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Summary

¢ Adaptation to drought involves complex interactions of traits that vary within and among
species. To date, few data are available to quantify within-species variation in functional traits
and they are rarely integrated into mechanistic models to improve predictions of species
response to climate change.

¢ We quantified intraspecific variation in functional traits of two Hakea species growing along
an aridity gradient in southeastern Australia. Measured traits were later used to parameterise
the model SurEau to simulate a transplantation experiment to identify the limits of drought
tolerance.

¢ Embolism resistance varied between species but not across populations. Instead, popula-
tions adjusted to drier conditions via contrasting sets of trait trade-offs that facilitated home-
ostasis of plant water status. The species from relatively mesic climate, Hakea dactyloides,
relied on tight stomatal control whereas the species from xeric climate, Hakea leucoptera dra-
matically increased Huber value and leaf mass per area, while leaf area index (LAI) and epider-
mal conductance (gmin) decreased. With trait variability, SurEau predicts the plasticity of LAI
and gmin buffers the impact of increasing aridity on population persistence.

¢ Knowledge of within-species variability in multiple drought tolerance traits will be crucial to

accurately predict species distributional limits.

Introduction

Ongoing global warming, which is associated with an increased
frequency of heat waves and intense droughts, poses an imminent
threat to forest function and has the potential to dramatically
increase plant mortality (Parmesan, 2006; Choat ez al., 2018).
One means of prolonging survival in drier conditions is the
growth of xylem tissue that is more resistant to embolism (Choat
et al., 2018). Accordingly, plants exhibit an enormous range of
xylem vulnerabilities to embolism that are directly related to their
ecological preferences and with the level of drought stress they
experience (Pockman & Sperry, 2000; Choat ez al., 2012).

While embolism resistance sets critical thresholds for survival
of plants during periods of water stress, several other traits related
to drought avoidance such as decreased transpiration rate,
increased water acquisition and water storage are crucial in defin-
ing desiccation rates and maintaining water potentials within the
functional limits of the xylem. Water loss is regulated by leaf area
and by stomatal and epidermal conductance. Forest water-use
typically scales with leaf area index (LAI) (Specht & Specht,
1989); leaf shedding occurs in many plants during drought to
mitigate water stress to the remaining foliage (Martin-StPaul
et al., 2013; Rodriguez-Calcerrada et al, 2017) and slow the
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desiccation rate of the plant (Blackman ez 4/, 2019). The water
potential at which leaves lose turgor and stomata close is corre-
lated with drought tolerance (Brodribb ez al, 2003; Bartlett
et al.,, 2012). Once the stomata are closed, the residual water loss
is largely determined by leakiness from leaf cuticles and incom-
plete stomatal closure (epidermal conductance). Epidermal con-
ductance has been largely overlooked in studies of drought
resistance and its role in predicting drought response remains
poorly understood (Duursma ez al., 2019). The few available data
indicated that trees can reduce epidermal conductance under pro-
longed water stress (Warren ez al, 2011; Cano et al, 2014)
according with the high level of plasticity found in a recent meta-
analysis (Duursma ez al., 2019). At the other end of the hydraulic
pathway, deeper root systems offer access to more stable and reli-
able water sources, allowing plants to maintain more favourable
water status and carbon balance during the dry periods or
extreme droughts (Nardini ez @/, 2016). Biomass partitioning to
below vs above ground organs and reduction of leaf to sapwood
area ratio result in a greater capacity to supply water to the leaves
and limit the drop in water potential. Finally, release of water
storage during dehydration (capacitance) buffers fluctuations of
xylem pressure during transpiration and can contribute to longer
desiccation times (Holtta ez al., 2009; Meinzer et al., 2009).
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These traits often vary in a coordinated fashion that is strongly
dependent on the environments in which plants grow. Whereas
inevitable trade-offs emerge, different associations of traits may
succeed in a particular environment and these trade-offs are
informative of species ecological strategy (Westoby, 1998; Reich
et al., 2003; Reich, 2014). However, most common approaches
to studying species range shifts are related to climate niche mod-
elling, yet they can produce ambiguous results as they do not
reflect a causal relationship between species distribution and cli-
mate (Ay et al, 2017; Journé et al, 2020). Process-based
approaches have recently started to incorporate hydraulic traits
(Christoffersen ez al., 2016; Xu et al., 2016; Powell et al., 2018)
but intraspecific patterns of trait variation are barely considered
(Rosas ez al., 2019). Predictive models that do not incorporate
this variation may underestimate or overestimate the potential
range shift of species due to climate change (Benito Garzén ez al.,
2011), or fail when predicting changes in ecosystem functioning
and community assembly (Violle ez 4/, 2012).

Trait-based models have proved to be useful tools for syn-
thesising and integrating some of these trait interactions with
climate and soil properties in order to determine desiccation
dynamics and plant survival during drought (Martin-StPaul
et al., 2017; Blackman et al, 2019). The mechanistic model
SurEau, for example, was developed to simulate the time until
complete hydraulic failure and subsequent plant death under
severe water stress, by accounting for stomatal and hydraulic
traits, plant size and soil conditions (Martin-StPaul er af,
2017). SurEau simulates the elementary plant water flow from
the soil to the atmosphere due to water potential gradients,
and the dynamics of plant water content and embolism forma-
tion. The model has recently been improved to consider a
dynamic climate and modelling canopy gas exchange (Cochard
et al., 2020). SurEau assumes that under given climate and soil
conditions, the time to hydraulic failure can be view as a two-
stage process. The first stage comprises the time between the
start of water shortage and stomatal closure. Its duration
depends on the rate of transpiration and the water potential
causing full stomatal closure (or turgor loss point). The second
stage expands from stomatal closure to 100% embolism
(death) and it is determined by epidermal conductance, vulner-
ability to embolism and plant water storage.

Australian plant species provide an excellent opportunity for
studies of drought adaptation as the evolutionary history of Aus-
tralian taxa was uninterrupted by recent glacial periods (Petherick
et al., 2013), and populations have not experienced marked bot-
tlenecks or gene flow constraints. Therefore, the adaptation of
these lineages to the progressive aridification of the continent
over the last 30 Myr has occurred in populations with stable sizes
and retained high levels of standing genetic variation (Lamont
et al., 2016).

In our study we included populations of two species of Hakea
across their geographic distribution. The genus Hakea is endemic
to Australia and is most likely to have had its origin in the
Mediterranean biome of SW Australia from where it radiated
into a wide range of environments in all of the major biomes

(Lamont et al, 2016; Cardillo et al, 2017). We studied
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H. leucoptera, mainly found in arid environments but also occu-
pying Mediterranean, temperate grasslands and tropical savan-
nah, and H. dactyloides, which is found in mesic forests closer to
the coast. We chose two species of the same genus but growing in
contrasting moisture environments to:
(1) evaluate how hydraulic traits are coordinated and interact
with climate to shape intraspecific drought tolerance;
(2) identify key hydraulic traits within species for survival of pro-
longed or intense droughts;
(3) predict whether the current traits shown by each of the stud-
ied populations would allow them to survive along an aridity gra-
dient.

For objectives (2) and (3) we evaluated the combined effects of
a subset of measured hydraulic traits in objective (1) on survival
during drought by using the model SurEau. To meet these objec-
tives, we tested the following hypotheses:
(1) Leaf and stem traits would be coordinated and the strategy to
survive prolonged droughts would differ between the two species.
The species from arid sites would follow a conservative growth
strategy, showing wider hydraulic safety margins, whereas the
species from a temperate climate would follow a fast growing
strategy, prioritising carbon gain at the cost of decreasing the
hydraulic safety margin.
(2) The species growing in drier sites would show higher variabil-
ity in traits related to regulate water loss, such as LAI, g.,;, and
Wrpp, and traits related to withstand more negative water poten-
tials, Pso and Huber value (HV), and this variability would corre-
late with the mean annual precipitation in the place of origin.
(3) Populations of both species would be adapted to the environ-
ment they grow and the capacity to adapt to drier environments
would be limited, particularly in the mesic species.

Materials and Methods

Study sites and plant material

We selected 10 sites covering a broad range of environmental
conditions across the distribution of Hakea leucoptera R. Br and
4 sites for Hakea dactyloides (Gaertn.) Cav. (Fig. 1). For each site,
LAI aridity index (AI), mean annual precipitation (MAP), soil
moisture (SMI), mean annual temperature (MAT) and other bio-
climatic data were extracted from the Atlas of Living Australia
(www.ala.org.au). Hakea leucoptera populations were located in
inland Australia with a climate varying from desert and grassland
to temperate and subtropical (Koppen Climate Classification).
Hakea dactyloides populations were closer to the coast and did
not experience a pronounced dry season; three populations were
temperate and one subtropical (more details in Table 1, Support-
ing Information Tables S1, S2).

