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Summary

e In theory, there is a trade-off between hydraulic efficiency and safety. However, the
strength and direction of this trade-off at the leaf level are not consistent across studies, and
habitat climate may impact this trade-off.

e We compiled a leaf hydraulic efficiency and safety dataset for 362 species from 81 sites
world-wide, with 280 paired observations of both traits, and tested whether climate was asso-
ciated with departure from the proposed trade-off.

e The leaf hydraulic efficiency—safety trade-off was weak (R? = 0.144) at the global scale.
Mean annual precipitation and solar radiation (SR) modified the trade-off. Species from dry
and high SR habitats (e.g. desert and tropical savanna) were generally located above the
trade-off line, indicating that these species tended to have higher leaf hydraulic safety and
efficiency than species from wet habitats with low SR (e.g. subtropical monsoon forest and
montane rainforest), which were located below the trade-off line. Leaves with high vein den-
sity, dry leaf mass per area, and osmotic regulation enhanced safety without compromising
hydraulic efficiency.

e Variation in the hydraulic efficiency—safety trade-off at the leaf level likely facilitates plant
survival in specific habitats and allows for a more nuanced view of leaf hydraulic adaption

strategies at the global scale.

Introduction

Identifying trade-offs is necessary for understanding trait varia-
tion and ecological strategies across species and habitats
(Reich, 2014). A well-known eco-physiological theory proposes
that there should be a trade-off between a plant’s capacity to
transport water (hereafter: ‘hydraulic efficiency’) and a plant’s
resistance to hydraulic failure at low water potential (hereafter:
‘hydraulic safety’) (Zimmermann, 1983; Ocheltree ez al., 2016).
This hypothesis has been widely tested on branches/stems, and a
significant but weak trade-off has been found at the global scale
(Gleason et al, 2016; Liu et al, 2021). Possible mechanisms
underpinning this trade-off are thought to arise from the anato-
mical and biophysical characteristics of xylem (Bittencourt
et al., 2016; Brodersen, 2016; Gleason et al., 2016). Meanwhile,
it has been suggested that seasonal climate factors would likely
modify the trade-off (Liu et al, 2021). However, research

© 2024 The Author(s).
New Phytologist © 2024 New Phytologist Foundation.

investigating the trade-off at the leaf level has received far less
attention than investigations focused on branches and stems.
Leaves, at the end of the plant water transport pathway, contri-
bute > 30% to whole plant resistance, and are thus considered an
important hydraulic ‘bottleneck’ (Sack & Frole, 2006; Sack &
Holbrook, 2006). Leaf hydraulic efficiency (the maximum leaf
hydraulic conductance (Kje.f), Kmax)> which is strongly and cau-
sally related to photosynthetic capacity (Brodribb ez al, 2007;
Scoffoni ez al., 2016), reflects xylem characteristics (e.g. lumen,
pit, and pit membrane resistances), xylem network connectivity,
and resistances associated with liquid phase transport between the
vein endings and the sites of evaporation (hereafter: ‘extraxylary’
resistance). Leaf hydraulic safety, which is usually estimated by
the leaf water potential resulting in a 50% decline from K.,
(Psq), reflects xylem embolism and conduit collapse resistances,
as well as declines in plasma membrane permeability/integrity
and the loss of cell turgor, which are associated with the ability of
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a plant to maintain gas exchange at low water potential (Black-
man et al., 2012; Scoffoni & Sack, 2017). Studies investigating
the trade-off between K., and Pso have yielded inconsistent
results. For example, the trade-off was not found in several regio-
nal studies (Blackman ez al., 2010; Scoffoni et al, 2011a; Bucci
et al., 2013; Yao er al, 2021; Zhang et al, 2021; Xiong &
Flexas, 2022), as well as an across-region study of 130 species
(Nardini & Luglio, 2014). By contrast, Scoffoni & Sack (2017)
and Yan er al (2020) found evidence for a safety—efficiency
trade-off across 137 species and 311 species, respectively. Strong
safety—efficiency trade-offs have also been reported across smaller
numbers of species (Ocheltree er al., 2016; Bucci ez al., 2019;
Huo ez al., 2022; Zhang et al., 2024). It is possible that anatomi-
cal and climatological factors may be responsible for these con-
flicting results, and further study in these areas may improve our
understanding of safety—efficiency relationships.

