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1 | INTRODUCTION
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Abstract

Observations show vulnerability segmentation between stems and leaves is highly
variable within and between environments. While a number of species exhibit
conventional vulnerability segmentation (stem Psp< leaf Psg), others exhibit no
vulnerability segmentation and others reverse vulnerability segmentation (stem Pso>
leaf Psg). We developed a hydraulic model to test hypotheses about vulnerability
segmentation and how it interacts with other traits to impact plant conductance. We
do this using a series of experiments across a broad parameter space and with a case
study of two species with contrasting vulnerability segmentation patterns: Quercus
douglasii and Populus trichocarpa. We found that while conventional vulnerability
segmentation helps to preserve conductance in stem tissues, reverse vulnerability
segmentation can better maintain conductance across the combined stem-leaf
hydraulic pathway, particularly when plants have more vulnerable Psgs and have
hydraulic segmentation with greater resistance in the leaves. These findings show
that the impacts of vulnerability segmentation are dependent upon other plant traits,
notably hydraulic segmentation, a finding that could assist in the interpretation of
variable observations of vulnerability segmentation. Further study is needed to
examine how vulnerability segmentation impacts transpiration rates and recovery

from water stress.

KEYWORDS
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(Williams et al., 2022). Water stress can impair plant function,

reduce productivity and growth and contribute to plant mortality

Vegetation moderates the global water, carbon and energy
balances. Yet vegetation worldwide is expected to experience
more intense and frequent water stress in the future, as

climate change increases drought frequency and severity

(Choat et al., 2018; McDowell et al.,, 2008). Changing plant
function and/or ecosystem composition through plant mortality
can therefore alter ecosystem function, water resources and the
climate itself (Bonan, 2008).
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EXPLORING WITHIN-PLANT HYDRAULIC TRAIT VARIATION

Plant drought response arises from the interplay of the physical
environment with plant physiological traits (Feng et al, 2018;
Kannenberg et al., 2022). Plant hydraulics—the variable character-
istics of roots, xylem and stomata as water conduits within the soil-
plant-atmosphere system—provides a useful framework for under-
standing and predicting plant-water interactions under varying
environmental conditions (Sperry & Love, 2015). Plant hydraulic
theory describes the movement of water as flow under tension
through xylem, driven by gradients in water potential from root to
leaf (Dixon & Joly, 1894). As water potentials in xylem become more
negative, metastable water within the xylem may form air bubbles
(emboli) that can lead to cavitation in the hydraulic pathway. Emboli
block flow in affected xylem, reducing plant hydraulic conductance
(Tyree et al, 1994). Xylem cavitation is an important driver of
drought mortality (Choat et al., 2018; McDowell et al., 2008).
Vulnerability to embolism varies widely across species (Anderegg
et al., 2016). Vulnerability is commonly characterised by Psq values,
which define the water potential at which cavitation causes a 50%
loss of conductance, relative to unimpaired xylem. More negative Psqg
values indicate less vulnerable (safer) xylem and less negative Psg
values indicate greater vulnerability to embolism. Given the conse-
quences of xylem cavitation, many plants have hydraulic traits that
minimise cavitation risk, while balancing other potential tradeoffs
(e.g., decreased growth rates and/or hydraulic efficiency) (Cochard &
Delzon, 2013; Eller et al., 2018; Gleason et al., 2016; Sperry, 2003).

Zimmermann (1983) proposed that plants which concentrated
embolism in distal tissues (e.g., leaves vs. stems) would experience a
lower ‘cost’ of embolism than plants which experienced cavitation in
central stem tissues. Leaves in these plants, he hypothesised, would
function like ‘fuses’ or ‘safety valves’, protecting stem xylem from
cavitation. For leaf xylem to provide this function requires hydraulic
differentiation of stem and leaf xylem—a ‘segmentation’ of hydraulic
properties between tissues. Zimmermann (1978, 1983) proposed that
leaf xylem with lower hydraulic conductance than stem xylem would
create such segmentation by requiring greater water potential
gradients (and thus lower leaf water potentials) to move water
through low conductance leaf hydraulic pathways. The resulting
lower water potentials in the distal sections/tissues would then
preferentially induce embolism in leaves. This segmentation in
hydraulic conductance is referred to as ‘hydraulic segmentation’.

Tyree and Ewers (1991) expanded Zimmermann's Segmentation
Hypothesis, by highlighting that less negative Psq in leaf than stem
xylem would also enable leaves to function as safety valves for
cavitation. This distinction in Psg values between leaves and stems is
referred to as ‘vulnerability segmentation’. Hydraulic segmentation
and vulnerability segmentation rely on different anatomical attri-
butes, and are largely independent. Hydraulic segmentation is
primarily driven by different conduit diameters, conduit density, and
pit pore membrane properties between leaf and stem xylem
(Zimmermann, 1982) and possibly by cell wall properties (e.g.,
density of cellulose microfibrils and lignin). Conversely, vulnerability
to embolism is driven primarily by pit pore membrane properties
(Levionnois et al., 2022). There is no clear, consistent relationship
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between conduit diameter and xylem vulnerability to drought-
induced embolism in major land plant lineages: a weak positive or no
relationship between conduit diameter and vulnerability to drought-
induced embolism has been reported among conifers (e.g.,
Pittermann et al., 2006; Tyree et al., 1994, but see also Larter
et al, 2017), angiosperms (e.g., Cochard et al, 1999,
Hacke et al., 2005, but see also Hargrave et al., 1994; Martinez-
Vilalta et al., 2002), and mixed compositions of conifer and
angiosperm species (e.g., Davis et al., 1999; Tyree & Dixon, 1986).
However, while hydraulic and vulnerability segmentation are
distinct mechanisms, they are not mutually exclusive.

Methods to characterise embolism vulnerability in different
tissues have advanced in capability and accessibility (e.g., Brodribb
et al., 2016; Charra-Vaskou et al., 2012; Cochard et al., 2015;
Holbrook et al., 2001; Nolf et al., 2015; Petruzzellis et al., 2020;
Ponomarenko et al, 2014). In particular, measurement of leaf
xylem vulnerability now enables the empirical quantification of
vulnerability segmentation between stem and leaf tissues (Brodribb
etal., 2017, 2016). Many studied species conform to the Vulnerability
Segmentation Hypothesis, with leaf xylem more susceptible to
embolism than stem xylem (leaf Pso> stem Psg) (Bucci et al., 2012;
Charrier et al,, 2018, 2016; Chen et al., 2009; Choat et al., 2005;
Cochard et al., 1992; Hao et al., 2008; Hochberg et al., 2016, 2017;
Johnson et al., 2011, 2016; Levionnois et al., 2020; Losso et al., 2019;
Nolf et al, 2015; Rodriguez-Dominguez et al., 2018; Skelton
et al., 2021, 2019, 2018; Smith-Martin et al., 2020; Song et al., 2022;
Zhu et al., 2016). Because of its prevalence, we refer to the pattern of
more vulnerable leaf xylem than stem xylem as conventional
vulnerability segmentation. However, this pattern of vulnerability
segmentation has been far from ubiquitous in the growing body of
measurements of vulnerability segmentation.