For each population, eight sun-exposed branches were col-
lected in the field just after dawn during February—March 2016
for leaf pressure—volume analysis, isotopic composition and C
and N content. Branches were placed in black plastic bags with
wet paper towels to prevent transpiration and kept at 4°C until
measured. A second set of 10-20 branches, 1.5-2 m long, was
collected during the spring 2016 (September—November), except
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Fig. 1 Natural distribution range of Hakea leucoptera (red triangles) and
Hakea dactyloides (blue dots) across Australia and sampled populations
included in this study (bigger dots). Colours represent the aridity index.
Data were obtained from the Atlas of Living Australia (www.ala.org.au).

for three populations of H. leucoptera, Wilcannia, Opal and
Tilpa, collected in March 2017.

Native embolism

Native embolism was determined in current-year, 1-yr-old and
2-yr-old segments of five branches per site and species to account
for the effect of collection date and water stress from previous
years. After releasing tension following Wheeler ez /. (2013) and
Torres-Ruiz ez al. (2015), initial conductivity (Kj,) was measured
in 5-cm segments with filtered, degassed 2 mmol KCl solution at
low pressure (< 4 kPa) with a liquid lowmeter (LiquiFlow L13-
AAD-11-K-10S; Bronkhorst, the Netherlands). The segments
were then flushed with the same solution at 0.20 MPa for 15
min to remove embolism and subsequently determine maximum
hydraulic conductivity (K,,,,). Native loss of conductivity (PLC)
was calculated for each segment as:

Table 1 Characteristics of the 14 populations of Hakea included in this study.
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PLC =100 x (1 — Kp/Kuna)

Hydraulic safety, hydraulic efficiency and wood density

Xylem vulnerability to embolism curves of 10-12 branches per
species and site were measured by the Cavitron technique
(Cochard ez al., 2005) using a modified bench-top centrifuge
(H2100R, Cence Xiangyi, Hunan, China). In the laboratory,
branches were recut under water and trimmed to a length of 27.4
cm to fit in the rotor. Leaves distal to this segment were stripped
off under water to later calculate the leaf area and leaf mass per
area (LMA). The initial conductivity of the segment, K;, was
determined at a xylem pressure of —1.5 MPa in H. leucoptera
and —0.5 MPa in H. dactyloides. The xylem pressure was then
lowered stepwise by increasing the rotational velocity, and Kj, was
again determined while the sample was spinning. The PLC at
each pressure step was quantified as PLC = 100 X (1 — K;/K))
and the xylem pressure was computed at 12, 50 and 88% loss of
conductivity (P15, Pso and Pgg, respectively). Embolism resis-
tance curves were corrected for artefactual embolism with the
Cavitopen model (LSpez et al., 2018).

The specific hydraulic conductivity (K;) was calculated by
dividing K; by the xylem cross-sectional area (average distal and
proximal xylem area measured with a caliper, subtracting the pith
area), and leaf-specific hydraulic conductivity (K)) as the ratio of
K; to projected leaf area. The projected area of 20 leaves removed
from the segments used to construct VCs was obtained with a
scanner and analysed with WinFolia (Regent Instruments Inc.,
Canada). The projected leaf area of H. leucoptera was corrected
by n/4 (Lamont et al., 2015). Then leaves were dried at 65°C for
3 d to determine leaf dry mass and LMA. The rest of the leaves
were dried and total leaf area was calculated dividing the total leaf
mass by LMA. The HV was measured as the ratio of the basal
xylem cross-sectional area of the spun segment to the distal pro-
jected leaf area supported.

Hydraulic safety margins were calculated as the difference
between the turgor loss point (see leaf pressure—volume curves)
and Psy (HSMsg) or Pgs (HSMgs).

Species Population Latitude Longitude Elevation (m) LAI MAT (°C) MAP (mm) Pary (mm) Al SMI
Hakea leucoptera ~ Calperum 34.045°S 140.708°E 24 0.5 175 246 41 0.19 0.18
Opal 31.457°S 143.283°E 101 0.3 19.6 255 52 0.10 0.12
Mildura 34.279°S 142.240°E 34 0.6 17.3 279 50 0.21 0.21
Wilcannia 31.142°S 144.124°E 83 0.3 19.9 282 57 0.1 0.13
Toorale 30.103°S 145.609°E 112 0.7 20.3 314 58 0.14 0.16
Tilpa 31.427°S 144.903°E 140 0.5 19.4 338 71 0.13 0.17
Binya 34.208°S  146.255°E 155 0.8 164 446 97 039 037
Kenebri 30.801°S 148.917°E 242 1 18 570 115 0.32 0.33
Pilliga 30.520°S 148.756°E 170 0.9 18.4 617 112 0.34 0.29
Dandry 31.149°S 149.363°E 547 1 16.6 774 161 0.47 0.49
H. dactyloides Monga 35.552°S  149.953°E 750 3.2 12 952 182 092 074
Meryla 34.624°S 150.414°E 542 3.9 13.9 1063 217 0.93 0.78
Blue Mountains ~ 33.572°S  150.361°E 923 38 1238 1183 188 110 090
Coffs Harbour 30.038°S 153.007°E 245 3.4 18.2 1288 134 1.05 0.81

Al aridity index; LAI, leaf area index; MAP, mean annual precipitation; MAT, mean annual temperature; P4y, precipitation of the driest quarter; SMI, soil

moisture index.
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Specific wood density (WD) of the adjacent segment of the
spun samples was obtained by dividing the dry weight after dry-
ing in an oven at 103°C for 3 d by fresh volume obtained by the
water displacement method.

Leaf isotopic composition and C and N content

Fully mature current-year needles were collected at the end of the
summer 2016 in the same plants used for hydraulic measure-
ments. They were dried for 3 d at 65°C and finely ground before
sending for analysis at the Stable Isotope Facility of the UC Davis
(CA, USA). Nitrogen and carbon concentrations and carbon and
nitrogen isotope composition (8"°C and 8"°N, respectively) were
measured with an elemental analyser (PDZ Europa ANCA-GSL,
Sercon Ltd, Cheshire, UK) interfaced to an isotope ratio mass
spectrometer (PDZ Europa 20-20; Sercon Ltd).

Leaf pressure-volume curves

The water potential at which leaves lose turgor and parameters
of bulk tissue water relations were measured using pressure—vol-
ume P-V curves of leaves of a subsample of eight plants per
species and population. Small shoots were rehydrated overnight,
after which leaves were detached, scanned for projected leaf area
and dehydrated slowly on the bench-top (Tyree & Hammel,
1972). Leaf water potential (W)..p), measured with a pressure
chamber (PMS Instrument Co., Albany, OR, USA), and leaf
mass were assessed at intervals. Leaf dry mass was determined as
described before. The saturated water content (SWC) was calcu-
lated as the leaf water mass at saturation divided by the dry
mass. The relative water content (RWC) of each leaf was calcu-
lated as RWC = (fresh weight — dry weight)/(saturated weight —
dry weight). The turgor loss point (Wr1p) was estimated as the
point of transition between curvilinear and linear portions of the
graph of 1/W.¢ vs RWC. The osmotic potential at full turgor
(I1,) was calculated from the intersection between the linear por-
tion of this graph and the j-axis. Leaf capacitance was deter-
mined using the slope of the P-V curve between full turgor and
Y.rip (Cpr, and Cpr* when referred to leaf area) and below
Wrrp (Crrp). The modulus of elasticity at full turgor (e) was
defined as the slope of RWC vs pressure potential between full
turgor and Wrpp.

Epidermal conductance

The epidermal conductance (gin) of detached leaves of the same
plants used for P—V curves was estimated by using the rate of water
loss. Leaves were recut under distilled water, rehydrated overnight
and scanned to determine leaf area. Leaves were then moved to a
controlled environment chamber set at 25°C, 50% relative
humidity and low light (¢. 200 umol) and weighed using a preci-
sion balance. They were attached to a ‘clothesline’ and allowed to
dehydrated slowly. Leaves were weighed every 15 min for 3 h and
then every hour for 3 h more. The g, was determined from the
slope of the linear part of the curve after stomatal closure, and
adjusted for temperature and humidity within the chamber.
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Embolism resistance curve fitting and statistical analyses

Embolism resistance curves were fitted using a Weibull function
and Py, Pso and Pgg were obtained with the FrrpLc package
(Duursma & Choat, 2017) in R (R Core Team, 2017). The
effects of species and population on leaf and stem traits (Table 2)
were assessed using nested design analyses of variance with popu-
lation nested within species. Pearson’s correlation coefficients
were calculated between climate variables and traits. Bivariate
relationships between climate and traits were also assessed using
simple linear or nonlinear least squares regression. Three princi-
pal component analyses (PCA) were performed with hydraulic
stem and leaf traits. In the first one, all traits measured in both
species were pooled together. In the other two each species was
analysed separately. All variables were equally weighted in the
analysis. These analyses were conducted with the software StATIs-
TICA 8 (StatSoft, Tulsa, OK, USA).

