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Abstract

In vast areas of the world, forests and vegetation are water limited and plant
survival depends on the ability to avoid catastrophic hydraulic failure. Therefore,
it is remarkable that plants take hydraulic risks by operating at water potentials
(p) that induce partial failure of the water conduits (xylem). Here we present an
eco-evolutionary optimality principle for xylem conduit design that explains this
phenomenon based on the hypothesis that conductive efficiency and safety are
optimally co-adapted to the environment. The model explains the relationship
between the tolerance to negative water potential (y5,) and the environmentally
dependent minimum y (y, ;) across a large number of species, and along the
xylem pathway within individuals of two species studied. The wider hydraulic
safety margin in gymnosperms compared to angiosperms can be explained as an
adaptation to a higher susceptibility to accumulation of embolism. The model
provides a novel optimality-based perspective on the relationship between xylem
safety and efficiency.
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function of the xylem is to transport water, driven by the
difference in water potential between the base and the top.

The hydraulic properties of plants constrain their ability
to grow and survive in different environments. Therefore,
a solid understanding of these constraints is essential for
accurate prediction of vegetation responses to droughts
and other environmental changes. In stems, the primary

Plants regulate water transport via stomatal conductance
in order to avoid highly negative water potentials (i.e.
with xylem sap under negative pressure) that could induce
xylem embolism, with associated loss of conductivity.
The sensitivity to embolism is often measured in terms
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of the water potential at which conductivity is reduced by
50%, ws,. Across a large number of angiosperm species,
w5, was found to be close to the minimum midday water
potential (. ) experienced by each species, implying a
remarkably narrow hydraulic safety margin (yg,—v, ;)
(Choat et al., 2012). The safety margin is smaller for an-
giosperms than gymnosperms, and is smallest in wet sites
with high y_. . Although recent studies based on im-
proved methods indicate that hydraulic vulnerability has
been overestimated in many species (Lens et al., 2022),
conductivity loss due to embolism remains a ubiquitous
phenomenon under drought conditions. It has been pro-
posed that this potentially risky strategy is related to a
physiological trade-off, so that a higher conductivity is
linked to a higher vulnerability, but this has yet been dif-
ficult to demonstrate (Gleason et al., 2016; Liu et al., 2021;
Sanchez-Martinez et al., 2020). Hence, the regulation of
plant hydraulic safety margins is not yet fully understood,
despite its importance for our understanding of plant
responses to expected climate changes and droughts
(Anfodillo & Olson, 2021; Venturas et al., 2017). Here we
analyse the variation in y;, through an eco-evolutionary-
optimality perspective.

The basic principle of eco-evolutionary optimality is
that traits have adapted towards values that maximize plant
fitness in the environment where the plants have evolved
(Franklin et al., 2020; Harrison et al., 2021). Due to the un-
predictability of environmental variation, no plant will be
perfectly optimal, but the principle nevertheless predicts a
remarkable portion of observed variation in a wide range
of plant traits and processes, including plant stomatal hy-
draulic regulation (Anderegg et al., 2018; Holttd et al., 2011;
Joshi et al., 2022; Wang et al., 2020; Wolf et al., 2016), vas-
cular network structure (Kogillari et al., 2021; McCulloh
et al., 2003; Savage et al., 2010), and leaf hydraulic and
photosynthetic traits (Deans et al., 2020). A successful ap-
plication of eco-evolutionary optimality (EEO) principle
requires a sufficient understanding of the fitness benefits
and costs of the traits to be modelled. Xylem efficiency and
safety in relation to growth environment has only rarely
been addressed from an EEO perspective, perhaps due to
a lack of consensus on the xylem costs and benefits. For ex-
ample, Manzoni et al. (2013) used an EEO approach based
on the principle that transpiration is maximized, which
contrasts to the assumption in most other models that
transpiration is a cost (Wang et al., 2017). Another EEO
approach was based on the trade-off between increasing
xylem conductivity (benefit) and decreasing resistance to
embolism (cost) with increasing conduit diameter, which
explained stem tip to base widening of conduit diameter in
a global data set (Kogillari et al., 2021).

Here we present an EEO model for xylem tissue, based
on optimality theory and xylem trait-interrelationships
derived from a large xylem functional trait data set
(Choat et al., 2012). First, we quantify the effects of
key xylem traits—conduit diameter and pit membrane
properties—on conductivity and safety, which shows

that there is a relationship between xylem efficiency and
safety at the level of conduits, even though it does not
appear as a strong trade-off at the level of whole sap-
wood tissue. Then we combine these relationships with
an EEO hypothesis that plants maximize the combina-
tion of xylem conductive capacity per unit xylem bio-
mass and tolerance to low y (w5,). To account for the full
fitness consequences of xylem safety, we also account for
the consequences of potential refilling and within-xylem
variation in vulnerability among conduits. Our first-
principles EEO model explains the globally observed
relationship between w;, and the environmentally de-
pendent y_. . and suggests explanations for the large dif-
ference in hydraulic safety margin between angiosperms
and gymnosperms.