Some species do not exhibit vulnerability segmentation (leaf
Pso=stem Psg) (Bouche et al, 2016; Chen et al., 2009; Guan
et al., 2022; Klepsch et al., 2018; Li et al., 2020; Losso et al., 2019;
Nolf et al., 2015; Skelton et al., 2021, 2017, 2018; Smith-Martin
et al., 2020; Zhu et al., 2016), and, other species display stem xylem
that are more vulnerable to embolism than are leaf xylem (leaf Psg<
stem Psg) (Klepsch et al., 2018; Levionnois et al., 2020; Villagra
et al., 2013; Zhu & Cao, 2009; Zhu et al., 2015, 2016). We refer to
this pattern as reverse vulnerability segmentation. Further details of
published observations of reverse vulnerability segmentation are
summarised in Supporting Information: Table S1. While the number
of observations of reverse vulnerability segmentation remain
relatively small, and indeed the overall number of species for which
vulnerability segmentation pattern has been characterised is also
relatively small, reverse vulnerability segmentation has been
observed independently by different groups in various species using
a variety of methods.

Understanding of reverse vulnerability segmentation is nascent,
with observations still emerging to provide a sense of the overall
prevalence of reverse vulnerability segmentation. One hypothesis
suggests reverse vulnerability segmentation is associated with mesic
environments (Zhu et al, 2016), yet species exhibiting reverse
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segmentation are sympatric with conventionally segmented species
(Levionnois et al., 2020). This suggests environmental forcing alone is
unlikely to explain segmentation differences. In the few studies
examining how vulnerability segmentation impacts plant function and
drought resistance, neither reverse segmentation nor interactions
with other traits (including hydraulic segmentation and safety [Pso])
were explored (Blackman et al., 2019; Levionnois et al., 2021; Sperry
& Love, 2015).

The wvulnerability segmentation hypothesis proposes that under
water scarce situations, plants without vulnerability segmentation or with
reverse segmentation would be disadvantaged relative to plants
exhibiting conventional segmentation. Plants experiencing reverse
vulnerability segmentation would be expected to experience relatively
greater hydraulic damage to the stem which could contribute to higher
mortality rates. These expectations may be confounded when traits other
than vulnerability segmentation vary between plants. Most directly,
embolism formation is related to the hydraulic safety (Psq) of tissues. Psg is
variable and frequently correlated with other plant traits (Bartlett
et al, 2016; Gleason et al., 2016; Mursinna et al., 2018; Reich, 2014).
Additionally, hydraulic segmentation may be present independently of
vulnerability segmentation (Zimmermann, 1983).

Given the complex suite of trait combinations that could
interact with vulnerability segmentation to produce beneficial or
harmful outcomes for a plant, mechanistic modelling offers an
attractive tool to assess the implications of vulnerability segmen-
tation (conventional, reverse, or absent) for plant outcomes. As the
empirical picture continues to develop regarding patterns and
prevalence of vulnerability segmentation, a theoretical investiga-
tion can complement the empirical observations by elucidating
what adaptive strategies might exist behind different vulnerability
segmentation patterns. Such a theoretical exploration can help to
both interpret empirical studies of vulnerability segmentation, as
well as guide further studies across species and environments. To
address this need, we develop a simple hydraulic modelling
framework, and use it to test hypotheses about how vulnerability
segmentation impacts conductance (both in the stem and across
the composite stem-leaf pathway) in the context of diverse plant

traits. We hypothesise that:

e Hypothesis I: Plants with conventional vulnerability segmentation
will experience less conductance loss than plants with reverse
vulnerability segmentation, independent of variation in hydraulic
segmentation and safety.

e Hypothesis Il: A greater magnitude of vulnerability segmentation
leads to greater differences in conductance loss relative to a plant
with no vulnerability segmentation, independent of variation in

hydraulic segmentation and safety.

We examine these hypotheses using model experiments across a
broad plant trait parameter space, and by considering two species
with opposite patterns of vulnerability segmentation. Conductance
loss is modelled and compared for the stem alone, and for the

combined stem-leaf hydraulic pathway (referred to as ‘composite’

conductance). The results are used to assess how different
vulnerability segmentation patterns, in association with other traits,

impact plant vulnerability and function.

2 | METHODS

We develop a hydraulic model to examine how vulnerability
segmentation impacts hydraulic functioning. The model explicitly
represents hydraulic differences between stems and leaves. It is
otherwise minimalist in design, so that its results provide information
about the first-order effects of vulnerability segmentation.

The model is steady-state, such that it does not consider the role
of plant capacitance or a dynamic soil water balance. While such
dynamic processes certainly play a role in plant drought response, the
goal of this study is to understand the as of yet unexplored first-order
interactions between vulnerability segmentation and other traits
(safety and hydraulic segmentation) which are thought to directly
control embolism formation. Given the diversity of plant traits, this
exploration already presents a sizeable parameter space, so additional
variables are kept to a minimum to maintain tractability. Additionally,
while capacitance is being increasingly recognised as an important
trait for plant drought response, far fewer measurements exist as
compared to traits like Psg (Kattge et al., 2020) and it is even less clear
how plant capacitance characteristics are correlated with patterns of
vulnerability segmentation, such that it is difficult to confidently
parameterise capacitance over a broad range of values of the other
traits explored in this study.

We next develop a framework to quantitatively characterise
segmentation at tissue and whole-plant scales. We use this
framework to test our hypotheses about the role of vulnerability
segmentation in plant function. Finally, we use the model to interpret
an empirical case study of two real species with opposite vulnerability

segmentation patterns.

2.1 | Hydraulic model

We adapt the widely used (Sperry et al., 1998, 2002; Sperry &
Love, 2015) representation of the soil-plant-atmosphere continuum
as a series of resistors (Figure 1a), to include an explicit description of
vulnerability segmentation, amending the model formulation from
Feng et al. (2018). The model solves for steady-state transpiration,
plant water potentials and leaf and stem xylem hydraulic conduct-
ance as a function of soil water potential. The water flux through the
plant is the product of the point conductance and water potential

gradient, integrated across the range in water potential in the stem

or leaves:
E= _I:: kstem(d’)dw: (1
Y2
E=-J,. keatW)dy. @
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(a)
Model Set-Up VD
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Leaf

Stem
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Soil-Root
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-
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© . A
Tissue-Level Composite
Characteristics Characteristics
Arise from the combination of tissue-level traits
b N APso = Pso, stem_PSO, leaf
50, leaf
kleaf,max Mean Pso - (Pso, Ieaf+ Pso, stem)/2
P > fstem,O = 1/kstem,max
@ 20 stem 1 /kstem,max+ 1 /kleaf,max
stem,max
J kcomp,max = 1
1/k + 1/k
stem,max leaf,max

FIGURE 1 (a) Steady-state water transport is modelled using a series of variable resistors. Water is driven from soil to roots by the gradient
between s and the xylem water potential ({5) according to conductance k,. Stem water transport is driven by the gradient between (), and a
proximal leaf water potential ({;1) with a conductance of k,. Water transport through the leaf is described by the leaf xylem hydraulic
conductance k; the gradient created between ;1 and a distal leaf water potential ({);2). Water transport out of the stomata is then described
according to the stomatal conductance (g;5) and the atmospheric vapour pressure deficit (VPD). (b) Within the plant, the hydraulic pathways
through the stem and leaf xylem can be parameterised with respective Psg values and maximum initial conductances (Kstem,max @nd Kieaf,max). From
the individual tissue characteristics, other metrics are calculated to describe segmentation including the magnitude and direction of vulnerability
segmentation (APso), the overall safety of the plant (mean Psg), the hydraulic segmentation (fstem,0), and the composite stem-leaf

conductance (Kcomp,max)-

Here E is the per-plant volumetric transpiration flux (m3 d-1), Y
is the stem water potential (MPa), Y1 is the proximal leaf water
potential at the stem-leaf transition (MPa), {5 is the distal leaf water
potential (MPa), kstem is the stem conductance (m3 d"! MPa™1], and
kieat is the leaf xylem hydraulic conductance (kies). The Kirchoff
transform is used to describe and solve these equations in terms of
matric flux potentials (¢;) (Ross & Bristow, 1990; Sperry et al., 1998),

where:

o= [ kwdo. )