Simulations with the SurEau model

In order to quantify the relative importance of hydraulic traits in
survival of a single plant under extreme droughts, we performed
simulations with SurEau.c (Cochard et al., 2020. The code to run
the program and the MS ExctL files can be found in Notes S1).
This model computes elementary water flow from the soil to the
atmosphere accounting for the resistance and the storage of four
plant organs, roots, trunk, branches and leaves. Each organ is
defined by a symplastic and an apoplastic compartment whose
water dynamics to ¥ depends on the P—V curve and the vulnera-
bility to embolism curve, respectively. The flow is driven by the
water demand at the leaf stomata level and epidermal level of all
organs. After computing the flow, the water content and ¥ of all
organs was updated. As soil water content decreases, Wi
decreases, causing a decrease of plant water storage and xylem
embolism formation, potentially leading to full plant desiccation.
The stomatal conductance response to PAR and temperature is
modelled following Jarvis ez al. (1976). The stomatal response to
¥ depends on leaf turgor loss, with full stomatal closure reached
at Wrrp. In addition, the Farquhar model (Farquhar ez al., 1980)
was used to compute the gross plant productivity. The elementary
computational time step for updating water content and ¥ is low
for stability issues (c. 0.01s), but climate variations are considered
at a hourly time step. Climate variables include temperature, air
humidity, atmospheric pressure, global radiation and wind speed.
Despite the complex plant representation in SurEau, it is possi-
ble to perform a simplified parameterisation as in Cochard ez al.
(2020), by assuming no segmentation between plant organs (i.e.
same vulnerability and P-V curves for all organs; Peters ez al.,
2020). The plant hydraulic conductance was distributed among
organs so that 80% of the hydraulic resistance is shared between
the roots and the leaves and 20% in the main stem and branches.
Two types of sensitivity analyses were computed. First, we
used three measured traits which differed between populations of
the same species: LAI, which can be obtained from remote-sens-
ing, Wy, widely used in drought resistance studies, and gy, as
emerging trait to explain mortality (Brodribb ez 4/, 2020), all else
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being constant for each species (see Tables S3-S10), and calcu-
lated time to hydraulic failure. Secondly, time to hydraulic failure

was calculated using measured values of LAI, ¥y, and gy, of

d
each population and its relationship with current glimate in the
origin and other measured traits was assessed using linear least
squares regression.

In a second set of simulations, we studied the effect of climate
on the performance of each population. We designed a virtual
transplantation experiment following an east—west transect
(30.25°S 141.25°E to 30.25°S 153.25°E) covering the full range
of precipitation for these two species. Daily historical climatic
variables were taken from the WATCH-Forcing-Data-ERA-
Interim (WFEDI). WFEDI provides daily values at 0.5° spatial
resolution for the 1989-2012 period. The daily values were dis-
aggregated at hourly time steps using cosine functions. Along the
transect, 25 positions were determined, each spaced 0.5° apart.
The SurEau model was parameterised with trait values measured
for each species and population, including LAI. The model was
used to calculate the average seasonal PLC for the period 1950—
1975 for each population at each location along the transect.

Finally, for one population of each species (Coffs Harbour and
Dandry) we repeated these simulations by gradually decreasing
the leaf area to determine the critical leaf area that keeps the
embolism rate below a lethal threshold. The impact of this leaf
area reduction on the annual cumulative CO, assimilation was
also calculated.

For all simulations, the water holding capacity of the soil was
an important unknown. To focus the study on the role of climate
and traits on hydraulic failure, this value was set constant for all
populations: same soil texture and volume (I m> per m* of soil).
This value has been defined by assuming a soil depth of 1 m,
which is the average soil depth among sites. In other words, our
approach assumes that at all sites and for all populations, fine
roots filled out all the soil available. Such a procedure helped to
discard the effect of soil water capacity from our analysis.

Results

Native embolism

The degree of native embolism was always low, but some minor
variations were observed. PLC was higher in 2-yr-old branch seg-
ments (8-19%) than in current-yr growth (<2%) for
H. leucoptera. Populations from dry areas tended to have slightly
higher PLC in 2-yr-old branches than populations from wetter
sites (average PLC 11% and 16%, respectively), whereas in
H. dactyloides native embolism was always lower than 2% (data
not shown).

Phenotypic differentiation of functional traits along the
climatic gradient

In populations of H. leucoptera the Al was positively related with
precipitation (MAP), soil moisture (SMI) and negatively with
temperature (MAT), showing an association between atmo-
spheric drought and soil drought. As a result, LAI was three times
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lower in populations from arid sites with lower soil moisture
compared with those at wetter sites (Tables 1, S11). For
H. dactyloides;, MAP was partially decoupled from SMI
(Table S12) and LAI was similar in all populations (Table 1).

Hakea leucoptera and H. dactyloides differed significantly in
embolism resistance, WD and water transport efficiency. As
expected, the xylem tissue of H. leucoptera was more resistant to
embolism (Psg = —6.9 £ 0.2 MPa in H. leucoptera vs Psg =
—4.7 £ 0.1 MPa in H. dactyloides), denser (WD = 0.689 +
0.003 g cm ™ in H. leucopteravs WD = 0.621 £ 0.005 g cm™
in H. dactyloides) but less efficient (K; = 0.52 £+ 0.03 kg m™!
s' MPa! in H leucoprera vs Ky = 1.37 £ 0.04 kg m!s7!
MPa~! in H. dactyloides). Within species, however, only WD
was negatively correlated with MAP in both species (Fig. 2a). We
found little phenotypic differentiation in embolism resistance
between populations of the same species (Fig. S1) and variation
was not related to MAP (Fig. 2b). In H. leucoptera, a three-fold
increase in HV with aridity (Fig. 2c) counteracted the decrease of
K; in some populations (Fig. 2d), resulting in K| not related to
MAP (Fig. 2¢). Maximum vessel length in H. leucoptera
decreased with aridity, whereas in H. dactyloides was not signifi-
cantly different between populations (Fig. 2f).

All leaf functional traits, except for 8'°N, differed between
species (Table S13). Leaves of H. leucoptera were more sclerophyl-
lous CIMA=771£5¢ m 2 and € = 25.5 &+ 0.7 MPavs LMA =
238 £ 7gm Zande = 16.9 + 1.1 MPain H. dactyloides), lost
turgor at more negative water potential (—3.6 = 0.04 MPa vs
—2.5 £ 0.06 MPa in H. dactyloides) and were more efficient in
water use (8'°C = —26.6 &+ 0.09%0 vs & *C= —-29.8 +
0.13%o in H. dactyloides). By contrast, leaves of H. dactyloides
showed lower gy;, (2.40 £ 0.52 mmol mZs ' vs3.72 + 0.42
mmol m™2 s~} in H. leucoptera), higher capacitance (Cpr =
0.051 4 0.002 MPa™" and Crprp = 0.174 4 0.008 MPa™" vs
0.031 & 0.001 MPa~" and 0.059 4 0.001 MPa™" in H. leucoptera
respectively), and higher C : N ratio (69.4 £ 1.3 vs 60.6 £ 0.9
in H. leucoptera). The factor population was a significant source
of variation in H. leucoptera for all leaf traits except for 3C (Fig.
3; Table §13). In this species, MAP drove the variation in LMA,
ZGmin» SWC, Wrrp and Tlo (Fig. 3; Table S11). In H. dactyloides,
MAP was only negatively related to 313C (Fig. 3b) and € (Fig. 3e)
and positively to Cgr (Fig. 3f).