Some studies have shown that both xylem and extraxylary
characteristics of leaves appear to be aligned with the existence of
a trade-off. Water transport through leaf xylem must pass
through the same anatomical features found in branch and stem
xylem, for example conduits and inter-conduit pit membranes,
that influence both hydraulic efficiency and safety (Gleason
et al., 2016; Scoffoni et al., 2017; Blackman ez al., 2024). At the
scale of whole vascular bundles, it is thought that vein width is
related to network conductivity positively (McKown ez al,
2010), but drought stress negatively (Brodribb ez 4/, 2016). High
irradiance enhances extraxylary conductance (Sack ez al., 2005),
but leaf hydraulic conductance under this condition may also be
more vulnerable to dehydration (lower safety) (Trifilo er al,
2021), which indicates that a component of extraxylary conduc-
tance may be positively aligned with leaf hydraulic efficiency but
negatively aligned with hydraulic safety. Researchers have found
that leaves with higher leaf mass per unit area (LMA) were asso-
ciated with low leaf hydraulic conductance, possibly arising from
thicker leaves requiring longer extraxylary pathlengths (Nardini
et al., 2012, 2014; Buckley ez al., 2015; Zhang et al., 2024).
Meanwhile, denser leaves (in contrast to thicker leaves) would
also result in higher LMA, but would serve to slow down leaf
shrinkage and increase leaf hydraulic safety (Nardini e 2/, 2012,
2014; Scoffoni et al, 2014; Buckley et al, 2015; John
et al., 2017; Zhu ez al., 2018). However, it is also becoming clear
that xylem and extraxylary features conferring hydraulic efficiency
vs hydraulic safety are not always the same. For example, some
researchers have suggested that hydraulic safety is mainly aligned
with the properties of bordered pit membranes, nano-bubble sta-
bilization, and liquid—gas interactions at the conduit/pit surfaces
rather than conduit diameters (Lens et 4/, 2011, 2022; Schenk
et al., 2015, 2018), although this idea has yet to be tested across a
large number of species (Isasa ez al., 2023). Higher vein density
(VD) (including both minor and major VD) is associated with
higher xylem network connectivity and K., (Sack & Scoffoni,
2013; Buckley et al, 2015; Yao ez al., 2021). It is thought that
higher VD and network connectivity provide alternative routes
around embolized network sections and thus increase hydraulic
safety (Sack et al, 2008, 2013; Scoffoni et al, 2011b; Nardini
et al, 2012). Similarly, thicker leaves with higher LMA may

New Phytologist (2024)

RIGHTS L1 N KGN

New
Phytologist

provide more alternative extraxylary routes for water transport
(Sack et al, 2013), as supported by a positive relationship
between K., and LMA (Xiong e al., 2014). What is more, in
contrast with branches and stems, leaves are less expensive organs
that can be dropped when necessary to protect branches from
desiccation, and thus help plants escape drought (Grubb, 1998;
Tyree & Zimmermann, 2002), which can alleviate a plant’s
requirement for high safety. Therefore, there are no reasons to
necessarily expect an unavoidable trade-off between leaf hydraulic
efficiency and safety.