With this description of matric flux potential, the transpiration

flux through the plant can be described as:

E = -(¢r2 - 1) = ~(dr1 — dx). (4)

The hydraulic conductances in stems and leaves are described as
exponential sigmoidal functions of the water potentials in the

respective tissues (Pammenter & Van der Willigen, 1998):

1

kstem(wX) = kstem,max(l - m]y (5)
_ 1

kleaf(\le) = kleaf,max 1- 1+ e(aUJLl‘PSO,Ieaf) ’ (6)

where kmax is the maximum conductance in the tissue (m3 d"? MPa™1),

Pso is the water potential (MPa) at which there is a 50% loss of

conductivity in the tissue relative to the k.., and a is a fitting
parameter (-) describing the shape of the vulnerability curve. The
water flux through stomata is described as:

E=-g,()DV, T4A,, 7)

where g;() is the stomatal conductance varying with water
potential (mol H,O m™2 s71), D is the atmospheric vapour pressure
deficit (mol H,O mol air'1), V,, is the molal volume of water
(m3 mol™1), T, is daylength (s), and A, is the total leaf area of the
tree (m2). The relationship between stomatal conductance and
water potential in the leaf is described following Manzoni
et al. (2014):

35 (Yr2) = max

_ 9 U2
gs,mln' gs,max (1 10 {ngoys ]]:|i (8)

where g min is the minimum stomatal conductance (including cuticular
conductance) (mol HO m2 s7™), g .« is the maximum stomatal
conductance (mol H,O m™2 s7%), and Yo is the leaf water potential
at which there is 90% stomatal closure. The water uptake from the

soil is calculated as:

E = -kp(dx = Ysoil), (9)

where kg is the soil-root conductance (m® d™? MPa™%) and Y is the
soil water potential (MPa). The model describes the value of kg as
constant fraction (x) of the soil to leaf resistance (Tyree &

Sperry, 1988), such that kp becomes a function of kstem and Kieat:
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kp = — 42— (10)
Ketem@x) " Kiear )

Model parameters and variables are summarised in Table 1. The
model assumes negligible changes in plant water storage. Given
environmental conditions ({soy and D) and plant traits, Equations (1),
(2), (8) and (9) can be solved to give a steady-state transpiration rate,

conductance in stem and leaf xylem, and plant water potentials.

2.2 | Characterising plants with segmentation

The model formulation treats plant stems and leaves as two resistors
in series, with individual hydraulic conductances (k, or resistances,
R = k1) and Ps values describing hydraulic safety (Figure 1b).

To quantify segmentation, it is helpful to define parameters
describing tissue- and plant-level characteristics of plants exhibiting
segmentation accounting for both the absolute value of the
conductance and vulnerability in the plant, and for the distinctions
between the stem and leaves in terms of conductance and
vulnerability.

At the plant level, we define the ‘true’ composite stem-leaf
conductance keomp using the definition for resistors in series:

1 1 1

= + . 11
kcomp kstem kleaf ( )

The maximum conductance before embolism (kcomp,max) is a fixed
plant trait, but kcomp Varies as soil water potentials decline. Because k
varies with the changing water potential within each tissue, kstery and
kieat are computed using the maximum water potential in the
respective tissues at a given Yo and D. Unlike conductance, plant-
level vulnerability for a plant exhibiting vulnerability segmentation
cannot be simply defined, yet a reference value that encompasses
both stem and leaf Psg is still valuable for this framework to be able to
compare plants with similar vulnerability but potentially differing
arrangements of vulnerability between tissues. We therefore
characterise plant-level vulnerability as simply as possible, as the

mean of the two Psg values:

Ps0,stem *+ Ps0,leaf (12)

MeanPsg = 5

Mean Psq represents the hypothetical plant-level vulnerability in
a plant without vulnerability segmentation (Psostem = Pso,jeaf)- FOr
plants with vulnerability segmentation, the mean Pso describes an
intermediate hydraulic safety value relative to Psq values in individual
tissues. However, this is used simply as a reference point derived
from plant traits and does not describe the water potential when the
whole plant will functionally lose 50% of its conductance, which
instead comes from the model.

To describe differences in hydraulic conductance between

stem and leaf tissues, the electrical circuit analogy is again useful.

For mathematical convenience, resistances R = 1/k are used. The
fraction of total resistance in the plant associated with the stem fgem

is defined as:

Rstem kx
fter = Rtem + Rieat ﬁ + kiL 13)
An fsem value of 0.5 indicates equal resistance (and conductance)
in the stem and leaves. Values greater than 0.5 indicate greater
relative hydraulic resistance in the stem than the leaves, and values
less than 0.5 indicate greater relative hydraulic resistance in the
leaves than the stem. While fsem could be considered dynamically as
conductances change with declines in water potential, we describe
hydraulic segmentation with the initial value before any embolism
(fstem,0), calculated using the initial, maximum tissue conductance
values.
To describe vulnerability segmentation, we use the difference

(APsp) in Psg between stem and leaves:
APsg = PSO,Ieaf - PSO,stem: (14)

which captures the magnitude and direction of vulnerability
segmentation. Negative values of APsy indicate reverse segmenta-
tion, and positive values indicate conventional segmentation. Larger
absolute values of APsq indicate greater magnitudes of vulnerability
segmentation.

By combining these three metrics it is possible to consider, for
example, how the behaviour of a hydraulically ‘safe’ plant (large
negative mean Psg) with no vulnerability segmentation (APsy = 0)
might vary in response to changing hydraulic segmentation (changing
fstemo). This framework allows us to isolate some features of

segmentation for testing, while controlling others.

221 | Coordinated traits

Plant hydraulic, stomatal and vulnerability traits are often correlated
(Gleason et al., 2016; Mursinna et al., 2018; Reich, 2014). Respecting
these correlations when parameterising the hydraulic model is useful
to reduce the parameter space and avoid assessing unrealistic plant
trait combinations.

During parameterisation, the values of parameters describing
segmentation, fstem,0, APso, and mean Psg, are first set, assuming they
are independent of one another. The remaining plant traits, Kcomp,max
Kstem,max @and Kiearmax, are then stochastically sampled to produce a
large trait ensemble. Sampling is made from observed values (Kattge
et al., 2020), with the distribution from which traits are sampled
conditioned on the segmentation parameters used. Details of this
procedure are presented in Supporting Information: Methods S1. This
procedure enables testing of the hypotheses over a broad parameter
space, while still being representative of potential trait coordination

that exists in real plants.
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TABLE 1 Variables and parameters used across all components of the model.
Symbol  Description Dimensions
Environmental variables
D Vapour pressure deficit -

Ysoil Soil water potential M LIT2
Plant trait parameters

Independent parameters

fstem,0 Initial fraction of stem-leaf hydraulic resistance in stem -

APsg Difference in stem and leaf vulnerability MLLT2
Psomean  Mean of stem and leaf Ps MLLT2
Coordinated parameters (see Supporting Information: Methods S1)

Ksap Sapwood area specific hydraulic conductivity T

a Vulnerability curve fitting parameter -

H Huber value =

Wso,s Leaf water potential at 90% stomatal closure MLLT?2
Constant/Calculated Parameters

Kstemmax ~ Maximum stem xylem conductance MLLAT
Kieatmax ~ Maximum leaf xylem conductance MLLIAT
P50, eaf Water potential at 50% loss of leaf conductance MLLT2
Psostem  Water potential at 50% loss of stem conductance ML1T2
Ly Canopy height L

AL Total leaf area 12

Shyifto Minimum stomatal conductance of water ML2T?
Chmem Maximum stomatal conductance of water ML2T?
X Soil-root resistance fraction =

Model variables

E Transpiration rate LT?