Trade-offs and coordination among functional traits

When all traits from both species are considered together, traits
of the leaf economic spectrum, except for LMA, were orthogonal
to most hydraulic traits. A single axis of the PCA explained more
than 62% of the variance in hydraulic traits (Figs 4, S2). Wrrp,
ITo and capacitances clustered together and opposite to LMA, €,
RWCrp and 8'°C. This axis reflected a trade-off between Ps,
K, and WD (Fig. 4a; Table S14) and clearly separated the two
species, with H. dactyloides having positive coordinates and
H. leucoptera having negative coordinates (Fig. 4b). The second
axis accounted for 20% of the variance and sorted the popula-
tions of H. leucoptera in two groups, populations with positive
coordinates corresponded to mesic sites with higher gy, and N
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content, whereas those from drier locations had negative coordi-
nates and were positively related with higher HV and higher C
content (Fig. 4b; Table S14). At a lower phylogenetic scale, we
observed that coordination of stem and leaf traits was different in
each species (Fig. S3). The first axis of the PCA of H. leucoptera
also showed that higher HV was linked to more sclerophyllous
leaves, with lower Wrp and g,,;, and denser wood but less efh-
cient xylem. The second axis reflected the negative correlation
between 8'°C and RWCryp with Wy p, [o and Cgr (Fig. S3a).
In H. dactyloides, however, Ks, WD and € had positive coordi-
nates in the first axis of the PCA, while g.,;, and capacitances
clustered together and had negative coordinates. Unlike in
H. leucoptera, HV was positively related to W p, ITo (Fig. S3b).

Both species displayed positive hydraulic safety margins
(HSMs). Hakea leucoptera showed HSMs more than 1.5 MPa
larger than H. dactyloides (Fig. S1). However, HSMs, and
HSMgs of populations of H. leucoptera inhabiting mesic sites
were slightly higher than those from drier sites (Fig. S4) due to
an earlier stomatal closure.

Model SurEau- Relative importance of traits determining
plant mortality under intense drought

The sensitivity analysis showed that earlier stomatal closure (i.e.
less negative Wrrp), from —3.6 MPa to —2.4 MPa (33%) in
H. leucoptera delayed the desiccation time between 18%
with g, 1.86 mmol m 2 s ! and 11% with Zmin 5.58 mmol
m?s! (Fig. 5a). In H. dactyloides changes in Wrip from
—3.0 MPa to —1.7 MPa (43%) delayed the desiccation time
between 26% with g;, 1.20 mmol m~? s 'and 18% with Zmin
3.59 mmol m™% s™* (Fig. 5d). Changes in g;, in both species
impacted more the desiccation time the less negative was Wrrp
(Fig. 5c.f). In H. leucoptera, the desiccation time increased more
than 65% changing gnim from 5.58 mmol m™>s™' to
1.86 mmol m™2 s™! (66%) and ¢ 20% if Zmin only changed
from 5.58 mmol m™?s™! to 3.72 mmol m™?s™' (33%). In
H. dactyloides changes were more dramatic, and the desiccation
time increased by 100% when g, decreased from
3.59 mmol m™2 s to 1.20 mmol m™? 5! (66%). However, in

the range of values of gy, measured in the studied populations,

Table 2 List of traits included in the study, with abbreviations and units.

Abbreviation ~ Trait Units
Stem traits
P12 Xylem pressure at 12% MPa
loss of hydraulic conductivity
Pso Xylem pressure at 50% MPa
loss of hydraulic conductivity
Psg Xylem pressure at 88% MPa
loss of hydraulic conductivity
K Xylem-specific conductivity kgm™ s7" MPa~’
K, Leaf-specific conductivity kgm™ s7' Mpa™"
MVL Maximum vessel length cm
HV Huber value cm? m™2
WD Wood density gem™
Leaf traits
LMA Leaf mass per area gm™
%C Carbon content %
%N Nitrogen content %
C:N Carbon : nitrogen ratio
513C Carbon isotope signature %o
5"°N Nitrogen isotope signature %o
SWcC Saturated water content gg™’
RWCrp Relative water content %
at turgor loss point
Yo p Turgor loss point MPa
11, Osmotic potential at full turgor MPa
Cer Capacitance at full turgor MPa™"
Cer* Absolute capacitance at full turgor ~ mol m=2 MPa™"
Crip Capacitance after turgor loss point MPa™"
€ Modulus of elasticity MPa
8min Minimum epidermal conductance mmol m=2 5™’
Hydraulic safety margins
HSMsq Hydraulic safety margin MPa
at 50% loss of conductivity
HSMgg Hydraulic safety margin MPa

at 88% loss of conductivity

changes in the desiccation time were ¢. 28%. In both species LAI
had the most impact on desiccation time (Fig. 5b,e). All the rest
being equal, decreasing LAT from 1.32 to 0.33 increased the desic-
cation time between 1.8 and 2.5 times in H. leucoptera (Fig. 5b).
In H. dactyloides changing LAI from 7.15 to 1.8 increased this
time by 1.8 (Fig. 5¢). These changes were particularly high at
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lower LAI values, from 0.33 to 0.7 in H. leucoptera and from 1.8
to 4 in H. dactyloides (Fig. 5b,e). When time to death was simu-
lated with measured values of LAL, W1 p, gmin in each population,
we found that in populations receiving less than 300 mm of rain
in sporadic events (less than 10 d per year with more than 10
mm), with an annual precipitation deficit lower than —170 mm
or vapour pressure deficit (VPD) higher than 1.5 kPa, the combi-
nation of low LAI and low g.;, allowed them to survive longer
under severe drought (Fig. S5). We also found that other traits,
such as high HV and high LMA but low K, were correlated with
longer survival times (Fig. S6).

Virtual transplantation experiment

The virtual transplantation experiment showed a differential
range of loss of hydraulic conductivity among species and popu-
lations across the east—west transect (Fig. 6). The PLC of the
four populations of H. dactyloides dramatically increased when
MAP dropped below 820 mm (Fig. 6). The five driest popula-
tions of H. leucoptera exhibited negligible conductivity loss
across the aridity gradient, whereas those inhabiting wetter sites
experienced significant loss of conductivity as MAP decreased
below certain thresholds, which were in accordance with their
current MAP (Fig. 6). This translated for example in 40% loss
of conductivity at 145°E and 300 mm MAP of Binya with 446
mm MAP in origin but 70% of Dandry with 774 mm in origin
(Fig. 6).

Running the model with variable LAI for one population of
each species evidenced that the higher drought resistance of
H. leucoptera came with a cost in terms of C gain (Fig. S7). In
the humid sites of the transect, photosynthesis was three times
higher in H. dactyloides but decreased at higher rates as MAP
decreased and the PLC increased than in H. leucoptera (Fig. S7).
These simulations with SurEau showed that a reduction of leaf
area was essential to avoid critical levels of hydraulic failure but
came at a cost of a large reduction of photosynthesis. Interest-
ingly, the reduction of leaf area of H. leucoptera to thrive at the
driest sites was ¢. 50%, in accordance with the observed actual
differences among populations of the species (Table 1), which
also matched the optimal leaf area for photosynthesis at these
sites (Fig. S7).

Discussion

Functional traits represent a powerful approach to understanding
species and population responses to abiotic constraints, particu-
larly when they are integrated into mechanistic models. Our
results showed that leaf and stem traits conferring drought toler-
ance were interrelated, but varied independently, allowing differ-
ent functional trade-offs depending on the phylogenetic scale and
the water availability of the species natural range. Increased
embolism resistance, higher water-use efficiency, lower leaf area:
xylem area ratio (higher HV), and delayed stomatal closure were
associated with lower water availability in the native range of
H. leucoptera, which operates with wider safety margins (Figs 2,
3, S1). Conversely, H. dactyloides had lower embolism resistance,
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and a profligate water-use strategy characterised by lower water-
use efficiency, higher LAI and lower HV (Figs 2, 3). Of particu-
lar note was the small within-species variability in xylem
embolism resistance (Fig. S1), setting a common threshold for
hydraulic failure for populations of the same species and suggest-
ing that survival in the drier end of a species range depends on
the coordination of drought avoidance traits to maintain water
homeostasis. The incorporation of trait variability into mechanis-
tic models such as SurEau allows us to identify the limits of
drought tolerance and improves our understanding of how coor-
dination and trade-offs in multiple traits contribute to drought
survival strategies.

Contrasted strategies to regulate water status

Hakea leucoprera and H. dactyloides represent good examples of
two well defined strategies of plant water status regulation in
response to aridity. At the core of both strategies is Wrpp,
which delimits the operating range of many species and estab-
lishes a threshold of active water loss regulation by the plant
(Bartlett ez al, 2016). Wrrp showed a tight relationship with
precipitation or soil moisture (Fig. 3; Tables S11, S12) in
agreement with the nearly universal trend across diverse
biomes in which water availability is the key defining species’
Wrrp (Bartlett ez al, 2012) and shaping plastic responses
within species (Rosas e al., 2019).