Beyond the physiological reasons, we also might expect climate
to affect the trade-off between leaf hydraulic efficiency and safety.
Given that K., and Ps relate to strategies of growth and survi-
val, many studies have shown that species growing in wetter
regions with higher mean annual precipitation (MAP) and/or
warmer regions with higher mean annual temperature (MAT),
such as tropical forests, to have higher efficiency (Sack & Hol-
brook, 2006; Nardini & Luglio, 2014). In support of this idea,
species from similar climates as these have been reported to have
lower levels of safety (higher Pso) (Blackman ez al, 2012, 2014;
Nardini & Luglio, 2014; Scoffoni & Sack, 2017). However, in
contrast with these reports, a recent study has shown that plants
in arid regions not only have higher safety, but also have greater
efficiency (Yao et al., 2021), and some researchers have found
that species have higher safety but no significant difference in effi-
ciency between dry and moist habitats (Scoffoni er al, 2011a).
Similarly, K., and Pso have been found to vary independently
with the distribution of species across precipitation or tempera-
ture gradients (Ocheltree et al, 2016; Huang er al, 2024).
Indeed, a high capacity for leaf water transportation may provide
plants additional survival advantages: (1) higher efficiency miti-
gates the greater evaporative load and reduces the pressure gradi-
ent in leaves that arise from high evaporative demand, that is
high vapor—pressure deficit (VPD) environments; (2) the latent
heat flux associated with transpiration serves to reduce leaf tem-
perature; (3) high efficiency allows for high rates of gas exchange
in intermittently wet/dry habitats when water is readily available
(i.e. ‘use it or lose it’) (Grubb, 1998; Yao et al, 2021; Bi
et al., 2023). In contrast to the benefits of high hydraulic effi-
ciency, greater hydraulic safety allows plants to maintain gas
exchange and growth when leaf water potential drops signifi-
cantly and leads a large decline in K, and stomatal closure dur-
ing drought (Holloway-Phillips & Brodribb, 2011; Martorell
et al., 2015). Therefore, it is reasonable to assume that safety and
efficiency are not tightly coupled by anatomical or biophysical
constraints, leaving natural selection free to ‘choose’ higher/lower
levels of efficiency and safety to achieve improved hydraulic func-
tioning in particular habitats. If this is a fair assumption, then we
should expect marked departure in the trade-off, and this depar-
ture (e.g. improved performance in dimension relative to the
other) should be achieved via leaf functional traits (e.g. VD,
LMA, and turgor loss point (TLP)). As mentioned previously,
species living in highly seasonal climates have higher stem effi-
ciency and safety than species from sites with low seasonality at
the global scale (Liu er al., 2021). However, the specific climatic
factors associated with departure from the proposed trade-off
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between leaf hydraulic efficiency and safety are still unclear. Iden-
tifying the climate factors aligned with departures from the trade-
off would help us understand how leaf hydraulic strategies affect
species distributions across climate gradients.

In this study, we compiled a dataset of K., and Psq, as well as
other related traits, for 362 species from 81 sites world-wide,
which included 280 observations of paired measurements of both
Koy and Psg, with the aim of addressing the following questions:
(1) How are K., and Ps aligned with one another at the global
scale, that is how does the strength and direction of the trade-off
vary across species, and how well does the unexplained variation
in the trade-off align with other leaf functional traits? (2) How
does this trade-off vary with climate and across biomes?

Materials and Methods

Data collection

We combined published and unpublished measurements of leaf
hydraulic efficiency and safety for angiosperms. Most of these
data were collected from previously published studies sourced by
searching the Web of Science, Google Scholar, and China
National Knowledge Infrastructure (http://www.cnki.net) (see
Supporting Information Notes S1). We also extracted data on
other leaf functional traits that may influence these two leaf
hydraulic traits, when they were available from the same studies.
These traits included LMA, pressure-volume curve parameters
(modulus of elasticity (¢), osmotic potential at full turgor (),
leaf water potential at TLP), VD, major VD, and minor VD
(Table 1). Leaf hydraulic efficiency and safety were also measured
for 51 species at the Dinghushan Biosphere Reserve in southern
China (unpublished data, Liu et al.). Measurements on these 51
species were performed from June to September 2020. Leaf
hydraulic conductance (K. and vulnerability to low water
potential were measured using the evaporative flux method
(EFM) (Sack & Scoffoni, 2012). Kj..,s was measured on excised
leaves that were subjected to a range of water potentials by drying
them on a laboratory bench. Two leaves were used to quantify
water potential (¥).,p), and Kj.,r was measured on a third leaf
from the same twig. Ke,r and W.s were fic with 2-parameter
Weibull models using the R package rrrrc (Duursma &
Choat, 2017). The maximum value of Kj,r (K. and the leaf
water potential at 50% loss of K., (Ps0) were extracted from
these ficted models. Each fitted model (species) consisted of
30-50 observations (leaves) from three to five individual plants.
More data were compiled from the literature conforming to the
following criteria: (1) Measurements were taken on field plants
growing in their natural environment (no pot or common garden
experiments). (2) Measurements were conducted on mature
plants. We used mean values for each species at the same site (He
et al., 2020; Liu et al., 2021). The final data in our study included
362 angiosperm species from 81 sites (Fig. Sla; including 385
observations of K., 298 observations of Psy, and 280 observa-
tions of Psg and K[, measured together; see Dataset S1). We
included five different K, methods: dynamic rehydration
kinetics method (DRKM) (Blackman & Brodribb, 2011), EFM
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Table 1 List of measured traits, methods of leaf hydraulic conductance
used, and all biomes sampled in this study.