MODEL DESCRIPTION AND
RESULTS

An optimality perspective for conductive tissue

Our model is based on the eco-evolutionary optimality
principle, implying that the xylem traits are adapted to
maximize fitness in the plant's environment. Each trait
is associated with fitness benefits and costs and the opti-
mal trait values are those that maximize the net benefit.
Because the main role of the xylem is to supply water to
the leaves, the fitness benefit increases with conductivity.
However, xylem conductivity is a complex property that
depends not only on its un-stressed maximal conductive
capacity (K, [Kg m ' MPa™! s_l]), but also on its ability to
withstand stress (low water potential, [MPa]) without los-
ing conductivity (resistance to conductivity loss, P), result-
ing in a realized conductivity, K+ P. The main fitness cost
of the xylem (and most plant organs) is its construction
and maintenance costs, which are proportional to its mass
per unit length (M [gm™"]). Combining benefits and cost
at the tissue level, the optimal xylem traits should maxi-
mize conductivity and safety per biomass, that is K+ P/M.
To evaluate this hypothesis, we need to first determine
the key xylem traits that determine the xylem costs and
benefits and how they are linked. For this and all other
analyses we used a large data set on hydraulic traits (Choat
et al., 2012), downloaded from the TRY database (Kattge
et al., 2020). The downloaded data set includes many traits
additional to those used in the paper by Choat et al. (2012).
The data set was further complemented by additional data
on pit traits from Kaack et al. (2021) and y, versus v,
from Domec et al. (2009). The combined data set and code
used in this study are provided in a supplementary file.

Conduit conductivity and safety

The xylem can be seen as a network of interconnected
conduits (vessels or tracheids). Xylem conductivity and
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safety (tolerance to negative water potential, y, [MPa])
depends on both the conduits themselves and their inter-
connections, the pits and end-walls (i.e. the overlapping
interconduit walls), and how the conduits are spatially
clustered (Hacke et al., 2004; Lens et al., 2011; Scholz
et al., 2013). Conduit diameter (D, [um]) is an important
determinant of conductivity due to the strong effect on
fluid dynamics (Hacke et al., 2017), which is also re-
flected in the ubiquitous tapering of D with stem height,
which serves to minimize the increase in resistance with
path length (Anfodillo et al., 2006; Kogillari et al., 2021;
West et al., 1999). To account for the disproportionally
large contribution of relatively larger conduits across the
xylem cross-section, we use hydraulically weighted con-
duit diameter ;) _ Z0; D' (based on the Hagen—Poiseuille
ot
equation for fluid dynamics), rather than the mean di-
ameter (D). Analogously, we calculate a corresponding
hydraulically weighted number of conduits per area
N zﬁ[%r based on the reported mean number of con-

duits per sapwood area (N, [mm ).

We found that conductivity of a conduit (K, maximal
conductivity at w=0) strongly increases with D ([pm],
parameters in Table 1, *=0.90 and 0.78 for angiosperms
and gymnosperms, respectively, Table 2). At the same
time, some studies have found that pit conductivity be-
tween conduits is as important as vessel conductivity
for total xylem conductivity (Choat et al., 2008; Wheeler
et al., 2005). These findings can be reconciled if pit con-
ductivity is coordinated with D, as shown by the cor-
relation with pit area (total inter-conduit pit-membrane
surface area, Table 2). Nevertheless, another pit trait,
pit-membrane thickness (7, [pm]), has been found to
have an effect on conductivity independent of D in an-
giosperms (Lens et al., 2011), probably via the number
of pore constrictions in pit membrane pores (Kaack
et al., 2019, 2021). The importance of 7, is further un-
derlined by its role for embolism resistance, discussed
below (Equation 3). Thus, we assume that in addition to

the strong effect of D, K is potentially influenced by T
(Table 2, Equation 1).

K =c¢ DFT?. (1)

The symbol ¢, in Equation (1) (and likewise ¢, ... ¢; in
the equations further below) denote constants that do not
matter for our final results. Because of the scarcity of ob-
servations on 7, , we cannot get a reliable empirical esti-
mate of its effect on K (i.e. the exponent p in Equation 1).
Instead, we predict a theoretical value based on our op-
timality criterion, see below.