Much of the variation we observed in stem and leaf traits
aligned along a single axis (Fig. 4), which clearly differentiated
between the two species. At one end of the axis, H. dactyloides is
characterised by high stem hydraulic efficiency, W1ip, I1, and
capacitance, consistent with our first hypothesis of a faster grow-
ing strategy. Populations of this species, which grows in climates
ranging from temperate to subtropical, offset the increase of the
water potential gradient with higher water-use efficiency (less
negative 8'°C), consistent with lower Wyip and observations
from many previous studies (Martinez-Vilalta ez al, 2009;
Aranda er al., 2017). At the other end of the axis, H. leucoptera
showed characteristics of conservative growth strategy species,
with high embolism resistance and HV, low stomatal regulation,
and high LMA and e. This combination of traits is commonly
found in Australian species inhabiting arid sites where drought
tolerance strategies are strongly constrained by low soil water
potentials and limited rooting volumes (Mitchell ez al., 2008). In
other floristically diverse arid ecosystems, several strategies coexist
including deep rooting, drought deciduousness or photosynthetic
stems (West ez al., 2012; Pivovaroff ez al., 2014).

Our second hypothesis was partly supported by the results.
Except for embolism resistance, H. leucoptera showed higher vari-
ability in HV and traits related to regulate water loss than
H. dactyloides. As MAP decreased along the aridity gradient, pop-
ulations of H. leucoptera dramatically increased their HV. This
increment in stem area relative to leaf area would act to compen-
sate for the lower branch hydraulic capacity (K Fig. 2) and
would help to maintain the water supply to the leaves without
the development of excessive pressure drops along the hydraulic
pathway (Mencuccini & Grace, 1995; Lépez et al, 2013;
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Fig. 5 Simulations with the Surfau model of the effect of turgor loss point (Wr.p; a, d) and leaf area index (LAI; b, e) and epidermal conductance (gmin; ¢, f)
on the time until complete hydraulic failure (time to death) in Hakea leucoptera (a—c) and H. dactyloides (d-f) at three different rates of epidermal
conductance (gmin) and turgor loss point (¥r.p). The values of W p, LAl and gmin cover the range measured for each species in populations across a

precipitation gradient.

Mencuccini ez al, 2019). Lower g, and reduced LAI also
allowed populations in dry areas and with sporadic rainfall events
to minimise water loss and decrease the rate of desiccation
(Fig. S5). Although rates of water loss via the epidermis are
extremely low when stomata are closed, over a prolonged period
of drought, small differences in g.,;, could result in significant
variation in the desiccation time, as shown by simulations with
SurEau (Fig. 5) and in agreement with lower minimum ¥ in
species with more permeable cuticles (Lanning ez al., 2020). In a
context of climate change, this adaptation capacity will be impor-
tant not only in areas with decreasing MPA but also in areas
where MAP is not predicted to change but precipitation events
will become more intense and less frequent, therefore drought
periods will be exacerbated (IPCC, 2014).

Coordination and trade-offs

The association between traits reported in our study are in line
with recent studies arguing that trait variation is multidimen-
sional (Li et al, 2015; Powell et al., 2017), in which leaf eco-
nomic, stem economic and plant hydraulic traits are interrelated
but vary independently. These different axes of variation allow
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different functional trait combinations in response to selection
and would explain why apparent functional trade-offs in studies
across species are not reflected at lower phylogenetic levels.

For example, the significant correlations of P-V curve parame-
ters with LMA (Fig. 4) disappeared within species (Tables S11,
S12) revealing that leaf hydraulic parameters are decoupled from
the leaf economic spectrum (Wright ez al, 2004) at the species
level. Although g,.;, formed an independent axis of variation in
comparisons among species (Fig. 4; Pivovaroff er al, 2014), in
H. leucoptera, gu;, was highly correlated with traits from the leaf
economic spectrum, LMA and C and N content (Fig. S3). Leaf
mass per unit area, as an index of sclerophylly, is often associated
with plants growing under drought-prone conditions and/or nutri-
ent-poor habitats (Lamont ¢t al, 2002). Therefore, sclerophyllous
leaves exhibit features characteristic of xeromorphic leaves, such as
thicker leaves with thicker cuticles (Groom & Lamont, 1997)
which could also decrease epidermal water loss. The higher carbon
cost per unit leaf area in terms of leaf and sapwood construction
(higher WD) as MAP decreases (Figs 2, 3; Table S11) might con-
fer additional benefits, such as longevity and protection against
nutrient, mechanical and herbivory stresses (Groom & Lamont,
1997; Wright & Westoby, 2002; Chave ez al., 2009).

While the low variability of vulnerability to embolism within
species prevented any inference for the correlation of this trait
with other traits, it supports the partial structural decoupling of
hydraulic safety and efficiency (Gleason ez al., 2016). However, if
HV is considered in the context of hydraulic safety by virtue of
avoiding high water potential gradients within the plant, a trade-
off between safety and efficiency emerges (Fig. S3; Tables S11,
S12) as previously reported in species growing in an ecotone
between chaparral and desert vegetation in California (Pivovaroff
et al., 2016). Additionally, the observed trade-off between
hydraulic efficiency and WD in H. leucoptera but not in
H. dactyloides may reflect a constraint of vessel diameter in dry
conditions (Pfautsch et /., 2016).

The strong relationship between Wrip and II, within and
among species (Fig. 4; Tables S11, S12) confirms that I, is the
major driver of Wrrp (Bartlett ez al, 2012; Powell ez al., 2017),
consistent with the role of osmotic adjustment in maintaining
cell turgor at low water potendals (Mitchell er al, 2008; Lépez
et al., 2009; Bardett er al, 2012). Tougher leaves (higher €)
showed lower capacitance before and after turgor loss (Fig. 4).
Leaf capacitance is widely thought to act as a buffer against tran-
sient changes in leaf water potential (Sack & Tyree, 2005) but it
is unlikely to have any long-term benefits to a plant facing
increased desiccation (Blackman & Brodribb, 2011). However,
higher € may be necessary during rapid rehydration to sustain
cell-wall integrity, to benefit from a lower I, (Mitchell ez al,
2008) and to maintain the observed nearly constant RWCrpp
(Bartlett et al., 2012).

Evidence for local adaptation using a virtual transplantation
experiment

In agreement with our third hypothesis, the virtual transplanta-
tion experiment showed that H. dactyloides would not survive in
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drier sites due to massive hydraulic failure. Likewise, populations
of H. leucoptera were well adapted to their current growth envi-
ronment but were predicted to perform poorly or die at sites drier
than their origin (Fig. 6). The nearly universal trend of decreas-
ing LAI with aridity with the concomitant decrease in water use
(Limousin et /., 2012; Martin-StPaul ez 4/, 2013) at the cost of
decreasing productivity (Rambal ez 4/, 2014) was quantified in
this virtual experiment with two populations of Hakea (Fig. S7).
Notably, the range of the simulated optimal LAT at the driest sites
agreed with the actual LAI of the driest populations of
H. leucoptera. Examples of similar local adaptation in woody
species are abundant in the literature (Savolainen ez al., 2007;
Ramirez-Valiente ez al., 2010; Lopez ez al., 2013) and highlight
the importance of considering species genetic heterogeneity in
vegetation models.

Key hydraulic traits for survival under prolonged drought
and persistence under future climatic conditions

