.07

52.85+7.91
39.09+7.83

18.16 +6.84
11.81+5.16
64.72+12.31

0.38+0.06

-3.96+0.37 0.08+0.06

Fast -1.96+0.52

Alchornea latifolia

0.50+0.04 0.28+0.01

0.47+0.14

0.18+0.02 0.04+0.02
0.12+0.03

69.50+14.91
25.36+2.32

0.19+0.01
0.11+0.04

-2.33+0.40 0.24+0.06

Fast +

Casearia arborea

NA NA NA
0.23+0.04 049+0.04 0.32+0.03

NA

0.12+0.02 0.06+0.04 0.09+0.03

NA
-2.80+0.60

Fast

Cecropia schreberiana

0.13+0.03

0.09+0.03

0.04+0.03

0.11+0.02
0.13+0.01
0.08+0.01
0.10+0.01
0.09+0.02
0.12+0.03

45.96+5.20

4.58+1.39
10.86+3.54

Fast

Cyrilla racemiflora

0.59+0.06

0.17+0.08
0.24+0.06
0.11+0.07
0.09+0.03
0.05+0.05
0.06+0.02

61.48+2.06

19.34+3.88

Fast

Ocotea leucoxylon

NA
0.32+0.07
0.27+0.10
0.48+0.05
0.31+0.05

NA
0.49+0.11

0.22+0.08 0.54+0.11

NA
0.21+0.10

NA
0.11+0.05

0.04+0.02
0.20+0.05
0.22+0.07

47.82+4.21

NA +
10.27 +3.16

-3.26+1.00 0.15+0.02

Fast NA

Schefflera morototoni

34.80+5.80

7.56+1.52
4.99+1.26
8.21+3.44
13.80+2.38

-2.69+0.34 0.20+0.03

Inter

Cordia borinquensis

0.39+0.06
0.51+0.07
0.55+0.07
0.43+0.10

0.16+0.04 0.62+0.05

0.28+0.02
0.08+0.05

32.33+3.48
34.51+4.52

0.20+0.04
0.15+0.04

-2.01+0.44 0.26+0.07

-3.50+0.37
-3.01+1.11

Inter
SLB

SLB

Sloanea berteroana

Drypetes glauca

48.47 +1.30

Tabebuia heterophylla

0.14+0.03
0.47+0.12
0.24+0.05

0.11+0.02
0.08+0.02

0.03+0.02
0.38+0.10
0.09+0.01

0.12+0.02 0.19+0.07
0.03+0.03
0.03+0.02

0.63+0.06

41.82+4.36

11.64+7.07

0.17+0.02
0.12+0.02

-2.24+0.33
-4.62+0.97

LLP

Dacryodes excelsa

0.64+0.08 0.08+0.02

LLP

Inga laurina

0.16+0.04 0.10+0.02

31.92+6.04

6.20+2.50

Slow

Micropholis guyanensis

BRITISH . 9
Eggg}ggw Functional Ecology

(C;), was negatively associated with embolism resistance (p=0.01;
Figure 3; Table S1) and positively related to K, (0=0.02; Figure 3;
Table S1), as individuals more vulnerable to embolism also had higher

values of C;, and higher theoretical hydraulic conductivity.

3.2 | Wood anatomical traits and their relationship
with xylem safety

Contrary to expectations for the vessel diameter hypothesis, we did not
find a significant relationship between embolism resistance (¥;;) and
median vessel diameter (Linear mixed-effects model with within-species
centring; p=0.11; Table S3). In contrast, and consistent with the vessel
network hypothesis, the SVI was a strong predictor of embolism resist-
ance, with individuals exhibiting a higher proportion of solitary vessels
being significantly more vulnerable to embolism (Linear mixed-effects
model with within-species centring; p<0.001; Table S3). The multivari-
ate mixed-effect model (Equation 3) has also revealed a stronger con-
tribution of SVI (p=0.01; standardized p =0.62) than Vdiam (p=0.64;
standardized § =0.09) in predicting ¥, (Table S2). Stem capacitance at
full turgor (StemCy,) varied from O to 0.5MPa across our dataset and was
not significantly associated with pith fraction, total parenchyma fraction
(Figure 5; Table S3), or with the individual tissue fractions of axial and
radial parenchyma (Figure S1).