Xylem safety in response to y can be described by a
vulnerability function (P), which describes how sapwood
conductivity declines relative to its maximal value with
negative xylem water potential y. Among commonly
used xylem vulnerability functions, the Weibull func-
tion (Equation 2) has the advantages that it always ap-
proaches 1 as y—0 and that its parameter a does not
vary significantly with y, (Duursma & Choat, 2017).

P (l)%)a. @

In Equation (2), yy, is y that causes 50% loss of the
maximum conductivity, which is a largely genetically
determined functional trait (Lamy et al., 2014; Lobo
et al., 2018; Pritzkow et al., 2020), evolutionarily adapted
to the environmental conditions experienced by a species
(Zhang et al., 2021). The parameter a controls the shape
of P, and was estimated based on relationship between
ws, and yg, (Appendix SI) for each species, from which
median values for angiosperms and gymnosperms were
estimated (Table 1).

The relative importance of different underlying traits
in determining yy, varies among studies and species, for
example pit features and vessel length being most import-
ant in Acer species (Lens et al., 2011) while D and ves-
sel grouping are important in other species (Levionnois

TABLE 1 Parameters/scaling factors

estimated from data. All analyses are . Esti.mate Estimate

based on data from Choat et al. (2012) and Symbol Parameter description angiosperms gymnosperms

available in the TRY database (.I(Aattge et a Slope parameter of the vulnerability ~ 2.18+0.11, n=682 4.33+0.33, n=291

al., 2020) complemented by additional data function P (Equation 2)

on pit traits from Kaack et al. (2021). .
d The effect of D on y, (Equation 3) -1.30+0.33, n=17 —0.99+0.17, n=41
t The effect of 7, on yy, (Equation 3) 0.58+0.23, n=17 0.33+£0.17, n=28
k The effect of D on K (Equation 1) 3.58+0.18, n=47 3.02+0.32, n=27
m The effect of D on T, (Equation 6) 0.49+0.11, n=36 0.21+0.11, n=49
f The effect of w5, on T, (Equation 6) 0.23+0.090, n=36 0.23+£0.063, n=49
X Embolism accumulation parameter 0.96+0.040, n=381 6.73+1.14, n=99

(Equation 5)

Note: D: Hydraulically weighted conduit diameter [um]. 7, : Pit membrane thickness in angiosperms, torus:
pit membrane diameter ratio in gymnosperms [pm]. 7_: Conduit wall thickness of conduits with diameter D

[pm].
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TABLE 2

Inter-trait relationships (linear regressions and standardized major axis regressions (sma)); Ang.=Angiosperms,

Gym.=Gymnosperms. All analyses are based on data from Choat et al. (2012) and available in the TRY database (Kattge et al., 2020)

complemented by additional data on pit traits from Kaack et al. (2021).

Model Group Factor Estimate SE r R? Rzmlj n
sma (pit area~ D) Ang. <0.001 0.58 81
Gym. <0.001 0.60 57
In(K)~In(D) Ang. In(D) 3.5832 0.1795 <0.001 0.90 0.90 47
Gym. In(D) 3.0202 0.3208 <0.001 0.78 0.77 27
In(=%,,)~In(D) Ang. In(D) —0.7905 0.0926 <0.001 0.29 0.29 178
Gym. In(D) -0.7339 0.082 <0.001 0.33 0.33 164
In(=¥5)~In(T) Ang. In(T,,) 0.5977 0.0841 <0.001 0.37 0.37 87
Gym. In(T,) —-0.0114 0.1949 0.954 0 —-0.03 37
In(=¥,,)~In(D)+In(T ) Ang. In(T,) 0.5794 0.236 0.028 0.58 0.53 17
Ang. In(D) —-1.2955 0.3317 0.002 0.58 0.53 17
Gym. In(T,,) 0.3348 0.1678 0.002 0.63 0.61 41
Gym. In(D) —0.9928 0.1696 <0.001 0.63 0.61 41
sma (In(7,,)~In(D)) Ang. 0.59 0.02 —-0.04 20
Gym. 0.068 0.08 0.06 41
In(7)~1In(D ) Ang. In(D) 0.4923 0.1154 <0.001 0.35 0.33 36
Gym. In(D) 0.0236 0.1099 0.831 0 -0.02 49
In(T))~In(D ) +In(—ys,) Ang. In(D) 0.4891 0.1072 <0.001 0.45 0.42 36
Ang In(—ys,) 0.2266 0.0899 0.017 0.45 0.42 36
Gym In(D) 0.2055 0.1086 0.065 0.24 0.2 49
Gym In(—y5,) 0.2348 0.0626 <0.001 0.24 0.2 49