Choosing specific traits to rapidly screen populations for drought
tolerance is challenging. If hydraulic failure is a primary mecha-
nisms linked to mortality (Choat ez 4/, 2018), embolism resis-
tance explains far more of the variation in drought tolerance at
the interspecific level (Choat ez al., 2012; Lens et al., 2016) com-
pared with the intraspecific level (Martinez-Vilalta ez al, 2009;
Lopez et al., 2013; Rosas ez al., 2019). By integrating different
traits within the SurEau model, we showed that the effect of three
key traits on time to complete hydraulic failure, W11p, LAI and
Zmin varied between species. In both species LAI significantly
impacted the survival time, particularly for lower values of LAI
(Fig. 5). Actual measured values of Wrip and g, in
H. dactyloides affected the rate of dehydration similarly, whereas
in H. leucoptera, g,;, had a stronger effect (Fig. 5). Although the
simulations within the range of values measured in the field
showed that earlier stomatal closure is beneficial for survival, in
populations experiencing frequent dry periods, photosynthetic C
gain is maintained through a decrease of W p. Thus populations
show different strategies at the leaf level (stomatal closure at more
negative water potential) and the tree level (lower LAI) as aridity
increases. These results also highlight the adaptive role of min-
imising g, in populations experiencing prolonged droughts.
Plants regulate their water status in a highly complex manner
involving the coordination of many traits and feedback with envi-
ronmental conditions. As demonstrated here, there is now great
potential to use hydraulic traits to forecast the risk of drought
induced mortality in plants across a range of scenarios and pre-
dict distributional limits according to water availability. Although
drought resistance is dependent on a complex interaction of traits
that may change with species, this resistance can be captured with
a few key traits and combined in a new generation of hydraulic
mechanistic models such as SurEau. Certainly many uncertainties
still remain in modelling hydraulic failure and predicting mortal-
ity risk. We need a deeper knowledge of some aspects such as
stomatal dynamics as soil dries, hydraulic segmentation within
the plant, proper estimations of rooting volume and water that is
available to the plant in the soil or the dynamics of leaf area
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during drought, which strongly influences LAI. Furthermore,
interactions of the individual plant with competition, changes in
leaf economics, nutrition and carbon economy deserve further
investigation.
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Figure S1. Average embolism resistance curves and average hydraulic safety margins
(HSM8R) for ten populations of H. leucoptera (red) and four populations H. dactyloides (blue).
Embolism resistance curves for each population are shown in lighter colors.
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Figure S2. Scree plot of the Principal Component Analysis (PCA) of stem and leaf hydraulic
traits measured in ten populations of H. leucoptera and four populations H. dactyloides. All
variables were equally weighted in the analysis.
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Figure S3. First two axes of a Principal Component Analysis (PCA) on the relationship
between stem and leaf traits. (a) Correlation coefficients for all variables measured in
populations of H. leucoptera. (b) Correlation coefficients for all variables measured in
populations of H. dactyloides. Acronyms as in Table 2.
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Figure S4. Relationship between embolism resistance and turgor loss point in ten populations
of H. leucoptera (red dots) and four populations of H. dactyloides (blue dots). The safety
margin (HSMso) is the distance between each point and the 1:1 (dashed) line. Values are means
+SE.
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Figure S5. Relationship between current local climatic variables (a-f) of 10 populations of H.
leucoptera (red dots) and 4 of H. dactyloides (blue dots) and time until complete hydraulic
failure (time to death) simulated with the model SurEau using values of LAI, WrLp, and gmin
measured in each population. (a) mean annual precipitation (MAP), (b) number of days with
rain, (c) aridity index (AI), (d) number of days with rain higher than 10 mm, (e) annual

precipitation deficit, (f) Maximum month vapour pressure deficit (VPD).
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Figure S6. Relationships between (a) Huber value (HV), (b) leaf area index (LAI), (c)
minimum conductance (gmin), (d) turgor loss point (\Yrrp), (e) leaf mass per area (LMA), (f)
specific hydraulic conductivity (Ks) of 10 populations of H. leucoptera (red dots) and 4 of H.
dactyloides (blue dots) and time until complete hydraulic failure (time to death) simulated with
the model SurEau using values of LAI, WrLp, and gmin measured in each population. Note that
HV, LMA and Ks are also the values measured in each populations but these parameters are
not included in the model.
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Figure S7. Loss of hydraulic conductivity (PLC; upper pannels) and photosynthesis (lower
panels) in a virtual transplantation experiment along a longitudinal gradient of the population
of H. dactyloides in Coffs Harbour and of H. leucoptera in Dandry with variable LAIL
Simulated values of LAI ranged from 100 % of the current LAI to 5% of the current LAI. Note
different axis scale in the lower graphs.
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Table S1. Vegetation cover and type, average height of Hakea and soil characteristics of the populations of Hakea leucoptera and Hakea
dactyloides used in the study.

Species Population Vegetation type FC Height Soil type Soil depth PAWC Soil BD Clay (%)
(m) (m) (mm) (Mg m-3)
H. leucoptera Calperum Chenopod shrublands, samphire shrubs 28 2 Sodosol 0.7 133 1.50 34.46
and forblands
H. leucoptera | Opal Casuarina forests and woodlands 18 2.5 Calcarosol 1.2 144 1.32 31.84
H. leucoptera | Mildura Eucalyptus woodlands 25 4 Tenosol 1.2 106 1.43 48.81
H. leucoptera | Wilcannia Eucalyptus woodlands 29 3 Tenosol 1.2 114 1.435 48.81
H. leucoptera | Toorale Acacia shrublands 40 4.5 Tenosol 0.8 132 1.58 44.20
H. leucoptera | Tilpa Callitris forests and woodlands 29 5 Tenosol 1.2 144 1.32 31.84
H. leucoptera | Binya Eucalyptus open woodlands 50 5 Calcarosol 0.7 131 0.97 17.19
H. leucoptera | Kenebri Eucalyptus open woodlands 59 6 Rudosol 1 58 1.65 29.33
H. leucoptera | Pilliga Eucalyptus woodlands 68 6 Rudosol 1 58 1.65 39.33
H. leucoptera | Dandry Callitris forests and woodlands 67 6.5 Rudosol 1.1 150 1.28 25.05
H. dactyloides | Monga Eucalyptus open forest 72 2.5 Sodosol 1.2 164 1.26 27.44
H. dactyloides | Meryla Eucalyptus woodlands 67 3.5 Sodosol 1.1 132 1.33 17.03
H. dactyloides | Blue mountains | Eucalyptus woodlands 72 2.5 Sodosol 1.1 71 1.33 17.03
H. dactyloides | Coffs Harbour Eucalyptus tall open forests 71 3 Sodosol 0.9 59 1.56 45.48

FC- Fractional cover of persistent vegetation. Vegetation type. PAWC water: plant available water capacity. Soil BD: soil bulk density
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Table S2. Bioclimatic variables of the populations of Hakea leucoptera and Hakea dactyloides used in the study. Note that Bio 1: mean annual

temperature, Bio 12: mean annual precipitation, Bio 14: precipitation of the driest quarter, Bio 28: Soil moisture index- annual mean, are
included in Table 1 of the manuscript. Data from www.ala.org.au

Sp Population Bio3 Bio4 Bio9 Biol0 Bioll Biol5 Biol8 Biol9 Bio29 Bio30 Bio31 Bio34 Bio35
H. leucoptera | Calperum 0.49 1.7 19.6 23.9 11.3 28 52 72 0.41 0.04 70 0.06 0.35
H. leucoptera | Opal 0.46 2.07 13.3 27.3 11.8 21 75 58 0.26 0.05 55 0.07 0.23
H. leucoptera | Mildura 0.48 1.79 20.3 24 10.7 23 61 79 0.47 0.05 67 0.08 0.41
H. leucoptera | Wilcannia 0.45 2.11 13.5 27.7 11.9 24 88 62 0.27 0.05 53 0.08 0.23
H. leucoptera | Toorale 0.44 2.13 16.7 28.1 12.2 23 93 68 0.36 0.08 54 0.09 0.28
H. leucoptera | Tilpa 0.45 2.1 13.66 27.1 11.5 20 97 78 0.38 0.07 57 0.09 0.32
H. leucoptera Binya 0.45 1.96 20.7 23.7 9.3 14 106 123 0.74 0.11 64 0.14 0.68
H. leucoptera | Kenebri 0.47 2.08 14.3 25.6 10.2 24 179 122 0.65 0.17 47 0.21 0.57
H. leucoptera | Pilliga 0.47 2.07 14 25.9 10.6 26 200 120 0.57 0.14 46 0.19 0.5
H. leucoptera | Dandry 0.47 1.92 11.7 23.6 9.4 24 248 165 0.85 0.23 42 0.32 0.77
H. dactyloides | Monga 0.47 1.57 6.8 17.6 6.2 20 262 192 0.98 0.33 29 0.44 0.96
H. dactyloides | Meryla 0.46 1.51 9.2 19.3 8.2 20 286 242 1 0.3 28 0.48 0.99
H. dactyloides | Blue mountains | 0.45 1.54 7.5 18.4 7.1 36 399 195 1 0.5 15 0.7 1

H. dactyloides | Coffs Harbour 0.49 1.37 14.3 23 12.8 44 471 181 1 0.45 24 0.77 0.98

Bio 3: Isothermality; Bio4: Temperature seasonality; Bio9: Mean temperature of the driest quarter; Biol0: Mean temperature of the warmest
quarter; Bioll: Mean temperature of the coldest quarter; Biol5: Precipitation seasonality; Biol8: Precipitation of the warmest quarter; Bio19:
Precipitation of the coldest quarter; Bio29: Soil moisture index-highest period; Bio30: Soil moisture index-lowest period; Bio31: Soil moisture

index seasonality; Bio34: Soil moisture index-warmest quarter mean; Bio35: Soil moisture index-coldest quarter mean.
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Parameters used in the simulations with SurEau

Table S3. Main physiological parameters of the different tree organs and compartments of
Hakea leucoptera used in the sensitivity analysis with the model SurEau to predict the time to

complete hydraulic failure (time to death).