Px Xylem water potential MLLT2
kg Soil-root conductance MLLAT
Y1 Proximal leaf water potential ML1T2
Yo Distal leaf water potential MLLT2
Kica Leaf xylem hydraulic conductance MTLAT
Kstem Stem hydraulic conductance MTLAT
keomp Composite stem-leaf conductance MTIAT
gs Stomatal conductance of water ML2T?
Physical constants

Pw Density of water M L8

Ty Day length (i.e., daylight) T

Vi Molal volume of water BM?

Units

mol H,O mol air™!

MPa

MPa

MPa

kg m s MPa!

MPa

m3 d1 MPa1
m3 d1 MPa1
MPa

MPa

B
mol H,O m2 s71

mol H,O m2 s71

md d1

MPa

mé d-1 MPa™!
MPa

MPa

m® d-1 MPa™!
mé d-1 MPa™!
m3 d"! MPa™!

mol H,O m2 571

kg m3

m3 mol!

B9-wiLey— 2=

Value/range

0.033
(-8.0, -1.0)

(0.1, 0.9)
(-1.5, 1.5)
(-6.5, -2.0)

Supporting Information
Supporting Information
Supporting Information
Supporting Information
10.0

20.0

0.05 X g5 max

0.8

0.18

1000
36,000
1876

: Equation S4
: Equation S5
: Equation S2

: Equation S1

(Continues)
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TABLE 1 (Continued)

Symbol  Description Dimensions  Units Value/range

Metrics from model output

Astem Conventional segmentation stem conductance advantage - %
Acomp Conventional segmentation composite conductance advantage - %
B Composite hydraulic margin MLtT2 MPa
n Prioritisation of stem conductance preservation - %

Note: Values and/or ranges of parameters are shown where relevant. Further information on the constant parameter values is presented in Supporting
Information: Table S1.

Coordinated Traits

+ Other plant trait values are sampled
+based on relationships with the above

\ independent variables. For example,

+ for two set stem P50 values (green & pink):,

Plant Physiological Traits

Hydraulic Model Model Output

Vulnerability Reverse None Conventional
)

Segmentation t
(@P.) More vulnerable Equally vulnerable More vulnerable
50/

stems stems & leaves leaves

100%)

Hydraulic Greater Resistance  Equal ~ Greater Resistance
Segmentation in Leaves Resistance in Stems

F g f

Density

k

max

Increasing
Damage

' nparameter
sets

stem,0’

Trait Value

Safety More Safe Less Safe

(Mean P, ) : Woos
More negative P50s Less negative P50s . _/

Water Availability

0%

Soil Water Potential

Trait Value

More Negative
Soil Water Potentials

Less Negative N Safety
Soil Water Potentials

Soil T -~ - °° TN | oottt
Moisture  Drier Soils Wetter Soils

FIGURE 2 Three hydraulic traits are treated as independent: (i) Vulnerability segmentation, where plants can exhibit no segmentation,
reverse or conventional segmentation, with varying magnitudes. (ii) Hydraulic segmentation, which varies depending on whether most hydraulic
resistance in the plant is associated with stems or leaves, and (iii) Safety, represented by the spectrum of water potentials at which embolism
occurs in the plant. Other coordinated plant traits are then treated as sampled variables (Supporting Information: Methods S1). Water availability
varies along an axis of soil water potentials. For a given combination of values of the independent plant physiological traits, the sampling
procedure produces an ensemble of other trait parameter run through the model, from which the mean outcomes are then calculated. Outcomes
are measured in terms of conductance loss (both stem conductance and composite conductance). Greater conductance loss indicates increasing
damage to the plant. [Color figure can be viewed at wileyonlinelibrary.com]

2.3 | Testing the impacts of segmentation We use this framework (model, segmentation parameters and
conductance impact, see Figure 2) to test the hypotheses defined in
Given the model, a framework to characterise segmentation, and a the Introduction.
parameterisation procedure, the effects of hydraulic and vulnerability

segmentation on a plant with a given mean Psqg, can be examined at

different soil water potentials. We use conductance at a given soil 2.3.1 | Model metrics

water potential, expressed as a percent of maximum conductance, as

a metric of plant function.

Conductance losses arise at the composite stem-leaf (kcomp) and
stem levels (ksiem). At the composite level, reductions in conductance
impact transpiration and carbon fixation. At the stem/tissue level,
conductance losses reflect tissue damage sustained by the plant and
the carbon cost associated with replacement/repair of damaged
tissues. Thus, trait combinations preserving conductance at either the
composite or tissue level under given environmental conditions are

advantageous (Figure 2).

The hypotheses invite two kinds of comparison.

Hypothesis | investigates the effect of the pattern of vulnerability
segmentation. While the absence of vulnerability segmentation also
represents a pattern of interest, it is useful to first consider the
comparison of endpoints (reverse and conventional). The broader
spectrum of vulnerability segmentation, including unsegmented
plants, is further explored in Hypothesis Il. Thus, the relevant test
metric for Hypothesis | is the difference in conductance at a given soil

water potential between plants with conventional (subscript ¢) and
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EXPLORING WITHIN-PLANT HYDRAULIC TRAIT VARIATION

reverse vulnerability segmentation (subscript r), holding all other
factors constant. We describe this difference at the composite

level as:

kcomp,c (l\bsoil) _

kcomp,c, max

kcomp,r (wsoil)

kcomp,r,max

x 100, (15)

Acom|:> =

where s is the soil water potential value at which the conductances
are being compared. A similar comparison can be made in terms of

differences in stem conductance:

kstem,c(wsoil) _ kstem,r(wsoil)

kstem,r,max

As'(em -

x 100. (16)

kstem,c,max

Hypothesis | can be assessed by investigating the behaviour of
Acomp and Agtem (%) for fixed values of fgtem,0, mean Psg, Psqit, and APsg.
Positive A values indicate greater conductance remains with
conventional vulnerability segmentation, and negative values indicate
a greater conductance remaining with reverse vulnerability
segmentation.

Hypothesis |l investigates the effect of the magnitude and
directionality of vulnerability segmentation. Here, it is relevant to
consider a plant with no vulnerability or hydraulic segmentation as a
‘null’ case. In this plant, the leaf and stem Psy are equivalent to the
mean Psg, and the stem and leaves contribute equally to plant
resistance. For this plant, at soil water potentials of mean Psq, the
remaining conductance in the stem and the stem-leaf pathway as a
whole will also be 50%, assuming negligible transpiration and water
potential gradients within the plant. Deviations in stem and
composite water potential and conductance from the null case thus
measure the magnitude and direction of segmentation's effects. At
the composite level, we define B as the difference between the soil
water potential at which the composite conductance is equal to 50%

(lbsoil,k,compzso) and the idealised Ps50,mean:
B= PSO,mean - L»l)soil,k,comp:iio- (17)

Positive B (MPa) values indicate 50% loss of conductance at a soil
water potential that is more negative than the mean Psq, and negative
values indicate loss of conductance at less negative (less dry) water
potentials. The more positive B is, the greater the ‘benefit’ of
segmentation relative to the null case. It should be noted, however,
that the hypothetical null case used as reference for the 8 value does
not necessarily represent the actual performance of an unsegmented
plant, as it does not consider potential water gradients within the
plant. The actual performance of an unsegmented plant is modelled
(case of APsg = 0 and fsem = 0.5) and its B is not necessarily equal
to 0.