Note: Pit area=Total interconduit pit (membrane) surface area of a conduit [mm?]. D: Mean conduit diameter [pm]. D: Hydraulically weighted conduit diameter
[pm]. D Here D was calculated based on measurements of the ratio 7,/D in order to get D values for the same conduits used to measure 7,. 7, : Pit membrane
thickness in angiosperms, torus: pit membrane diameter ratio in gymnosperms [pm]. 7,: Conduit wall thickness of conduits with diameter D [pm].

et al., 2021; Scholz et al., 2013). Recent studies have high-
lighted the importance of pit membrane thickness in
angiosperms (Kaack et al., 2021; Lens et al., 2022) and
the ratio between torus diameter and pit aperture or
between torus diameter and pit-membrane diameter in
gymnosperms (Bouche et al., 2014). Based on our data,
we found that in combination with D, the ratio between
torus diameter and pit-membrane diameter was the best
predictor of y;, in gymnosperms. For simplicity, we use
the same symbol, 7, , to represent both pit-membrane
thickness in angiosperms and the ratio between torus
and pit-membrane diameter in gymnosperms. Because a
mechanism linking D to yy, has not yet been conclusively
identified, it is likely that the effect of D is indirect, e.g.
via pit area which is correlated with D (Table 2) and other
traits, such as vessel length and interconnectivity between
vessels and tracheids (Lens et al., 2022). We found that
a combination of D and T explains about 60% of the
variation in v, which is much more than either D or T |
alone (Equation 3, Table 2). We also found no significant
correlation between D and 7, (Table 2), suggesting inde-
pendent effects on y, as also found by Lens et al. (2022).

wsy=c, D' T, " 3)

Because K increases and g, decreases with D, there
should be some degree of trade-off between them,

although the relationship is also influenced by variation in
T (Equation 4), and likely other unmeasured properties.

Wsy=C3 Tmt_pd/k Kk, “

This trade-off (Equation 4), and our model, is defined
at the level of conductive tissue (or equivalently, probabi-
listically at the individual-conduit level) rather than for
whole-sapwood tissue. We emphasize that whole-sapwood
conductivity also depends on the number of conduits per
unit sapwood area (K, . =K . .-N), which weakens
this relationship at the whole-plant level (Figure 1).

Extended effects of conductivity loss

Measured vulnerability curves (P, Equation 2) represent
the instantaneous loss of conductivity due to embolism at
the whole xylem level, but the full fitness impact depends
also on the accumulation of conductivity loss over the
life-time of the functional xylem. Here we consider three
parameters that influence embolism accumulation: (1) re-
filling of embolized conduits. Although the plants' ability
to refill conduits is debated and conclusions vary among
studies (Anderegg et al., 2013; Avila et al., 2022; Klein
etal., 2018; Pellizzari et al., 2016; Rehschuh et al., 2020), we
consider its potential role for xylem optimization. (2) The
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number of drought (embolism) events expected during
the lifetime of the water-conducting xylem. (3) The effect
of partial conductivity loss on the average conductivity of
the remaining functional xylem. This factor depends on
the distribution of vulnerability among individual con-
duits (Avila et al., 2022). If all conduits are equally vul-
nerable or the vulnerability of each conduit is stochastic,
a random selection of conduits will be embolized in each
drought event. Consequently, the vulnerability of the re-
maining conductive xylem will not change with repeated
drought events. This will lead to multiplicative reduction
of total conductivity with each embolism event. In con-
trast, if there is variation in vulnerability among conduits
and conduit-level vulnerability is deterministic, the most
vulnerable conduits will embolize first. Because the more
resistant conduits remain functional, the total xylem vul-
nerability (yy,) will decline with the total accumulated
loss of conductivity.

Based on these embolism-parameters, the xylem life-
time conductivity-loss function (P) can be written as
follows:

P,=pP*=p" )

In Equation (5), x is the aggregated embolism accu-
mulation exponent. i is the irreversibility of embolism,
potentially varying from no irreversibility (=0, com-
plete refilling and no conductivity loss, i.e. P,=1) to com-
plete irreversibility (i=1, no refilling). n is the number of
drought events expected during the lifetime of the xylem.
s 1s the stochasticity of embolism in individual conduits,
potentially varying from completely deterministic (s=0,
conduits that are not embolized in one drought event
will never be embolized in a subsequent similar event)
to completely random (s=1, the mean probability of new
embolism does not change regardless of the fraction of
already embolized conduits).
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FIGURE 1