To assess whether multivariate combinations of wood ana-
tomical traits were better predictors of hydraulic safety strategies
(drought tolerance and drought avoidance) than univariate traits,
we conducted a principal component analysis of anatomical traits
(PCA; Figure 4). The first two principal components explained
38.3% (PC1) and 20.0% (PC2) of the total trait variation, respec-
tively. PC1 captured variation mainly in vessel-related traits, in-
cluding vessel density, VGI, vessel fraction and theoretical vessel
conductivity. In contrast, PC2 was primarily associated with vari-
ation in tissue fractions, such as parenchyma and fibre fractions
(Figure 4). The model including PC1 to predict ¥,, provided the
best fit (AIC=137.18), with both across-species (p=0.01) and
within-species (p=0.04) effects significant. The SVI model also
performed well (AIC=143.85), with a strong positive across-
species effect (p<0.001) but no within-species relationship
(p=0.69). PC2 showed no significant effects and an intermedi-
ate fit (AIC=146.92). Vessel diameter was the weakest predictor
(AIC=154.41), with neither across- nor within-species effects sig-
nificant (p>0.10).

For drought avoidance, among the predictors tested for stem
capacitance at full turgor (C;,), only PC1 showed a significant rela-
tionship (Figure 5; Table S3). The best-fitting model (AIC=-163.05)
included a negative across-species effect (p=0.01), indicating that
species with higher PC1 scores, which are associated with higher
VGI and higher vessel density, tend to have lower capacitance. No
within-species effect was detected (p=0.83). Models including RAP,
Pfrac, or PC2 showed no significant effects for either across- or
within-species components (p>0.29) and had higher AIC values,
suggesting lower explanatory power.
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FIGURE 4 Multivariate representation of anatomical traits variation (PCA). Points represent 67 individuals of 11 species (different
colours). Please see Table 1 for the variables' abbreviations. The first two principal components explained 38.3% (PC1—vessel-related
trait axis) and 20.0% (PC2—tissue fraction-related axis) of the total trait variation. Tissue fractions of Cecropia schreberiana and Schefflera
morototoni were not estimated due to the lack of embolism resistance measurements for those species.

4 | DISCUSSION

Our study investigates the relationship between xylem function and
multiple wood anatomical traits across 78 adult trees in an aseasonal
tropical forest, encompassing 13 species with diverse life-history
strategies. We evaluated relationships between hydraulic safety
(drought tolerance and avoidance) and wood anatomical traits re-
lated to vessel size, vessel grouping, and tissue fractions. Our main
findings show (1) a high diversity of hydraulic and anatomical traits
among species in an aseasonal wet environment, emphasizing the
role of xylem function for species life-history strategies; and (2) a
key role of vessel network structure (as the proportion of solitary

vessels) on species' embolism resistance.

4.1 | Evidence of trade-off between xylem
safety and efficiency

The xylem safety-efficiency trade-off has been a central hypoth-
esis in plant hydraulics, positing that greater embolism resist-
ance often comes at the cost of reduced hydraulic conductivity
(Gleason et al., 2016; Isasa et al., 2023; Levionnois et al., 2021;

Lobo et al., 2018; Pratt et al., 2023; Sperry et al., 2006; Wheeler
et al., 2005). Consistent with this framework, we found a negative
relationship between embolism resistance (¥,,) and log-transformed
theoretical hydraulic conductivity (K,,), as well as between ¥, and
stem capacitance at full turgor (C;,). However, we found no support
for the vessel diameter hypothesis, suggesting that other anatomi-
cal traits, such as vessel connectivity and intervessel characteristics,
may also modulate this trade-off.