Full name Unit Symbol

Traits examined in this study

Maximum leaf hydraulic mmol m™2 57" MPa™"  Kieat

conductance
Leaf water potential at 50% loss of ~ MPa Pso
Kleaf
Residual value of standardized Unitless Residuals
major axis regression between Kje,¢
and Psg
Modulus of elasticity MPa €
Osmotic potential at full turgor MPa o
Turgor loss point MPa TLP
Leaf mass per leaf area gm? LMA
Major vein density mm mm~2 Major
VD
Minor vein density mm mm 2 Minor
VD
Vein density mm mm~2 VD
Mean annual precipitation mm MAP
Mean annual temperature °C MAT
Precipitation seasonality Unitless Ps
Mean annual solar radiation kim=2d" SR
Mean annual vapor—pressure deficit  kPa VPD
Potential evapotranspiration mm yr~ PET
Avridity index (MAP/PET) Unitless Al
Methods of leaf hydraulic conductance determination
Dynamic rehydration kinetics DRKM
method
Evaporative flux method EFM
Rehydration kinetics method RKM
Pressure bomb method PBM
High-pressure flow meter method HPFM
Biomes
Tropical rainforest TRR
Tropical savanna TS
Subtropical monsoon forest SMF
Montane rainforest MRF
Temperate deciduous forest TMD
Woodland and shrubland WS
Desert DES

(Sack & Scoffoni, 2012), rehydration kinetics method (RKM)
(Brodribb & Holbrook, 2003), pressure bomb method (PBM)
(Franks, 2006) and high-pressure flow meter (HPFM) (Sack
et al., 2002). Four of these methods were used for Psq and trade-
off residual determination (all except HPFM). Among these
methods, RKM and DRKM accounted for 51% and 28% of the
total determinations of residuals, respectively, PBM was used to
determine trade-off residuals for only 10 records.

We included seven climate variables that we thought could
influence the trade-off (e.g. slope and elevation) based on theory
and empirical results (Sack & Holbrook, 2006; Blackman
et al., 2014; Nardini & Luglio, 2014; Scoffoni ez al., 2016; Scof-
foni & Sack, 2017; Yao ez al.,, 2021): MAT, MAP, seasonality of
precipitation (Ps; coefficient of variation across monthly measure-
ments X 100), mean annual solar radiation (SR), aridity index
(AI), VPD, and potential evapotranspiration (PET). Climate data
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from each site were acquired from the original literature if avail-
able. The remaining climate variables were extracted from
WortpCLiM v.2.1  (hetp://worldclim.org) (Fick & Hijmans,
2017) and the CGIAR-CSI consortium (http://www.cgiar-csi.
org) (Zomer et al., 2008). VPD was calculated as the difference
between measured water vapor pressure (VP) and VP at satura-
tion. VP was extracted from the TerraClimate dataset
(http://www.climatologylab.org) (Abatzoglou ez al., 2018).

We plotted MAT against MAP to obtain Whittaker’s biomes
classification diagram for all sites included in the dataset
(Fig. S1b) (Whittaker, 1975). Study sites were classified as tropi-
cal rainforest (TRR), tropical savanna (TS), subtropical monsoon
forest (SMF), montane rainforest (MRF), temperate deciduous
forest (TMD), woodland and shrubland (WS), and desert (DES)
(Fig. S1b). All Whittaker biomes were represented in our dataset
except tundra and boreal forest.

Data analysis

The data were log-transformed to meet the assumptions of nor-
mality when needed. Absolute values of sy, Tg and TLP were used
given that the original values were negative (Liu er al, 2021). We
fit standardized major axis (SMA) models to estimate the trade-off
between K., and Psq at the global and regional scales. Residuals
from the safety—efficiency SMA fit at global scale were saved as a
new variable to represent variation orthogonal to the trade-off
(Gleason et al, 2016). These residuals are the difference between
the actual observed values and the estimated values and represent
the standardized perpendicular distance of each species/observation
from trade-off line (departure from proposed trade-off), that is spe-
cies with more positive/negative residuals have relatively
higher/lower level of safety and efficiency, respectively (Gleason
et al., 2016; Liu et al,, 2021).