The mass cost of xylem conductive tissue

The costs of xylem tissue are incurred by maintenance
and construction, i.e. the structural investment in fibres
and lignified tissues required (Sperry, 2003), which we as-
sume to be proportional to mass. Xylem tissue consists of
conduit walls and other cell types between the conduits.
The thickness of conduit walls (7, [pm]) is linked to toler-
ance to low water potential, yy,, and conduit diameter,
D (Hacke et al., 2001). In angiosperms 7, may be con-
strained by the need to prevent wall implosion whereas
the much thicker walls in gymnosperms may additionally
be related to their role in providing overall stability (see
Discussion). However, we found that 7 is best explained
by a combination of yy,, and D (Table 2) so that

T,=cyws' D" (6)

If we assume that the density of conduit wall tissue (p)
is constant, the mass (per unit length) of a conduit can be
approximated by:

M=paDT,=cs D"y, (7

In the approximation we neglect the difference be-
tween outer and inner conduit diameter, which introduces
only a minor error in the final results for optimal y, at
highly negative values of y/_. (1.5% aty,_. —10MPa).

The optimal conduits

In addition to having a high conductivity per mass (K/M),
optimal conduits should tolerate low y with minimal con-
ductivity loss (embolism), that is P, (Equation 5) should be
as large as possible at the minimum operating water poten-
tial (., the lowest ymeasured for a given site and species).
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Trade-off between xylem tolerance to negative water potential (y5,) and maximal conductive capacity (K). Panels show

measurements for whole sapwood (a) and for conduits only (b), which was calculated as sapwood conductivity/hydraulically weighted number
of conduits per area (N, see above). Points show observations of angiosperms (red circles) and gymnosperms (blue-green triangles) and lines
show standardized major axis regression (SMA) regressions with SE bands. R>=0.07 and 0.12 for K sapwood (a) and 0.24 and 0.54 for K conduit
(b), for angiosperms and gymnosperms, respectively. All p-values<0.003.

85UB017 SUOWIWOD) BAIER.ID 3|qedtidde ay) Aq peusencb a1e seolie VO ‘88N JO S9INJ 10} ARIq1T 8UIUQ AB]IM UO (SUORIPUOD-PUR-SLUIBILIOD"AB | 1M ARIq 1 U1 |UO//STIY) SUOTNIPUOD PUe SWLB | 8U) 88S *[£202/TT/90] UO ARiqi]8uljuo AB|IM ‘seous s ennouby JO AIsBAIUN USIPemS AQ 022¢T9B/TTTT 0T/I0p/0o A8 1nAReiq iUt |uoy/sdny Wolj pepeoiumoq ‘6 ‘€202 ‘820TIYT



1490 |

OPTIMAL BALANCING OF XYLEM EFFICIENCY

Since yr_. reflects the integrated effect of water flux con-
straints due to environmental factors and plant stomatal
behaviour, it exerts a strong selective force on the xylem
(Bhaskar & Ackerly, 2006). Combining the two criteria for
optimal xylem function—high conductive efficiency and
high tolerance to low y—in the most parsimonious way, we
obtain the optimality criterion, or fitness proxy F,

K
F=orxPaty =yp, @®

We assume that F is optimized through the traits D
and T, which together determine optimal y;,. Optimal
D* and T _* is obtained by maximization of F, i.e. dF/
dD=0and dF/dT, =0 (Equations 9 and 10, derivation in
Appendix S1).

1

1
Wiin \ ¢ . =t xadln(2) \«
D=2 7 — = ) . ©)
( o > m <df+m+1—k>

= () o7 (XLBD)T o

" ) tf=p

Equations (9) and (10) both describe relationships
between D* and T_* Based on the condition that both
equations are consistent, that is there is coordinated op-
timality of D and 7, , we can calculate the undetermined
parameter p (Equation 11) that determines the depen-
dence of K on pit membrane thickness (Equation 1).

an

By inserting the other parameter values (Table 1) in
Equation (11), p can be calculated. p=—0.94 and —0.57
for angiosperms and gymnosperms, respectively, which
means that K decreases with 7 (Equation 1).

The system of Equations (9) and (10) has no unique
solution for D* and 7T _* which means that there is no
single optimal combination of D* and 7 _* for a given
w,...» instead there is a relationship (curve) between the
traits. Nevertheless, the equations do define a unique op-
timal v, (Equation 12), which we calculate by inserting
D* (Equation 9) in Equation (3).

1

= Yo (M) , (12)

m+1—k
T+f

Because y,* does not depend on the role of 7, for
either w5, (parameter 7) or K (parameter p), Equation (12)
for wy,* would be valid even if there were no effect of
T on conductivity, or if the equation for optimal 7,
(Equation 10) were invalid.