A similar approach can be applied to stem conductance. In the
null case, 50% stem conductance remains when the soil water
potential is equal to the mean Psq. We measure how close the

segmented stem is to this state with n:

BY-wiLey— 2

n= kstem(tpsoil,PSOmean) x 100 _ 50’ (18)

kstem,max

where n (%) describes the difference in remaining stem conductance
when s, is equal to the mean Psq for the test plant as compared to
the null case (wherein remaining stem conductance would be 50%). n
therefore indicates how much preservation of stem conductance is
prioritised as the plant experiences embolism. Positive values of n
indicate greater preservation of stem conductance relative to the null
case, whereas negative values indicate less preservation of stem
conductance. Similar to the interpretation of 8, the actual perform-
ance of an unsegmented plant is modelled and its n is not necessarily
equal to 0.

These metrics are shown graphically in Figure 3, and are derived
from the mean model output for fixed fstem0, Mean Psp, and APsg

parameters and the ensemble of sampled traits.

2.4 | Model experiments

Four experiments were run to test the hypotheses. The variable
ranges and model set-up for the experiments are summarised in
Table 2. These experiments use the statistical sampling procedure for
coordinated traits, described above, to fully parameterise the model.
Experiment I: To test whether conventional vulnerability segmen-
tation results in better preservation of conductance (Hypothesis ),
this experiment compares declines in conductance with declining soil
water potential for plants with conventional and reverse vulnerability
segmentation. It characterises these differences using Acomp and Astem
over a range of soil water potentials. To explore how conductance
loss might change with variation in hydraulic segmentation and
safety, it finds Acomp and Astem for a series of discrete combinations of
mean Psop and fgemo. A constant magnitude of wvulnerability
segmentation (APsgl = 1 MPa) is used for all scenarios. For each
combination of independent variables, 750 sets of parameters are
sampled using the statistical procedure for coordinated traits.
Experiment II: This experiment also makes direct comparisons
between plants with conventional and reverse vulnerability segmen-
tation (Hypothesis 1), but now exploring the importance of
vulnerability segmentation as safety (mean Psg) and hydraulic
segmentation (fstem,0) are varied. To do this, it considers how Acomp
and Agem Vary over a two-dimensional parameter space of mean Psg
and fstem,0- Based on the results from Experiment |, it takes the values
for Astem and Acomp at soil water potentials equivalent to the mean Psg
of the plant, typically corresponding to the largest values of A and
Acomp in Experiment I. The model is used to find Astem and Acomp for
discrete points across the two-dimensional parameter space of 50
values each of fsemo and mean Psg, with 50 sampled parameter sets
for each combination. A Gaussian filter is used to estimate the
continuous two-dimensional surface from the mean of samples at
each discrete point. This is done for three different magnitudes of

vulnerability segmentation (APsgl).
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WILKENING ET AL.

Metrics of Plant Function: A, n, and 3

Calculated from model output of how conductances (k) change with soil water potential (lps )

Compares conductance remaining for
}\ conventional and reverse vulnerability

segmentation at a common Y value

comp

A, =k -k

stem stem,conv

comp,conv comp,rev

stem,rev

Characterizes Y value at which 50%
kwmp is lost as compared to an

un-segmented null case

B = PSO,mean - L|J s, kcomp =50

Characterizes differencein k.
remaining as compared to an
un-segmented null case

n = kstem(lp Mean PSO) - 50%

100%

= Reverse

0%

» = Conventional

ll)ref LI‘)S

comp
100%
== Null Case
(o /A I SN SU
50% i == Case 1
= Case 2
0% L
Msan VR

== Null Case
= Case 1
== Case 2

Mean Ps0

s

Greater k
remaining with
conventional
vulnerability
segmentation

(%)

Greater k
remaining with
reverse
vulnerability
segmentation

k loss at less
negative
(wetter)

soil water
potentials

(MPa)

Greater k
stem

remaining
(%)

Less k

stem
remaining

FIGURE 3 A is used to directly compare conductance changes for plants with conventional and reverse vulnerability segmentation, but
which otherwise have the same mean safety and pattern of hydraulic segmentation. To compare how variation in traits impacts plant function,
the other two metrics consider how plant behaviour changes relative to the null case of a nonsegmented plant with equal mean safety (grey
lines). Graphically, scenarios are shown of both a more favourable scenario (Case 1—blue line) where conductances are maintained to lower soil
water potentials and a less favourable case (Case 2—pink line) where conductance is lost at less negative water potentials. Comparisons are
characterised for composite conductance using 8, and for stem conductance using n. Note the k values are shown as percentages of their
respective maximum (unimpaired) values. [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 2 Values and ranges (in parentheses) used for the independent parameters across the model experiments.

Experiment APsq Mean Ps,

| 11.01 -2.5,-45, -6.5
I 10.11,10.51,11.01 (-6.0, -2.0)

1 (-1.5, 1.5) -2.0, -4.0, -6.0
v (-1.5, 1.5) (-6.0, -2.0)

Experiments Il and IV: In the final two experiments, we consider
the impacts of vulnerability segmentation and its interaction with
safety and hydraulic segmentation over a range of APsy values
describing varying magnitude and direction of vulnerability segmen-
tation (Hypothesis Il). B and n are used to characterise these impacts
relative to a nonsegmented base case. The interaction of vulnerability
segmentation (APsg) and hydraulic segmentation (fstem,0) is considered
in Experiment Il for three values of mean Psq. The response surface is
estimated from a grid of 25 points each of APsg and fstem,0, With 50
sampled parameter sets at each point. The interaction between
vulnerability segmentation (APso) and safety (mean Psg) is considered
in Experiment IV for three values of fem0. The response surface is
estimated from a grid of 20 points of APsg and 30 points of fsem,o,
with 50 sampled parameter sets at each point. For both experiments,
the same procedure as was used in Experiment |l for estimating the

continuous surface is used.

24.1 | Case study

The model is used to examine differences in function between two
tree species which exhibit opposite patterns of vulnerability
segmentation. Quercus douglasii (blue oak) exhibits conventional
vulnerability segmentation (mean stem Psg of ~4.29 MPa and mean
leaf Psg of ~3.76 MPa) and Populus trichocarpa (black cottonwood)
exhibits reverse vulnerability segmentation (mean stem Psy of
~1.48 MPa and mean leaf Psg of ~2.53 MPa). The vulnerability curves
of stem and leaf xylem of Q. douglasii were measured by Skelton et al.
(2019) using the optical method (Brodribb et al., 2016, 2017, 2016;
Gauthey et al., 2020; Johnson et al., 2020; Skelton et al., 2017, 2018).
The vulnerability curves of stem and leaf xylem of P. trichocarpa were
measured in this study using the optical method. Full methodological
details are presented in Methods S2. These vulnerability curves were
used to parameterise the Psy and fitting parameters (a) of stem and
leaf tissues in the model. Other parameter values were prescribed
according to other literature and background data as listed in
Supporting Information: Tables S2 and S3. For fstem,0, Which lacks a
literature estimate, a range of values are run to create a bound
around the estimates.