We used multiple linear mixed regression modeling (MLMM)
to estimate the relative importance of climate factors to predict
trade-off residuals, K., and Pso. We treated climate variables as
fixed effects and species as random effects. The environmental fac-
tors were standardized through z score before analysis, and then,
the relative effect of each factor was quantified as the percentage of
absolute value of each parameter estimate to the sum of absolute
values of all parameter estimates (Garcia-Palacios ez 4/, 2018). We
found weak collinearity among the climate factors in our data
(Fig. S2; Table S1), that is the variance inflation factor for all pre-
dictors was < 10. It became apparent early on in our analyses that
SR and MAP explained much of the variation in the trade-off resi-
duals. Thus, we examined the interactive effects of MAP and SR
on variation in the trade-off residuals, which was also emphasized
by previous studies (Guyot ez al., 2012; Trifilo et al, 2021).

We used multiple linear regression to determine whether other
leaf traits could account for significant portions of unexplained
variation in the K., and Psq trade-off, and also the relative align-
ment of these traits with K., and Psq individually. This was
done by partitioning the regression sum of squares into the inde-
pendent fractions of variation that were explained by each trade-
off variable (K, or Pso) (Gleason et al., 2016). A one-way ana-
lysis of variance (ANOVA) was used to compare the trade-off
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residuals, K.,.. and Psq among biomes. We also calculated the
average values of the MAP and SR of the sites in each biome and
compared the leaf hydraulic strategies of species living in regions
with marked differences in MAP and SR. The distribution of
Kaxs Pso» and trade-off residuals across the different biomes in
our dataset were expressed using density plots.

Standardized major axis models were fit using the ‘sma’ func-
tion in the R package sMATR (Warton ez al., 2012). Mixed linear
models were fit using the ‘lmer’ function in the R package LME4
(Bates et al., 2015). Density plots were done using the R package
GGrLoT2  (Wickham, 2016). Variance decomposition was
done using the ‘Img’ function in the R package RELAIMPO
(Gromping, 2006). All analyses were performed using R software
(v.4.3.1).

Results

Leaf hydraulic efficiency and safety were weakly but significantly
correlated (B> = 0.144, P < 0.001) (Fig. 1). The multiple linear
mixed regression model using seven climate variables explained a
total of 18.4% of the variation in the trade-off residuals. MAP
and SR were the two main determinants of the trade-off resi-
duals, explaining 32.9% (P < 0.05) and 35.3% (P < 0.001) of
the total explained variation, respectively (Fig. 2). SR also
explained much of the variation in P5y (35.4%, P < 0.001),
whereas MAP explained 13.2% (P < 0.05) of the total explained
variation. Neither of these two climate variables explained signifi-
cant portions of variation in K. However, Ps (23.8%;
P < 0.001), and VPD (22.0%; P < 0.01) were significant inde-
pendent predictors of K, (Fig. S3a,b).

We found that the trade-off residuals and leaf hydraulic safety
decreased with increasing precipitation, but increased with
increasing SR (Figs 2, S3b; Tables S2, S3). Species in wet regions
(e.g. MAP > 1600 mm) and low SR conditions (e.g.
SR<10*" kJ m™2d™") had no significant trade-off and
many species from such conditions were located below the trend-
line (Fig. S4; Tables S4, S5), whereas most species from dry (e.g.
MAP < 400 mm) and high SR regions were above the trade-off
trendline (Fig. S4). The combination of MAP and SR had inter-
active effects on the trade-off residuals (MAP x SR: P < 0.05)
such that the predicted surface was twisted plane, and explained
¢. 16.8% of the variation in trade-off residuals (Fig. 3). When SR
was considered in isolation to MAP, it had no significant effect
on the trade-off residuals, but altered the effect of MAP on the
residuals (Fig. 3). The trade-off residuals decreased slightly with
increasing SR, but only in low MAP climates. By contrast, in
high MAP climates, trade-off residuals increased with increasing
SR. This leverage of MAP on the trade-off residuals resulted in a
twisted surface such that the plane was relatively flat across much
of the range in both MAP and SR, but then became very steep
when MAP was high but SR was low (Figs 3, S5). Plants living in
habitats with high SR and low MAP usually had large positive
trade-off residuals, whereas plants growing in wet but low SR
conditions generally had large negative trade-off residuals
(Fig. 3). MAP and SR also had interactive effects on K,
(MAP x SR: P < 0.001) but drove Psq variation independently
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(a) > had the lowest trade-off residuals (Fig. 4a). Species living in TS had
®7 e the highest K., and species from woodland/shrubland biomes
E & had the lowest K,,.,. Species living in the DES biome had the high-
= N est safety, whereas species living in the SMF biome had the lowest
< ?’ safety (Fig. 4b,c).
;uo: H For individual traits, LMA, VD (including VD, major VD,
| and minor VD) TLP and my, were more aligned with the safety
;é axis than the efficiency axis (Table 2). However, a highly signifi-
k] cant proportion of the trade-off residuals were explained by these
- traits as well, indicating that these traits were associated with
departure from the trade-off (Table 2). LMA and VD increased
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Fig. 1 (a) Leaf hydraulic efficiency (Kmax) and safety (Pso, leaf water
potential at a loss 50% Kmay) plot for all data. (b) Kmax and Ps, relationship
after being log-transformed and fit with a standard major axis (SMA)
model. (c) Schematic diagram of an SMA model residual, representing
variation in Kmax and Psq orthogonal to the fitted trendline. Asterisks
indicate levels of significance based on the SMA model (***, P < 0.001).