In agreement with observations, Equation (12) implies
a linear relationship between y, . and y;, with zero inter-
cept, that is a constant ratio, or safety ratio v/, =0.89
for angiosperms and 1.69 for gymnosperms (Figure 2a,b).

Model evaluation

We evaluated the model in two steps. First, we used only
observedy, . asadriver of predicted yy,, whereas all other
parameters were constant, differing only between angio-
sperms and gymnosperms (Table 1). In a second analysis,
we evaluated the model's ability to account for the addi-
tional non-linear effect of species- and site-specific values
of the slope of the vulnerability curve (parameter a).

Whereas all other parameters were predetermined in
the first analysis, the embolism accumulation parameter
(x) was estimated by fitting the modelled y*,, to obser-
vations, resulting in x=0.96+0.047 for angiosperms and
x=6.73+1.14 for gymnosperms. The larger x indicates
that gymnosperms are much more affected by embo-
lism accumulation than angiosperms, which can be due
to a lower capacity to refill embolized conduits (higher
i), less variation in vulnerability among conduits with
more stochasticity in the embolism process (higher s),
or a larger number of expected drought events (), or a
combination of these factors. The difference in x was
the main explanation for the larger safety ratio in gym-
nosperms than in angiosperms, whereas differences in
other parameters are much smaller (Table 1). In addition
to the interspecies variation, the model also explains the
increase in negative yy, with y,_ . along the hydraulic
path from roots to branches in two gymnosperm species
(Figure 2c).

In the second analysis, the effect of variation in the pa-
rameter a was evaluated based on its effect on the safety
ratio s/, .., which is predicted to depend on a, ie.
Vi ! < e ) based on Equation (12). Importantly, the
Wnin ey
a values for each species were obtained from observations
and x was the only fitted parameter (as in the first analy-
sis). The g/, . ratio increases exponentially for very
small a values, peaks for low a values, and becomes essen-
tially flat for high values of « (Figure 3). Although there is
considerable variation, the observations follow the general
shape of the theoretical predictions. To further illustrate
the effect of variation in a, we re-evaluated the optimal ),
versus v . relationships for different intervals of a, which
shows the predicted variation in the slope with « (Figure 4).
Including species specific values of @ in the model fitting
for angiosperms increased R? for modelled W5, t0 0.59 com-
pared to 0.48 in the model with constant « (Figure 2a). For
gymnosperms, this did not improve R?, which was ex-
pected due to the high a values falling on the flat part of
the y /., curve (Figure 3b). The fitted values of x (1.02
for angiosperms and 4.07 for gymnosperms) differed only
slightly from the first analysis.
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FIGURE 2 Observed and modelled xylem tolerance to negative water potential (yy,) versus minimum plant water potential (y, ; ). (a and
b) Measurements in terminal branches for different species and sites, where colours indicate site aridity index (Annual precipitation/PET) from
arid (orange) to wet (blue). Symbol shape indicates angiosperms (a, circles) and gymnosperms (b, triangles). (c) Measurements (means of 5-6
individuals) along the hydraulic path from roots, trunks and branches in Douglas fir (closed triangles) and Ponderosa pine (open triangles)
(Domec et al., 2009). The dashed lines with shading show smoothed mean and SE intervals of the observed relationships. The straight thick
lines are the model predictions (Equation 9). The thin black line is the 1:1 line. Modelled versus observed > was 0.64 for Douglas fir and
Ponderosa pine (n=30), 0.48 for angiosperms (2=381), and 0.50 for gymnosperms (n=99).

DISCUSSION

Optimal y, determined by conductivity-safety
trade-offs at the conduit level

It was previously not well explained why so many plants
operate with such a narrow safety margin (wy, = w,,;,)-
Our model explains this phenomenon as the result of an
optimal balancing of conductive capacity per biomass
(K/M) and tolerance to low y. This trade-off differs
from how hydraulic efficiency versus safety has been