Shrub 4 m high, with a diameter of 3.1cm, and leaf area of 0.66 m?

Organs Parameters Leaf Branch Trunk Root

Symplasm | 0 (MPa) -22/-32 |-22/-32 |-22/-32 |-22/-32
€ MPah) 25.5 25.5 25.5 25.5
K (mmol s' MPa!) | 21.5 218.6 58.7 67.8
Qo (mol) 2.75 14.8 44.4 29.6
Surface (m?) 0.66 0.22 0.29 0.34

Apoplasm | P50 (MPa) -6.9 -6.9 -6.9 -6.9
Slope (% MPa!) 329 32.9 329 32.9
K (mmol s'MPa!) | 21.5 21.9 14 21.9
Qo (mol) 0.91 8.45 243 16.9
C (mmol MPa!) 9.17 84.5 243 169

Table S4. Climatic conditions used in the sensitivity analysis with the model SurEau to
redict the time to complete hydraulic failure (time to death) of the s

ecies Hakea leucoptera.

Cllmatlc Tair.min Tair.max RHair.min RHair.max PAR W|nd Speed VPDmaX
conditions | °C °C % % pmol | ms! kPa
Values 20 30 30 80 1500 | 1.0 3.0

Table S5. Main parameters for the flows in gas phase used in the sensitivity analysis with the
model SurEau to predict the time to complete hydraulic failure (time to death) of the species

Hakea leucoptera.

Gas phase | Ostom_max Jstom_min Jcuti Tohase | Q102 | Q10b | gcrown
Parameters | mmols' m? | mmols! m? | mmols!m? | °C mmol s m?
Values 150 5 1.9-5.6 35 1.2 4.8 200

Table S6. Soil parameters used for the sensitivity analysis with the model SurEau to predict
the time to complete hydraulic failure (time to death) of the species Hakea leucoptera.

Soil volume | Soil | g, 0, o n Klat I Qsoilo
Parameters | m’ type cm mmol/s/MPa mol
Values 1 clay | 0.459 | 0.098 | 0.015 | 1.253 | 1.69 0.5 | 25500
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Table S7. Main physiological parameters of the different tree organs and compartments of
Hakea dactyloides used in the sensitivity analysis with the model SurEau to predict the time to
complete hydraulic failure (time to death).

Shrub 4 m high, with a diameter of 3.6 cm, and leaf area of 3.58 m2.

Organs Parameters Leaf Branch Trunk Root

Symplasm | 70 (MPa) -1.5/-25 |-1.5/-25 |-1.5/-2.5 |-1.5/-2.5
€ MPa!) 16.9 16.9 16.9 16.9
K (mmol s' MPa) | 73.6 2514 67.45 77.9
Qo (mol) 14.9 19.6 58.7 39.1
Surface (m?) 3.58 0.25 0.34 0.39

Apoplasm | P50 (MPa) -4.7 -4.7 -4.7 -4.7
Slope (% MPa!) 24.8 24.8 24.8 24.8
K (mmol s'MPa!) | 73.6 76.7 49.1 76.7
Qo (mol) 5.0 11.2 32.2 224
C (mmol MPa!) 49.7 112 322 224

Table S8. Climatic conditions used in the sensitivity analysis with the model SurEau to
predict the time to complete hydraulic failure (time to death) of the species Hakea

dactyloides.
Climatic Tair-min Tairmax | RHairmin | RHairmax | PAR | Wind speed | VPDmax
conditions | °C °C % % pmol | ms’! kPa
Values 20 30 30 80 1500 | 1.0 3.0

Table S9. Main parameters for the flows in gas phase used in the sensitivity analysis with the
model SurEau to predict the time to complete hydraulic failure (time to death) of the species
Hakea dactyloides.

Gas phase Ostom_max Ostom_min Jcuti Tphase Q10a | Q10b ZCrown
Parameters | mmol s' m? | mmol s'm? | mmols!'m? | °C mmol s! m?
Values 150 5 1.2-3.6 35 1.2 4.8 200

Table S10. Soil parameters used for the sensitivity analysis with the model SurEau to predict
the time to complete hydraulic failure (time to death) of the species Hakea dactyloides.

Soil volume | Soil | @, 0, a n Klat | Qsoilo
Parameters | m’ type cm mmol/s/MPa mol
Values 1 clay | 0.459 | 0.098 | 0.015 | 1.253 | 1.69 0.5 | 25500
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Table S11. Correlation matrix of climatic variables and traits included in the study for 10 populations of H. leucoptera. Acronyms as in Table 2
and Table 2. Numbers in bold indicate significant correlations.

MAT
MAP
Pdry
SMI
Al
p12
p50
p88

Ki
MVL
HV
WD
Ima
%C
%N
CN
d13C
d15N
swcC
RWCTLI
YTLP

CFT
CTLP
CFT*

gmin
HSM5(
HSM8¢

LAl
1.00
-0.56
0.87
0.84
0.86
0.03
0.12
-0.33
-0.28
0.86
0.30
0.63
-0.73
-0.68
-0.72
-0.92
0.90
-0.90
0.27
-0.41
0.93
-0.03
0.67
0.36
0.60
0.69
0.62
-0.45
0.78
0.60
0.61

MAT

1.00
-0.49
-0.50
-0.78

0.31
-0.04

0.12

0.03
-0.64
-0.11
-0.56

0.51

0.29

0.26

0.35
-0.27

0.29
-0.11

0.42
-0.52
-0.36
-0.72
-0.40
-0.25
-0.51
-0.33

0.11
-0.32
-0.52
-0.40

MAP

1.00
0.99
0.90
-0.07
-0.25
-0.51
-0.15
0.88
-0.10
0.83
-0.81
-0.74
-0.72
-0.80
0.79
-0.77
0.02
-0.57
0.91
0.18
0.77
0.65
0.53
0.40
0.51
-0.38
0.77
0.76
0.77

Pdry

1.00
0.92
0.00
-0.28
-0.47
-0.10
0.88
-0.12
0.86
-0.82
-0.81
-0.74
-0.78
0.76
-0.75
0.03
-0.58
0.90
0.24
0.73
0.63
0.45
0.35
0.43
-0.29
0.80
0.71
0.74

SMI

1.00
-0.02
-0.07
-0.32
-0.13

0.90

0.06

0.80
-0.77
-0.74
-0.64
-0.76

0.70
-0.71

0.15
-0.51

0.88

0.23

0.77

0.53

0.45

0.51

0.49
-0.25

0.75

0.66

0.65

Al

1.00
0.43
0.10
-0.39
-0.01
0.36
-0.12
0.12
-0.34
-0.12
-0.26
0.20
-0.22
0.50
0.43
0.06
-0.31
-0.63
-0.59
-0.21
-0.17
-0.10
0.36
0.40
-0.43
-0.09

p12

1.00
0.27
-0.56
-0.09
0.86
-0.45
0.45
0.12
0.22
-0.11
0.26
-0.26
0.21
0.40
-0.09
-0.65
-0.40
-0.52
0.12
0.39
0.32
-0.05
-0.08
-0.40
-0.24

P50

1.00
0.61
-0.61
0.12
-0.63
0.60
0.27
0.45
0.35
-0.32
0.33
-0.13
0.44
-0.47
-0.26
-0.46
-0.37
-0.07
0.00
-0.03
0.10
-0.49
-0.83
-0.93

p8s8

1.00
-0.38
-0.56
-0.08

0.11

0.13

0.19

0.37
-0.42

0.43
-0.41
-0.10
-0.28

0.37

0.04

0.24
-0.12
-0.24
-0.25

0.07
-0.37
-0.30
-0.54

Ks

1.00
0.18
0.85
-0.89
-0.79
-0.75
-0.82
0.76
-0.77
0.30
-0.53
0.95
0.26
0.75
0.45
0.36
0.56
0.37
-0.22
0.85
0.80
0.84

Kl

1.00
-0.24
0.16
-0.16
0.03
-0.30
0.40
-0.41
0.35
0.28
0.17
-0.41
-0.25
-0.50
0.00
0.65
0.17
0.06
0.14
-0.22
-0.07

MVL

1.00
-0.89
-0.71
-0.73
-0.55

0.47
-0.50

0.01
-0.80

0.76

0.59

0.75

0.65

0.14

0.12

0.05
-0.06

0.72

0.81

0.82

HV

1.00
0.74
0.85
0.74
-0.58
0.60
-0.35
0.60
-0.88
-0.43
-0.79
-0.50
-0.31
-0.34
-0.20
0.24

-0.82
-0.79

1.00
0.78
0.78
-0.73
0.75
-0.28
0.40
-0.83
-0.15
-0.40
-0.27
-0.23
-0.36
-0.19
0.08
-0.88
-0.40
-0.51