A trade-off between drought resistance and avoidance has pre-
viously been observed across species (Liang & Ye, 2024; Santiago
et al.,, 2018; Smith-Martin, Muscarella, et al., 2022). In our study,
we also found a negative relationship between embolism resistance
and stem capacitance at full turgor across individual trees. C;, var-
ied substantially among species (total variation=0.5 MPa), reflecting
contrasting drought avoidance strategies even within an aseasonal
wet forest. Individuals with higher C,, were generally more vulner-
able to embolism (less negative ¥;), but could maintain higher K,
potentially enabling greater water transport under favourable con-
ditions. This coordination suggests that individuals with reduced
embolism resistance may maximize their xylem safety by increasing
their capacity to store and release water, potentially buffering short-
term water deficits. Such buffering may be particularly relevant in
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FIGURE 5 Relationship between wood anatomical traits and xylem safety (drought avoidance and tolerance). Top panels (a-d) display
wood anatomical traits versus drought tolerance (¥;,=embolism resistance). Bottom panels (e-h) display drought avoidance (C,, =stem
capacitance at full turgor) versus wood anatomical traits. Each point represent an individual tree and colours denote species identity. Tissue
fractions of Cecropia schreberiana and Schefflera morototoni were not estimated due to the lack of ¥, data for those species, as hollow stems
prevented optical measurements. Statistical results are displayed in the Table S3.

aseasonal forests like Luquillo, where hydraulic stress is often as-
sociated with episodic disturbances (e.g. hurricanes and drought
events) rather than prolonged drought (Smith-Martin, Muscarella,
et al., 2022; Zieminska et al., 2023). Overall, our results indicate that
individuals balance water transport efficiency and safety through
complementary drought tolerance and avoidance strategies, thereby
contributing to the observed diversity of hydraulic strategies and
niche partitioning (Andrés-Hernandez & Rodriguez-Ramirez, 2025;
Brum et al., 2019; Penha et al., 2024).

4.2 | SVlis astrong describer of embolism
resistance variation

Previous studies demonstrated that the vessel diameter and network
hypotheses are not mutually exclusive, as they emphasize different
structural mechanisms—conduit size versus vessel connectivity—by
which xylem architecture can influence hydraulic safety (Levionnois
et al., 2021). In our study, we did not find a statistically significant rela-
tionship between vessel diameter and embolism resistance ('I’SO) across
individual trees, suggesting that vessel size alone may not be the strong-
est predictor of xylem safety, in agreement with several studies (Gleason
et al., 2016; Maherali et al., 2004; Trueba et al., 2019; Tyree et al., 1994).
However, it is important to notice that we did observe a trend in the

expected direction (Figure 5), and importantly, ¥, was significantly cor-
related with theoretical conductivity (K, ; Figure 3), which itself is strongly
related to vessel diameter. This suggests that vessel size likely contributes
to embolism resistance, although not statistically detected in our study
(Isasa et al., 2023; Lens et al., 2022).

Our findings strongly support the vessel network hypothesis,
which posits that the spatial arrangement and connectivity of vessels
play a critical role in hydraulic function and vulnerability to embo-
lism. Specifically, we found that species with a higher proportion of
solitary vessels were more vulnerable to embolism, suggesting that
vessel grouping enhances xylem safety. A high degree of vessel con-
nectivity may limit the spread of embolism, potentially by reducing
the likelihood of air entry through pit membranes (Jansen et al., 2009;
Kaack et al., 2021; Levionnois et al., 2021; Smith-Martin, Jansen,
et al., 2022). As suggested by previous studies, this effect likely arises
from pit membrane properties, such as membrane thickness and pore
constrictions (Kaack et al., 2021), which regulate gas diffusion among
adjacent vessels (Pereira et al., 2023). Together, these mechanisms
provide a structural explanation for the close association between
embolism resistance and pit membrane traits, highlighting the central
role of vessel network architecture in conferring hydraulic safety in
angiosperm xylem (Kaack et al., 2021).