analysed previously in two ways: (i) it includes the cost
of conduits in terms of mass (M) as carbon investment,
and (ii) it is applied at the level of individual conduits,
or conduit tissue, rather than for the whole sapwood.
Interestingly, the trade-off between conductive capac-
ity (K) and s, is much stronger at the conduit than at
the sapwood level (Figure 1). Very weak trade-offs ob-
served at the whole-sapwood level (Gleason et al., 2016)
may be caused by the large variability among species
in the number of conduits per sapwood area (Zanne
et al.,, 2010). While safety (y5,) is primarily determined
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FIGURE 3 The effect of the slope of the vulnerability curve on the xylem hydraulic safety-ratio (ws/y,,;,). The black line shows the
theoretical prediction based on Equation (12). The dashed lines with shading show smoothed mean and SE intervals of the observed
relationships. RMSE for modelled versus observed values=0.58 for angiosperm and 0.67 for gymnosperms.
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FIGURE 4 The effect of the slope of the vulnerability curve on embolism resistance () versus minimum plant water potential (y,;,). The
observations used in Figure 2a,b are split into intervals for the parameter « (the slope of the vulnerability function). For angiosperms a<0.8
(green line), 0.8<a<1.6 (red line), and a>1.6 (blue line). For gymnosperms: a<1 (no observations), 1 <a<1.8 (red line), and a>1.8 (blue line). The
intervals are based on the theoretical effect of a, implying a strongly increasing slope of w5, versus y, ;. for a less than=2 (Figure 3).

by traits at the pit and conduit level, whole sapwood
conductivity increases proportionally with the number
of conduits. However, even at the conduit level there is
no perfect trade-off between K and y, because there is
not a 1:1 relationship between them. Instead, they are
determined by two underlying traits: conduit diameter
(D) and T, (pit-membrane thickness in angiosperms,
the ratio between torus and pit-membrane diameter in
gymnosperms), which can vary under the constraints
given by the optimality Equations (9) and (10). A given
optimal 5, can thus be realized by different combi-
nations of these two traits, corresponding to differ-
ent K values and different conduit mass (M). Because
these different trait combinations result in the same

hydraulic fitness, this mechanism may promote coex-
istence and diversity in hydraulic strategies. While T
has mainly been studied with respect to y,, our model
postulates that 7 scales negatively with K (p<0 in
Equation 1), implying that 7 is associated with a sim-
ilar trade-off effect between conductivity and safety
as D. There is at least some empirical support for the
postulated negative effect of 7 on K (Lens et al., 2011;
Trueba et al., 2019). However, in the face of our limited
knowledge of the functional role of 7 it is important
that our main result for optimal y, does not hinge on
optimality of 7, (Equation 10) or its relationship with
K, because optimality of D only (Equation 9) is suffi-
cient to derive optimal v, (Equation 12).
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Naturally, the number of traits included in our
model is limited by the availability of data, allowing
reliable quantification of effects and interrelationships
for only a few traits. However, this limitation may not
severely compromise the analysis if the modelled traits
are representative and there is extensive coordination
among traits, as has been observed (Sperry et al., 2006).
Coordination and associated correlation imply that ef-
fects of non-modelled traits are implicitly accounted
for via modelled traits, such as shown here for pit area
and D (Table 2). Such coordination is expected from an
eco-evolutionary point of view in order to avoid bottle
necks in the conductive system as a whole, and may
explain the link between D and s, in the absence of a
direct mechanism.

A constant y Jy, . safety ratio across
species and within individuals

The model provides a theoretical explanation and
quantification of the previously observed general in-
crease in the hydraulic safety margin with increasingly
negative y_. (Choat et al., 2012; Meinzer et al., 2009),
which results in an overall constant safety ratio
(wso/w,;,) across species of the same type, i.e. angio-
sperms and gymnosperms (Figure 2). Some of the re-
maining variation in the safety ratio is explained by
inter-species variation in the slope of the vulnerability
curve (a), which is most relevant for angiosperms due
to their wider range of a values extending to low val-
ues. For gymnosperms, variation in a has no signifi-
cant effect on the safety ratio due to the higher range
of a values (Figure 3). Whereas the correlation between
ws, and y,_ . has been repeatedly confirmed, there are
indications that some earlier studies included in our
data set may have underestimated embolism resistance
(wsy Lens et al., 2022). A systematic bias in observed
ws, would result in a slight overestimation of embolism
accumulation (x) in our model, but it would not change
any other results or conclusions.

Although relevant observations of variation in y_.
and g, within individuals are yet limited, our data
suggest that the same optimality principle determines
w5, both across different species and sites and along
the xylem flow path in the stem within individuals
(Figure 2¢). The constant safety ratio may not extend
to leaves, which often have a lower ratio corresponding
to a segmentation of hydraulic vulnerability (Wason
et al., 2018). Although not always recognized, segmen-
tation is present even if leaves and stems have the same
w5, because y will generally be more negative in the
leaves (at the end of the hydraulic path) than in the
stem.

Whereas the model captures well the overall trends
in yy,, observed w5, is more negative than predicted by
the model for less negative y, . (wet sites) (Figure 2a,b).

This bias could be related to an underestimation of
negative . at wetter sites owing to lower sampling
of rare dry days at such sites compared to more fre-
quently occurring dry days at drier sites. Plants at wet-
ter sites may be adapted to infrequent drought events
that may be missed in the sampling of y_. (Martinez
Vilalta et al., 2021).