The composite and stem conductances are modelled for each
species over a range of soil water potentials. The same analysis is
then done for hypothetical cases of ‘flipped’ plants, wherein stem and
leaf vulnerability curve parameters are interchanged (i.e., oak leaf

fstem,0 Wi for A Samples

0.25, 0.5, 0.75 (Mean Psg + 1.5) 750 per combination

(0.1, 0.9) Mean Psq 50 per point (50 x 50 grid)
(0.1, 0.9) - 50 per point (20 x 30 grid)
0.25, 0.5, 0.75 - 50 per point (20 x 30 grid)

parameters used for oak stem and vice versa) without changing any
other plant variables. Changes in stem and composite conductance

for the different cases are compared over a range of soil water

potentials.
3 | RESULTS
3.1 | Experiment |

Experiment | considered differences between conventional and
reverse vulnerability segmentation across a range of soil water
potentials in terms of Agem (Figure 4) and Acomp (Figure 5). For all trait
combinations, Agen Was positive (greater stem preservation with
conventional segmentation), with the greatest values occurring when
the soil water potential was approximately equivalent to the plants'
mean Psg. Asem Was greater for more negative (more safe) mean Psg
values. The patterns were similar across the three different values of
fstem,0-

Acomp Varied in sign and magnitude for the different combinations
of mean Psg and fem,0, indicating different advantages for vulnerabil-
ity segmentation patterns. For the case of femo = 0.75 (greater
resistance in stems), the results were similar to those for Agem. There
were positive Acomp Values (conventional advantage) for all mean Psg
values, with the magnitude being greater for more negative mean
Psos. In contrast, for fsem,0 = 0.25 (greater resistance in leaves), Acomp
was generally negative (reverse advantage). The magnitude was
greatest for less negative (less safe) mean Psgs. Further, for the most
negative mean Psg, Acomp Changed from positive to negative as soil
water potential declined, a switch from conventional to reverse
advantage. Scenarios where fsem,0 = 0.5 were an intermediate of the
two endpoints. At less negative soil water potentials, Acomp Was
positive and then negative at more negative soil water potentials.
Acomp Values across the range were smaller in magnitude compared to

those for fsem0 = 0.25 and fstemo = 0.75, however.

3.2 | Experiment Il

Experiment Il compared conventional and reverse vulnerability
segmentation with respect to changes in hydraulic segmentation
(fstem,0) and safety (mean Psp) (instead of soil water potential as in
Experiment ). For stem conductance Agem Was positive across the
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Mean Plant P,

Hydraulic Segmentation

f@.

Greater resistance in leaves

- 2.5 MPa

ol

Equal resistance in leaves & stems Greater resistance in stems

- 4.5 MPa 80%

65 MPa fstem,o =0.25 fstem,O =0.5 fstem,O =0.75
70% 7
60% 7
50% 7
£
3
< 40% ] 7
N
30% 7
Conventiopal 20% - |
Segmentation
Advantage
10% 7
0/ — -
Reverse 0%
Segmentation ' ' ' K ' ' K ' '
gAdvantage - Pso * 1 Pso 1 ! Pso +1

Soil Water Potential Relative to Mean P, in Plant (MPa)

FIGURE 4 Agem over a range of soil water potential values is shown for different combinations of safety (line colours) and hydraulic
segmentation (panels) in the plant with a constant IAPsgl (1.0 MPa). Soil water potentials are plotted relative to the plants mean Psg (o - mean
Psp). Solid lines indicate the mean value of 750 simulations and the shading indicates + one standard deviation. [Color figure can be viewed at

wileyonlinelibrary.com]

entire parameter space, indicating that ksem Was best protected with
conventional vulnerability segmentation (Figure 6). Agem increased
with increasing vulnerability segmentation (IAPsql). For a given IAPsgl,
there was negligible variation in Agen with hydraulic segmentation
along the y-axis, and a slight increase in Agen With more negative
mean Psy values on the x-axis.

For composite conductance (Acomp), differences between the two
vulnerability segmentation patterns varied across combinations of
hydraulic segmentation and safety (Figure 7). In general, higher fsem,0
values (greater resistance in stems) yielded positive values of Acomp,
indicating higher composite conductance remaining with conven-
tional vulnerability segmentation. Lower fgemo Values (greater
resistance in leaves) yielded negative values of Acomp, indicating
higher composite conductance remaining with reverse vulnerability
segmentation. To a lesser extent, there is also variation in Acomp With
the mean Psg value. Moving towards less negative (less safe) mean Psg
values show a shift in Acomp in the negative direction, suggesting more
favourable outcomes with reverse vulnerability segmentation. Across

the panels, increasing the magnitude of vulnerability segmentation

(APsgl) increased the magnitude of the differences between the
vulnerability segmentation patterns.

3.3 | Experiment Il
Experiment Il examined how conductance loss changed with variation
in hydraulic segmentation (fstem,0) and vulnerability segmentation (APso),
across three different values of safety (mean Psp). n (Figure 8) shifted
from positive to negative values (increasing stem damage relative to
null) as APsy went from positive (conventional segmentation) to negative
(reverse segmentation). This is consistent with Experiments | and II,
where greater kg remained with conventional segmentation. There
was little change in n with changes in hydraulic segmentation along the
y-axis, and the patterns and magnitudes of n values were relatively
consistent for the different mean Psq values.

B values were negative (s kcomp=50 > Pso,mean) across nearly the
entire parameter space (Figure 9). Generally, there was interaction

between APsy and fstem,0 Where the least negative (most k preserving)
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EXPLORING WITHIN-PLANT HYDRAULIC TRAIT VARIATION Plaqt, Cell & @—Wl LEY 2737
Environment |
Mean Plant P, }5(@ , Hydraulic Segmentation « #@
-2.5MPa Greater resist;nce in leaves Equal resistance in leaves & stems Greater re;‘stance in stems
s - 4.5 MPa
= 65 VP2 40% A fstem,O =025 4 fstem,o =05 ] fstem,O =075

30%
20%
N
Conventional | 109% -
Segmentation
Advantage
£
S 0% -
<
Reverse
Segmentation 0%
Advantage | ~19%7 T i
N\ 4
-20% . .
T T T T T T T T T
-1 P +1 -1 Py +1 -1 P, +1

Soil Water Potential Relative to Mean P_; in Plant (MPa)

FIGURE 5 Acomp Over a range of soil water potential values, with the same notation and panel set-up used as in Figure 4. [Color figure can be
viewed at wileyonlinelibrary.com]

|APso| = 0.1 MPa |APso| = 0.5 MPa |APso| = 1.0 MPa
0.9 ‘

0.8 A

0.7 A

0.6 1

0.5 A

fstem, 0
o
A stem ( % )

0.4 -

0.3 1

0.2 1

0.1 T T T
-6 -5 -4 -3 -2 -6 -5 -4 -3 -2 -6 -5 -4 -3 =2
Mean Psq in Plant (MPa) Mean Psq in Plant (MPa) Mean Psq in Plant (MPa)

FIGURE 6 Experiment Il shows Agem changes across variation in the safety (mean Psg) and hydraulic segmentation (fstem,0). The magnitude of
vulnerability segmentation increases across the panels L to R. Green regions indicate an advantage with conventional vulnerability segmentation
while advantages for reverse vulnerability segmentation are pink. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 Changes in Acomp for Experiment Il are shown with the same set-up and notation as Figure 6. [Color figure can be viewed at

wileyonlinelibrary.com]

Mean Psq = -2.0 MPa

0.8
0.7
0.6

0.5

fstem, 0

0.4

0.3

0.2

0.1

-1 0 -1 0

APso (MPa)

Mean Psq = -4.0 MPa

APso (MPa)

Mean Psq = -6.0 MPa

-1 0
APso (MPa)

FIGURE 8 Experiment Ill shows n changes with variation in vulnerability segmentation (APsg) and hydraulic segmentation (fstem 0). The safety
(mean Psp) increases moving from left to right across the three panels. Blue indicates higher stem conductance relative to the hypothetical null
case. Red indicates lower stem conductance compared to the hypothetical null case. Contours of n values are shown with dashed and solid lines
indicating negative and positive values, respectively. [Color figure can be viewed at wileyonlinelibrary.com]

B values occurred with reverse vulnerability segmentation (negative
APsp) and greater resistance in leaves (smaller fsem0) in combination,
as well as with conventional vulnerability segmentation (positive
APsp) and greater hydraulic resistance in stems (larger fgtemo) in
combination. This pattern was seen across all the safety values, with
more negative (less safe) mean Psq values generally having slightly
more negative 8 values across the bivariate parameter space.