(nonsignificant interaction, MAP x SR: P> 0.05) and the pre-
dicted surface was a plane (Figs S6, S7).

We found that plants in TS, where SR was the highest, and
plants from DES sites, where MAP was the lowest, had the largest
trade-off residuals. In contrast to this, species from SMF and rain-

forest sites (MRF and TRR), habitats with high MAP and low SR,
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with SR but decreased with MAP. 1y decreased with SR (positive
correlation with absolute values) and TLP increased with MAP
(negative correlation with absolute values) (Table S6).

Although there were different slopes among different experi-
mental methods and biomes (Fig. S8; Table S7), we found that
for a certain biome, a specific method was mainly used. For
example, EFM, PBM, and DRKM methods were mainly used in
SMF (81.6%), TS (60%), and woodland/shrubland (59.5%),
respectively (Table S7). The deciduous and evergreen plants had
similar trendlines, but deciduous species distributed in the bot-
tom right of the trend line, and had higher efficiency but lower
safety than evergreen species (Fig. S9).

Discussion

MAP and SR interact to affect the variation in trade-offs at
the global scale

Similar to previous studies of branches and leaves, our study
demonstrated a significant but weak trade-off between leaf K.
and Psg, suggesting that the trade-off can be shifted or is not always
inevitable (Gleason ez al, 2016; Scoffoni & Sack, 2017). We
further found that site MAP and SR affected this trade-off. Species
living in lower MAP and higher SR conditions had larger trade-off
residuals, that is higher safety and efficiency. Higher leaf hydraulic
safety is important for plant adaption in dry regions, such as DES
biome (Nardini & Luglio, 2014; Scoffoni & Sack, 2017). How-
ever, it is also conceivable that higher K., may confer a survival
advantage in dry regions (see the Introduction section). Plants living
in high SR conditions, for example TS, are subjected to higher leaf
temperature and VPD, all else being equal. Such conditions may
result in diurnal water stress given the higher evaporative demand
and lower turgor pressure under higher light (Kim & Steu-
dle, 2007), which significantly depresses leaf hydraulic conductance,
especially at midday (Brodribb & Holbrook, 2004). Indeed, the
midday leaf water potential of plants living in TS biome are often
lower than leaf Psq (Hao er al, 2008). Therefore, high safety is
likely important for plants living in high SR conditions. It is possi-
ble that higher xylem/leaf hydraulic efficiency could also be benefi-
cial under high light conditions because it may drive higher rates of
photosynthesis (high SR), higher (less negative) xylem water poten-
tial (Gleason et al., 2012), and lower leaf temperature via evapora-
tive cooling (Scoffoni et 4l., 2015; Lin ez al., 2017).