The invariant y,/y, ;. ratio predicted by our theory
suggests that the presence of larger conduit diameters
in taller plants (Olson et al., 2018) does not necessar-
ily mean that they operate at a higher risk compared
to shorter plants. Rather, our hypothesis suggests that
taller plants with higher y, should also experience a less
negative . than shorter plants, which is in agreement
with observations across a large number of species and
environments (Liu et al., 2019). In a growing tree with in-
creasing conduit diameters, optimal v /y, ;. ratio could
be maintained by reducing negative y_. via increased
whole xylem conductivity through additional conduits,
more conservative stomatal regulation, or by means of
increased water uptake with deeper roots, i.e. drought
avoidance (Brum et al., 2017; Oliveira et al., 2021).
Nevertheless, if these compensatory mechanisms are
hampered by severe or prolonged drought, taller trees
would still suffer more than shorter trees (Rowland
et al., 2015).

Why do gymnosperms have a larger hydraulic
safety ratio than angiosperms?

The model interprets the larger safety ratio yyy/y, . in
gymnosperms compared to angiosperms (Figure 2)
as an adaptation to stronger embolism accumulation
(higher x in Equation 5). Our data and model do not
allow us to separately estimate the underlying param-
eters contributing to this difference. However, observa-
tions suggest that two of our embolism accumulation
parameters may be relevant: lack of refilling capacity
(/) and variation in vulnerability among conduits (s). A
negative relationship between safety ratio and refilling
capacity has been observed in angiosperm trees (Ogasa
et al., 2013; Trifilo et al., 2014) and may be related to
the presence of axial rand ray parenchyma in xylem or
phloem (Johnson et al., 2012; Kiorapostolou et al., 2019).
However, although there are many records of embolism
recovery in both angiosperms and gymnosperms (Klein
et al., 2018), the significance of this process is under de-
bate (Rehschuh et al., 2020).

The importance of vulnerability variation among
conduits (parameter s) is supported by the recent finding
that such variation leads to selective embolism of more
vulnerable conduits, leaving the more resistant conduits
functional, and therefore reducing the vulnerability of
the remaining functional xylem to subsequent drought
events (Avila et al., 2022). Only at very high levels of
conductivity loss (>60%) this effect was overridden by
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an opposite effect of embolism spreading through the
xylem. The vulnerability-reducing selection effect was
weaker in conifers (gymnosperms) than in angiosperms
(Avila et al., 2022), which in our model leads to a higher s
and a stronger embolism accumulation in gymnosperms
(higher x in Equation 5), ultimately selecting for a higher
safety ratio.

We also considered the possibility that the larger
safety ratio in gymnosperms than angiosperms could be
related to an additional role of conduit wall thickness
to provide stem stability in gymnosperms. In this case,
the steeper increase in wall thickness with diameter (i in
Equation 6, Table 1) in gymnosperms would be related
to stem stability rather than hydraulic function, and thus
should not be included in the model for hydraulic fitness
(Equation 8). However, accounting for this effect by set-
ting m for gymnosperm tracheids equal to m for angio-
sperm conduits increases the safety ratio by only 2.6%,
suggesting that unaccounted fitness-effects of conduit
wall thickness are unlikely to explain the observed 88%
difference in safety ratio between the plant types.

Conclusion

Our results show that the apparently risky hydraulic
behaviour of plants in terms of narrow hydraulic safety
margins can be explained as an eco-evolutionarily op-
timal design of xylem conduits. This result is rooted in
a xylem conductive efficiency—safety trade-off at the
scale of individual conduits related to conduit hydraulic
diameter and pit-membrane traits. Optimal y, is largely
proportional to y_. , corresponding to a safety ratio
Wso/Wmin = 0.9 and 1.7 for angiosperms and gymnosperms,
respectively. The model also explains part of the remain-
ing variation in the safety ratio among species based on
species-specific variation in the slope of the vulnerabil-
ity curve. The optimal safety ratio holds across environ-
ments and species, and potentially also within stems of
individual trees, and thus provides a powerful principle
for simplifying and improving plant and vegetation mod-
els. The larger safety ratio in gymnosperms may be an
adaptation to their larger tendency to suffer from ac-
cumulation of conductivity loss, due to lower refilling
capacity or a smaller range of vulnerability among con-
duits. Our analysis highlights the need for further studies
addressing the nature of conductivity loss accumulation.
The optimality approach also demonstrates the impor-
tance of looking at xylem traits from both conductivity
and safety perspectives in order to understand their costs
and benefits.
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