Our result contrasts with the expectation that solitary vessels,
by reducing connectivity, would confer greater embolism resistance
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(Loepfe et al., 2007), and instead aligns with previous findings that
vessel grouping improves resistance (Lens et al.,, 2011; Levionnois
et al.,, 2021; Tyree et al., 1994). However, alternative interpretations
should also be considered. Carlquist (1984) proposed that species with
more solitary vessels often possess a background matrix of imper-
forate tracheary elements (ITEs), which may contribute to hydraulic
function by serving as conductive bridges or providing limited water
transport. It is therefore possible that species classified as less embo-
lism resistant based on optical methods may, in fact, maintain some
degree of conductivity through these ITEs. This idea is supported by
recent work revisiting ‘Carlquist's Law’, which argues that the func-
tional role of ITEs in hydraulic architecture has been historically un-
derappreciated (Olson, 2023; Johnson et al., 2023). Incorporating
these anatomical perspectives may help refine our understanding of
how vessel spatial arrangement interacts with other xylem compo-
nents to influence embolism resistance.

We expected that species with high pith and total parenchyma frac-
tions would have high stem capacitance. While tissue fractions, such as
living parenchyma cells, are often implicated in water storage and trans-
port (Carlquist, 2001; Morris et al., 2018), their influence on drought
avoidance was not significant in our study. This finding contrasts with
studies that have emphasized the role of parenchyma in water storage
(Carlquist, 2001) and drought resilience (Janssen et al., 2020). Although
we observed substantial variation in stem capacitance among indi-
viduals (0.02-0.48 MPa) within this aseasonal forest, the absence of a
clear relationship with tissue fractions suggests that stem capacitance
may be governed by additional anatomical or physiological features
not captured in our analyses. These may include fibre lumen (Janssen
et al.,, 2020), tissue connectivity, cell wall properties, and the spatial in-
tegration of water storage tissues within the vessel network (Pratt &
Jacobsen, 2017). Importantly, the lack of association between tissue
fractions and drought avoidance should not be interpreted as evidence
of limited functional importance of these tissues. Rather, it indicates that
tissue fractions alone may be insufficient proxies for estimating capac-
itance at the branch scale in this environment. The absence of data on
parenchyma and fibre fractions for two early successional species in our
dataset could also obscure potential relationships. Another potential ex-
planation, as highlighted by (Jupa et al., 2016) and (Janssen et al., 2020),
is that the total amount of parenchyma tissue may not directly deter-
mine the initial release of stored water. Instead, species may differ in
the rate at which capacitance is released, with some exhibiting rapid and
others slower water release as reflected in moisture release curves. This
is particularly relevant given that parenchyma may act as a water storage
reservoir and transport pathway (Borchert & Pockman, 2005; Plavcova
etal., 2016).

We hypothesized a superior predictive power of multivariate rep-
resentations of anatomical traits over univariate metrics on explaining
embolism resistance variation. Indeed, PC1, which integrated multiple
aspects of vessel architecture, was the most informative predictor,
capturing both interspecific and intraspecific variation in embolism re-
sistance. The SVI alone also emerged as a very strong predictor, but
no within-species variation was detected, consistent with the idea that
species with more solitary vessels are more vulnerable to embolism.

This finding underscores the importance of vessel connectivity in deter-
mining embolism resistance and also highlights the value of partitioning
trait effects into across- and within-species components to disentangle
the mechanisms underpinning xylem safety.

Surprisingly, when evaluating the multivariate representation
of wood anatomical traits and drought avoidance, we found that
vessel-related trait axis (PC1) was the only predictor of C;,, suggest-
ing that multivariate vessel metrics influence capacitance. Our re-
sults suggest that while tissue fractions may contribute to overall
hydraulic function, their influence may be overshadowed by vessel-
related traits in aseasonal tropical forests, which could reflect the
unique ecological conditions of these forests compared to their
seasonal counterparts (Cosme et al., 2017; Zuleta et al., 2022). This
finding suggests that other anatomical features, particularly vessel-
related traits, may play a more dominant role in shaping hydraulic
strategies in aseasonal tropical forests. Further investigations across
other aseasonal tropical forests and also across forests under other
climatic conditions are needed to investigate the generalization of
this finding (Gonzalez-Melo et al., 2025).