The combination of MAP and SR revealed significant interac-
tive effects on the trade-off residuals and K,,,. This is similar to
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Fig. 3 Predicted interactive effects between mean annual precipitation
(MAP) and mean annual solar radiation (SR) on the trade-off residuals.
The effects of the interaction between MAP and SR were estimated using
a multiple linear mixed regression model (MLMM). The predicted surface
of residuals arising from the interaction between MAP and SR resembles a
twisted plane, because there was a significant interaction between MAP
and SR based on MLMM (P < 0.05).

previous claims that irradiance and water conditions may have a
combined impact on leaf hydraulic conductance (Guyot
et al., 2012; Trifilo et al., 2021). Under low MAP conditions,
trade-off residuals were slightly decreased with increasing SR.
However, under high MAP conditions, higher SR was associated
with positive trade-off residuals (Fig. 3). One possible
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explanation for this result is that the benefits of higher hydraulic
efficiency (higher leaf water potential, photosynthesis, and eva-
porative cooling) are only possible when SR and water availability
are both high (Gleason ez al, 2012, 2013; Guyot et al., 2012).
Higher Ki,r may arise from stronger temperature gradients in the
leaf caused by light absorption, which may modify membrane
permeabilities, and/or changes in aquaporin expression. How-
ever, such enhancement is likely to be achieved only under favor-
able conditions or mild water stress (Cochard ez al., 2006; Guyot
et al., 2012; Scoffoni et al., 2018). Therefore, many species living
in areas with abundant rainfall but low SR, such as SMF, rainfor-
est, or understory plants, were associated with large negative
trade-off residuals (Fig. 4). This may be because many plants in
these habitats have low safety requirements, and the low SR in
these habitats would result in less transpiration and reduced need
for liquid water transport that is keeping the hydraulic supply in
balance with demand (Feild ez 4/, 2004; Scoffoni et al., 2016;
Liu et al, 2021). A previous unpublished study at the Din-
this  result,
shade-tolerant species had significantly lower efficiency but no
difference in safety, compared with light-demanding species
(Fig. §10). The clear shifting of the safety—efficiency trade-off

across biomes suggests that natural selection and/or species filter-

ghushan Biosphere Reserve supports where

ing processes have favored different leaf hydraulic strategies in
different environments. This may be one possible reason for a
weak trade-off at the global scale.

How well are leaf hydraulic efficiency and safety
coordinated with other leaf traits?

Six of the seven traits included in our study were more strongly
aligned with safety (Psg) than efficiency (K, (Table 2). This

© 2024 The Author(s).
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result was similar to a recent study of seven species with widely
ranging drought tolerance, where VD and mesophyll anatomy
traits were unrelated to K., but were correlated with Ps (Xiong
& Flexas, 2022). This result supports the idea that leaf hydraulic
efficiency and safety are not always linked, in either the xylem or
extraxylary components (Blackman ez al, 2010; Xiong &
Flexas, 2022). In addition, K, is affected by muldple
anatomical/biochemical factors (Scoffoni et al., 2016), and some
of these factors affect K, conjunctly. For example, VD (apoplas-
tic pathway) and aquaporin activity (symplastic pathway) both
affect water flux across the bundle sheath to the mesophyll. How-
ever, the negative effect of low VD on K., can be compensated

© 2024 The Author(s).
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for by an increase in aquaporin activity (Harayama ez al., 2019).
Additionally, plants with higher minor VD almost always have
thinner veins and conduits, resulting in lower leaf hydraulic effi-
ciency (Nardini ez al., 2012; Feild & Brodribb, 2013). Therefore,
from the perspective of leaf anatomical traits, we should probably
not expect an inevitable trade-off between K., and Ps.

We further found that plants with high LMA and VD, and
low TLP and m, generally live under conditions with low MAP
and/or high SR (Table S6). This is consistent with a previous
report that TLP and m, are good predictors of plant distribution
across water availability gradients (Bartlett ez 2/, 2012). Similarly,
LMA and VD increased with irradiance but decreased with
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Table 2 Fit static of the third variable (leaf traits), after including leaf hydraulic efficiency (Kmax) and safety (Pso) in a linear multiple regression model.

R? R?