3.4 | Experiment IV

In Experiment IV, the impacts on stem conductance (n) are consistent
across the different patterns of hydraulic conductance (Figure 10).
Positive n values (greater stem conductance remaining) are seen with
positive APsq values, with the greatest n values occurring with greater
magnitudes of conventional vulnerability segmentation. Conversely,
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FIGURE 9 Changes in B for Experiment Il are shown with the same axes and panels as Figure 8. Darker colours indicate loss of composite
conductance at less negative (less dry) soil water potentials. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10 Experiment IV shows n changes with variation in safety (mean Psg) and vulnerability segmentation (APsp). The proportion of
resistance in the stem (fsem,0) increases L to R across the panels. The colouring and contours are the same as in Figure 8. [Color figure can be
viewed at wileyonlinelibrary.com]

negative n values occur with reverse vulnerability segmentation
(APsg < 0). Across constant APsq values, there is a slight decrease inn
as the mean Psy; becomes more negative.

The interacting effects of vulnerability segmentation (APsg) and
safety (mean Psg) on composite conductance (Figure 11) vary with
hydraulic segmentation (fstem,0) across the three panels. Higher B
values (more k preservation) occur with less negative mean Psg values

for a given vulnerability segmentation magnitude. However, for a
given mean Psq value, the effect of changing vulnerability segmenta-
tion depends on hydraulic segmentation. When hydraulic resistance
is greater in leaves (fsemo = 0.25, left-most panel), the highest S
values occur with less negative mean Psg values in combination with
reverse vulnerability segmentation. When hydraulic resistance is
instead greatest in stems (fstemo0 = 0.75, right-most panel), the
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FIGURE 11 Changes in B for Experiment IV are shown with the same axes and panels as Figure 10 and the same colours and contours as

Figure 9. [Color figure can be viewed at wileyonlinelibrary.com]

greatest 8 values occur with conventional vulnerability segmentation.
For both of these endpoints, the maximum f value for a given mean
Pso occurs when vulnerability segmentation consists of a 0.5 MPa
difference between stem and leaves (APsg = 0.5 in the right-most
panel and APsg = -0.5 in the left-most panel). When hydraulic
resistance is equal in stems and leaves (fsemo0 = 0.5, centre panel),
the greatest 8 values for a given mean Psg occur when there is no
vulnerability segmentation.

3.5 | Case study

Quercus douglasii exhibits conventional vulnerability segmentation.
Applying reverse segmentation to Q. douglasii caused more stem
conductance loss at less negative soil water potentials for all tested
fstem,0 Values (Figure 12, pink dashed lines) compared to conventional
segmentation. The effect of reverse segmentation on composite
conductance (blue dashed lines) varied with fsem0. FOr fstemo = 0.25
(greater hydraulic resistance in leaves), loss of composite conduct-
ance occurred at more negative soil water potentials for reverse than
conventional segmentation. However, for fsemo = 0.75, composite
conductance loss occurred at less negative soil water potential for
reverse rather than conventional segmentation. For fsemo = 0.5,
there was no difference in loss of composite conductance between
reverse and conventional segmentation.

Populus trichocarpa exhibits reverse vulnerability segmentation
and was more vulnerable to embolism than Q. douglasii. Reverse and
conventional vulnerability segmentation produced broadly similar
conductance responses in P. trichocarpa. Conventional segmentation
protected stem conductance more than reverse segmentation did for
all fstemo Values (pink dashed lines). Composite conductance losses

occurred at less negative s under conventional segmentation than
reverse segmentation for fsem o = 0.25 (greater hydraulic resistance in
leaves), at more negative s under conventional segmentation than
reverse segmentation for fgemo = 0.75, and equivalently for both

segmentation patterns for fsemo = 0.5.

4 | DISCUSSION
4.1 | Contrasting outcomes for preserving stem
versus composite conductance

Hypothesis | posited that a plant with conventional vulnerability
segmentation would experience less conductance loss than one with
reverse vulnerability segmentation. Experiments | and |l were
consistent with this hypothesis in all cases when considering stem
conductance. However, Experiments | and Il also revealed scenarios,
counter to Hypothesis I, in which reverse vulnerability segmentation
better preserves composite conductance. Reverse vulnerability
segmentation was best able to protect composite conductance when
hydraulic segmentation with greater resistance in leaves occurred,
and, to a lesser degree, in plants with lower safety. Conventional
vulnerability segmentation does not always preserve composite
conductance better than reverse vulnerability segmentation. The
relative performance of the vulnerability segmentation patterns is
influenced by hydraulic segmentation and safety.

Hypothesis Il considered the importance of the magnitude of the
vulnerability segmentation. It posited that greater magnitudes of
vulnerability segmentation would produce greater differences in
conductance loss relative to a nonsegmented plant. Experiments I
and IV were consistent with this hypothesis for stem conductance.
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FIGURE 12 The modelled relationships between soil water potential and the stem (pink) and total (blue) conductances are shown for Populus
trichocarpa (left column) and Quercus douglasii (right column). Three different values of fsemo are shown across the rows. The observed
vulnerability segmentation pattern is shown with solid lines and the ‘flipped’ (stem and leaf parameters switched) are shown with dotted lines.

[Color figure can be viewed at wileyonlinelibrary.com]

Greater magnitudes of vulnerability segmentation better preserved
stem conductance in conventional vulnerability segmentation and led
to greater loss of stem conductance for reverse vulnerability
segmentation, independently of hydraulic segmentation and safety.
However, counter to Hypothesis Il, Experiments Il and IV revealed a
nonmonotonic relationship between the magnitude of vulnerability
segmentation and the preservation of composite conductance, for
fixed safety and hydraulic segmentation patterns. For example, for a
plant with greater hydraulic resistance in leaves, increasing the
magnitude of reverse vulnerability segmentation initially leads to
composite conductance loss at more negative soil water potentials
than the null case. But beyond an ‘optimum’ vulnerability segmenta-
tion magnitude, increasing segmentation further leads to composite
conductance loss at less negative water potentials. The ‘optimum’

magnitude of wvulnerability segmentation varied with hydraulic
segmentation and safety.