It is worth considering potential methodological sources of vari-
ation in the observed relationships between xylem anatomy and
hydraulic function. Because anatomical traits and functional mea-
surements (such as K, and ¥,,) were not obtained from the exact
same location along the stem, discrepancies in vessel diameter due
to longitudinal or radial variation within twigs could weaken the ob-
served anatomical-functional relationships. For example, theoreti-
cal conductivity was measured on stem segments further from the
tip than those used for ¥, determination via the optical method.
Since vessel diameters tend to increase with stem age and distance
from the apex (Anfodillo et al., 2006), this spatial mismatch may lead
to an overestimation of average vessel size relative to the segments
where embolism resistance was assessed.

In contrast, vessel network properties such as the SVI, which cap-
ture the spatial arrangement and connectivity of vessels rather than
their absolute dimensions, may be comparatively more stable along
both the longitudinal and radial axes of branches. This relative spatial
stability likely reduces sensitivity to within-branch anatomical gradi-
ents, helping to explain why SVI emerged as a stronger and more con-
sistent predictor of embolism resistance than vessel diameter. These
considerations highlight the challenges of linking structure and func-
tion in xylem, especially when anatomical and physiological measure-
ments cannot be made simultaneously or on exactly the same tissue.
Nevertheless, since all samples were processed consistently across
individuals and species, we do not expect this to introduce systematic

bias into our comparative analysis.

5 | CONCLUSIONS

Our findings offer a comprehensive view of the interplay between
wood anatomical traits and xylem function in an aseasonal tropi-
cal forest. Overall, our findings suggest significant evidence of
xylem safety-efficiency trade-offs, in which trees with xylem more
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vulnerable to embolism formation generally have higher theoretical
hydraulic conductivity and higher stem capacitance at full turgor. By
demonstrating the diversity of hydraulic strategies and the funda-
mental role of vessel connectivity in influencing embolism resistance,
our study provides a deeper understanding of how trees allocate re-
sources into different wood tissues and their relationship with xylem
function in an aseasonal wet tropical forest. Our findings may also
have potential relevance for predicting species-specific responses to
climatic extremes (e.g. drought, hurricanes) in these systems. Further
broad-scale analyses across tropical forests under different climatic
envelopes, as well as, currently rare, studies evaluating intervessel
characteristics of tropical tree species are needed to assess the gen-
erality of these patterns. Incorporating such trait-based insights into
dynamic vegetation models and trait-based Earth system models may
offer important contributions for the understanding and modelling of
the complexity and nuances of tropical forests' resistance and resil-
ience to ongoing climatic changes.
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SUPPORTING INFORMATION

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

Figure S1. Relationship between stem capacitance at full turgor
(C;p) and parenchyma fractions. Colours denote species. Statistical

results are displayed in Table S4. Tissue fractions of Cecropia
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schreberiana and Schefflera morototoni were not estimated due to the
lack of ¥, , data for those species, as hollow stems prevented optical
measurements.

Table S1. Results of bivariate species-centred linear mixed-effects
models (Isasa et al., 2023) testing relationships between xylem
safety (drought tolerance and avoidance) and efficiency. Please see
Section 2 for further model details.

Table S2. Results of multivariate species-centred linear mixed-
effects models (modified from lIsasa et al. (2023)) testing the
vessel diameter and vessel network hypotheses (dependent
variable=¥,,). Models include fixed effects decomposed into
across- and within-species components, with species fitted as a

random intercept.
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Table S3. Species-centred linear mixed-effects models comparing
multivariate (PC1 and PC2) versus individual wood anatomical
traits in predicting embolism resistance and stem capacitance at full

turgor. Model selection was based on AIC.
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