10g10(Kmax) P log1o(—Pso) P R? residuals P n
log1o(LMA) 0.012 0.395 0.309 < 0.001 0.12 < 0.001 195
log1o(—TLP) 0.012 0.056 0.267 < 0.001 0.153 < 0.001 167
log10(VD) 0.01 0.939 0.328 < 0.001 0.228 < 0.001 74
logio(e) 0.061 (-) 0.093 0.072 0.071 0 0.92 43
log1o(—mo) 0.088 0.017 0.15 0.001 0.24 < 0.001 66
logso(minor VD) 0.048 () 0.204 0.209 < 0.001 0.133 0.003 65
logso(major VD) 0.01 0.659 0.35 < 0.001 0.26 < 0.001 65

Coefficient of determination values (R?) for Kmax and Pso represent the portion of explained variation attributable to K.« and Pse. The R? of residuals
represents the portion of explained variation that is attributable to the third variable. The negative sign in parentheses indicates negative correlation. Bold
font denotes significant relationships. The third variable (leaf traits) abbreviations and units follow those in Table 1.

water availability, which has been reported previously
(Poorter et al., 2009; Sack & Scoffoni, 2013). Thus, the addi-
tional carbon investment associated with higher LMA and VD
may enable plants to achieve higher safety and efficiency in low

MAP and high SR habitats.

High diversity of leaf hydraulic strategies across biomes

Our results suggest that much of the unexplained variation in the
trade-off cannot be accounted for by climate factors. One possi-
ble explanation for this is that leaf hydraulic traits are highly vari-
able within biomes. In support of this hypothesis, we found a
large overlap of K...,, Pso, and trade-off residuals among biomes
(Fig. 4d—f). This is especially evident for K., which is more
mutable, relative to Psq (Fig. S11). A possible explanation for this
wide variation in K, that extraxylary leaf hydraulic conductance
is likely elastic and responsive to internal and external conditions,
enabling plants to avoid embolism but also allowing for the quick
upregulation of water transport when leaf water status is favorable
(Scoffoni et al, 2023). Therefore, we might also expect leaf
hydraulic conductance to change with leaf age, damage, and
microclimates (Sack & Holbrook, 2006). The study at the Din-
ghushan Biosphere Reserve also supports the premise that differ-
ences in shade tolerance among co-occurring species, as explained
by SR alignment with K., and trade-off residuals, may engender
niche differentiation. Although other adaptive strategies, such as
leaf shedding, may allow plants to exhibit much variation in
safety under similar conditions or even in drier environments
(Choat et al., 2012), our study showed that deciduous species
shared the same trendline with evergreen species (Fig. S9), sug-
gesting that deciduousness did not modify the trade-off. Rather,
deciduous species were located along the same trendline, but in
the region of the function where hydraulic efficiency was high,
but at the expense of hydraulic safety.

A possible limitation of our study is that we cannot completely
rule out the influence of different methods on the trade-off, but we
think these differences have had only a minor influence on our
results. Previous studies have demonstrated that differences among
Kior methods (e.g. EFM, DRKM, or HPFM) and Ps5y methods
(e.g. using EFM or DRKM) were relatively small within species as
compared to the differences across species and biomes (Sack
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et al, 2002; Hernandez-Santana et al., 2016; Trifilo ez al., 2016).
Some researchers have found that using RKM may overestimate
Kax and Psg in some cases (e.g. compared with measurements of
DRKM and EFM) (Brodribb & Holbrook, 2006; Scoffoni
et al., 2008; Blackman & Brodribb, 2011). In the present study,
we found that the trade-off residuals measured using RKM dif-
fered from those using other methods in only two biomes. For
example, the trade-off residuals measured using RKM were larger
than EFM in the SMF biome but lower than DRKM in the DES
biome (Fig. S12). However, importantly, these different methods
resulted in similar trade-off residuals in all other biomes. If differ-
ences in trade-off residuals had arisen solely from the methods
used, we should expect these methods to bias the residuals in the
same way (direction and magnitude) in all cases, but this is not
what happened. Therefore, the differences in trendlines among
methods were most likely due to differences among biomes
(Table S7). This suggests that we would have arrived at similar
conclusions even if the same method had been used in all cases.

Conclusion

In summary, our study showed the evidence of a safety—efficiency
trade-off in leaves at the global scale. However, the revealed
trade-off was markedly weak, with safety and efficiency varying
largely independently of one another across species. Nevertheless,
significant portions of explained and unexplained variation in the
safety—efficiency trade-off suggest that these two physiologically
important traits are likely linked together, and this linkage can be
effectively modified via VD, osmotic regulation, LMA, and cli-
mate. These differences in leaf traits and climate across species
and habitats were associated with meaningful shifts in this trade-
off, which would seemingly allow for a wide diversity of hydrau-
lic strategies, thus engendering plant success across the world’s
terrestrial habitats.
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