The results showed a consistent distinction between how
vulnerability segmentation impacts stem conductance and how it
impacts composite conductance. The impacts of the direction and
magnitude of vulnerability segmentation on composite conductance
depended strongly on hydraulic segmentation, and, to a lesser
degree, safety. Figure 13 summarises the interaction of hydraulic
segmentation and vulnerability segmentation. These interactions
were revealed in the case study, where conventional vulnerability
segmentation always caused stem conductance loss to occur at more
negative water potentials than reverse segmentation. For composite
conductance, the effects of the vulnerability segmentation pattern

depended on the hydraulic segmentation pattern. While the original
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FIGURE 13 Hydraulic segmentation (y-axis) and vulnerability
segmentation (x-axis) interacted to influence the relative preservation
(blue, +) or loss (red, -) of hydraulic conductance at the stem tissue
(kstem) and composite stem-leaf (kcomp) levels. Evidence suggests
higher resistance in leaves is more likely, constraining behaviour to
the bottom two quadrants, such that variation in vulnerability
segmentation can support either preservation of composite
conductance through reverse vulnerability segmentation, or
preservation of stem conductance through conventional vulnerability
segmentation. [Color figure can be viewed at wileyonlinelibrary.com]

formulation of the Vulnerability Segmentation Hypothesis focused on
stem conductance as a mechanism distinct from hydraulic segmenta-
tion, these results demonstrate the impact of vulnerability segmen-
tation on composite conductance and its interactions with hydraulic

segmentation.

4.2 | Impacts of hydraulic versus vulnerability
segmentation

Zimmermann's original theory (Zimmermann, 1983) proposed that
hydraulic segmentation would preserve stem conductance, yet the
model experiments showed that stem conductance was much more
sensitive to vulnerability segmentation than hydraulic segmentation.
When plants near water potentials causing embolism, flow rates are
typically suppressed by stomatal closure (Kerstiens, 1996). Differences
in hydraulic resistance between tissues may not be sufficient to create
large gradients in water potentials and differential embolism formation
between tissues under these conditions (Tyree et al., 1993).
Hydraulic segmentation played an important role, however, in
mediating the impacts of vulnerability segmentation on composite
conductance. If the tissue with greater initial hydraulic resistance
(lower conductance) was less vulnerable, composite conductance was
better preserved compared to the opposite scenario. This interaction
can be understood by considering two resistors in series. Losing 10%
of conductance in the resistor with a higher initial conductance has less
impact on the total conductance than a 10% loss in the less conductive

resistor. However, the experiments considered a range of hydraulic
segmentation with the possibility of greater resistance in both stems
and leaves, and plants traits might not traverse that entire space.
Hydraulic segmentation is not well-characterised in general, but the
literature that exists suggests scenarios of equal or greater resistance
in leaves relative to stems (fsemo < 0.5) is reasonable (Brodribb
et al.,, 2002; Nardini & Salleo, 2000; Sack & Holbrook, 2006; Sperry
et al., 1998; Yang & Tyree, 1994; Zimmermann, 1983). The model
outcomes, presented in Figure 13, might, in practice, be limited to
quadrants Il and 1V, where promoting preservation of either stem or
composite conductance is possible depending on the vulnerability
segmentation pattern, but not both. Further work to characterise
hydraulic segmentation and vulnerability segmentation in tandem is
needed.

The experiments also showed that safety modulates the effects
of segmentation pattern on plants. This could be due to covariation
with other traits enforced through the parameterisation process
(Gleason et al., 2016). Coordination between vulnerability segmenta-
tion and other traits was not considered in this study (due to lack of

data), and also represents a potentially important avenue for study.

4.3 | Implications for understanding of whole-plant
plant hydraulics and plant drought response

The model results reiterate findings that the impact of plant physiology
on plant function is not strictly a result of individual traits, but emerges
from the suite of traits in a plant. A more holistic approach to
physiological traits and their impact on function could explain the
diversity and variation in traits observed across and within environ-
ments. Simple modelling approaches, such as the one developed in this
study, are helpful in approaching such a holistic paradigm, by revealing
the interactions of multiple traits and environmental conditions on
plant function (Feng et al., 2019, 2018, 2017; Kannenberg et al., 2022;
Trugman, 2022).

These model experiments demonstrated that conventional
vulnerability segmentation does indeed support the preservation of
stem conductance under declining water potentials, thereby better
protecting carbon that has already been assimilated and stored within
the plant. However, the results also demonstrated a potential reason
why conventional vulnerability has not been observed to be
ubiquitous. The experiments revealed scenarios where reverse
vulnerability segmentation better supports the preservation of
composite conductance. Preservation of composite conductance,
even at a cost of stem conductance, could reflect specific plant
drought response strategies that prioritise maintenance of carbon
uptake during drought. As such, these results suggest a functional
implication across the spectrum of vulnerability segmentation
patterns from those that prioritise composite conductance and
continued carbon uptake (reverse) to those that prioritise stem
conductance and invested carbon (conventional), with unsegmented
plants representing an intermediate compromise between the end-

points. The degree of these functional implications are then shown to
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be further modulated by the pattern of hydraulic segmentation within
the plant. These considerations add a temporal dimension to the
tradeoffs between water and carbon under drought conditions, with
implications for fluxes and mortality which remain difficult to
describe within current hydraulic frameworks (Anderegg et al., 2016;
De Kauwe et al., 2020; Powers et al., 2020; Rowland et al., 2021;
Trugman, 2022; Trugman et al., 2021; Venturas et al., 2021).

The favorability of drought response strategies is itself complex
and dependent on climatic, edaphic and topographic conditions
(McLaughlin et al., 2020). However, it is notable that the case study
species, with opposite segmentation strategies, overlap in their
ranges in California (Supporting Information: Figure S3), but are
found in different locations in the landscape. P. trichocarpa is a
riparian species, while Q. douglasii is usually found on drier sites
within the landscape. Thus, even for similar climatic conditions, these
species would likely have different experiences of water deficit
(Ackerly et al., 2020; Dawson et al, 2020; Mclaughlin
et al., 2017, 2020; Tai et al., 2017). The observations of vulnerability
segmentation, and reverse segmentation in particular, are still fairly
limited, making it difficult to ascertain what broader patterns may
exist. However, there are some similarities with previous studies.
Levionnois et al. (2020) and Villagra et al. (2013) both observed
reverse vulnerability in neotropical species, which would not be
expected to experience prolonged and severe water deficits.
Similarly, Skelton et al. (2018) found that Q. sadleriana, typically
found in moist understory environments in Pacific Northwest
temperate rainforests, exhibited earlier onset of cavitation in stems
than leaves and was also the most vulnerable of the measured oak
species in the Western United States. Further studies have the
potential to better understand potential links between vulnerability
segmentation pattern and physical environmental conditions. Model-
ling studies that consider how potential strategies perform in terms of
carbon fixation and hydraulic damage under dynamic hydrological
conditions (including water deficits of varying severity, duration and
frequency) could help to reveal when certain strategies may be
favourable.

It is important to note that plants mediate their drought
response by many additional mechanisms (Pivovaroff et al., 2016).
Particularly, it could be important to consider how else leaves can
act as ‘fuses’ to protect stems, such as through stomatal regulation
(Buckley, 2019), minimum leaf conductance (Duursma et al., 2019),
or drought deciduousness (Wolfe et al., 2016). Beyond the hydraulic
differences between stem and leaf xylem that were the focus of this
study, hydraulic properties can also vary within tissue types
(Couvreur et al., 2018; Gronlund et al., 2016), and outside-xylem
pathways can contribute to leaf hydraulic decline (Scoffoni,
Albuquerque, et al., 2017; Scoffoni, Sack, et al., 2017). This study
did not consider how roots can also act as a hydraulic ‘fuse’,
although roots can also have distinct vulnerability from stem and
leaf tissues (Creek et al., 2018; Peters et al., 2020; Wu et al., 2020).
Additionally, it could be important to consider how plant capaci-
tance plays a dynamic role in mediating plant water potentials and
drought response (McCulloh et al., 2019), and further work to

B9-wiLey— 2%

consider how this might be coordinated with vulnerability segmen-
tation is warranted. These mechanisms will add complexity to the
ways in which vulnerability segmentation impacts plant function

and fluxes.
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