Ima

1.00

0.82
-0.74

0.79
-0.31

0.61
-0.82
-0.05
-0.58
-0.41
-0.51
-0.24
-0.33

0.47
-0.87
-0.61
-0.62

%C

1.00
-0.93
0.94
-0.49
0.24
-0.94
0.18
-0.52
-0.18
-0.61
-0.62
-0.61
0.46
-0.90
-0.52
-0.58
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%N

1.00
-0.99
0.22
-0.31
0.86
-0.34
0.47
0.29
0.68
0.62
0.68
-0.56
0.77
0.47
0.53

C:N

1.00
-0.25

0.35
-0.87

0.32
-0.47
-0.28
-0.67
-0.61
-0.66

0.55
-0.80
-0.47
-0.54

d13C

1.00
0.41
0.37
-0.11
-0.06
-0.59
0.01
0.32
0.07
0.08
0.55
0.03
0.16

d15N

1.00
-0.43
-0.46
-0.69
-0.82
-0.21

0.02
-0.01

0.27
-0.33
-0.67
-0.55

SWC RWCTLP YTLP

1.00
0.10
0.71
0.39
0.51
0.61
0.50
-0.37
0.90
0.70
0.73

1.00
0.34
0.30
-0.57
-0.19
-0.63
0.56
0.09
0.35
0.30

1.00
0.80
0.54
0.44
0.46
-0.50
0.46
0.88
0.68

Po

1.00
0.46
0.03
0.31
-0.48
0.16
0.71
0.51

CFT

1.00
0.43
0.94
-0.95
0.33
0.38
0.23

CTLP

1.00
0.55
-0.34
0.34
0.28
0.21

CFT*

1.00
-0.82
0.30
0.31
0.22

1.00
-0.18
-0.37
-0.18

gmin

1.00
0.55
0.69

HSM50 HSM88

-0.55
1.00
-0.92

1.00



Table S12. Correlation matrix of climatic variables and traits included in the study for 4 populations of H. dactyloides. Acronyms as in Table 2

and Table 2. Numbers in bold indicate significant correlations.

LAI
MAT
MAP
Pdry
SMi
Al
p12
p50
p88
Ks
Ki
MVL
HV
WD
Ima
%C
%N
C:N
d13C
d15N
sSwcC
RWCTLI
YTLP
Po
CFT
CTLP
CFT*
e
gmin
HSM5(
HSM8¢

LAI

1.00

0.12
-0.49
-0.06
-0.98
-0.80
-0.07
-0.29
-0.88

0.94
-0.14
-0.10
-0.99

0.72
-0.46
-0.14
-0.18

0.16

0.35

0.02
-0.87
-0.04
-0.96
-0.97
-0.43
-0.19
-0.36

0.58
-0.21
-0.48

0.00

1.0
0.8
-0.7
0.1
-0.3
1.0
0.1
-0.5
-0.2
-1.0
-0.9
-0.1
-0.6
-0.2
-1.0
-1.0
1.0
-0.9
0.8
0.4
-0.8
0.2
0.1
0.8
0.9
0.9
-0.7
0.9
0.0
-0.1

MAP

1.00
-0.64
0.64
0.16
0.89
0.22
0.08
-0.76
-0.79
-0.78
0.53
-0.96
0.13
-0.78
-0.75
0.77
-0.98
0.73
0.84
-0.73
0.73
0.68
0.99
0.93
0.98
-0.99
0.94
0.37
-0.03

Pdry

1.00
-0.08
0.60
-0.63
0.55
0.51
0.26
0.83
0.93
-0.06
0.56
-0.43
0.86
0.62
-0.64
0.78
-0.99
-0.40
0.99
-0.18
-0.06
-0.62
-0.86
-0.77
0.65
-0.84
-0.63
-0.60

SMI

1.00
0.74
0.25
0.32
0.79
-0.98
-0.04
-0.08
0.98
-0.83
0.42
-0.04
0.00
0.03
-0.51
0.13
0.94
-0.11
0.99
0.99
0.59
0.36
0.52
-0.72
0.39
0.49
-0.01

Al

1.00
-0.10
0.72
0.94
-0.61
0.43
0.49
0.71
-0.33
-0.07
0.46
0.29
-0.29
0.05
-0.53
0.49
0.54
0.68
0.76
0.15
-0.22
-0.03
-0.19
-0.18
-0.12
-0.52

p12

1.00
0.30
-0.30
-0.38
-0.94
-0.87
0.09
-0.69
-0.25
-0.92
-0.97
0.97
-0.90
0.72
0.50
-0.74
0.36
0.32
0.93
0.92
0.91
-0.81
0.92
0.01
-0.23

p50

1.00
0.43
-0.22
0.04
0.22
0.18
-0.16
-0.71
0.10
-0.24
0.22
-0.05
-0.44
0.17
0.42
0.30
0.40
0.29
-0.05
0.08
-0.15
-0.01
-0.67
-0.95

p88

1.00
-0.67
0.55
0.54
0.83
-0.33
0.26
0.56
0.51
-0.50
0.11
-0.48
0.54
0.50
0.72
0.78
0.03
-0.27
-0.09
-0.16
-0.25
0.17
-0.20

Ks

1.00
0.21
0.26
-0.96
0.92
-0.47
0.22
0.14
-0.16
0.65
-0.32
-0.99
0.30
-1.00
-0.98
-0.70
-0.52
-0.66
0.82
-0.54
-0.58
-0.08

Kl

1.00
0.98
0.08
0.58
0.11
1.00
0.95
-0.96
0.88
-0.88
-0.36
0.90
-0.16
-0.09
-0.81
-0.94
-0.87
0.72
-0.93
-0.15
-0.05

MVL

1.00
0.01
0.61
-0.10
0.99
0.87
-0.88
0.89
-0.96
-0.41
0.97
-0.19
-0.11
-0.79
-0.95
-0.88
0.74
-0.94
-0.35
-0.25

HV

1.00
-0.77
0.56
0.07
0.16
-0.13
-0.41
0.09
0.90
-0.07
0.96
0.96
0.46
0.26
0.41
-0.63
0.28
0.59
0.13

WD

1.00
-0.36
0.58
0.50
-0.52
0.90
-0.63
-0.97
0.62
-0.89
-0.85
-0.91
-0.81
-0.90
0.98
-0.83
-0.56
-0.10

Ima

1.00
0.04
0.38
-0.35
-0.17
0.36
0.46
-0.33
0.41
0.33
0.02
0.15
0.16
-0.26
0.13
0.96
0.88

15

%C

1.00
0.93
-0.94
0.88
-0.91
-0.37
0.92
-0.16
-0.09
-0.81
-0.95
-0.88
0.73
-0.94
-0.21
-0.12

%N

1.00
-1.00
0.80
-0.70
-0.28
0.72
-0.11
-0.08
-0.80
-0.85
-0.80
0.65
-0.85
0.13
0.25

C:N

1.00
-0.82
0.72
0.30
-0.74
0.14
0.10
0.82
0.86
0.82
-0.67
0.87
-0.09
-0.23

d13C

1.0
-0.9
-0.8

0.9
-0.6
-0.5
-1.0
-1.0
-1.0

1.0
-1.0
-0.4
-0.1

d15N

1.00
0.46
-1.00
0.24
0.13
0.71
0.91
0.84
-0.73
0.90
0.58
0.50

SWC RWCTLP YTLP

1.00
-0.45
0.97
0.94
0.79
0.65
0.77
-0.90
0.67
0.61
0.12

1.00
-0.22
-0.12
-0.71
-0.92
-0.84

0.72
-0.90
-0.55
-0.48

1.00
0.99
0.68
0.47
0.62
-0.79
0.49
0.51
0.00

Po

1.00
0.64
0.39
0.55
-0.74
0.42
0.42
-0.10

CFT

1.00
0.93
0.98
-0.97
0.94
0.27
-0.12

CTLP

1.00
0.98
-0.91
1.00
0.41
0.16

CFT

1.0
-1.0
1.0
0.4
0.1

1.00
-0.92
-0.49
-0.07

gmin

1.00
0.39
0.13

HSM50 HSM88

1.00
-0.86

1.00



Table S13. Percentage of the explained variation and significance values (ns non-significant;
*p<0.05; **p<0.01; ***p<0.001) due to species and population within species for ten populations
of H. leucoptera and four populations of H. dactyloides.

Trait | Species | Population
Stem traits

P12 93.79** 2.51**
Pso 93.20*** 0.55*
Pss 84.39*** 4.06**
Ks 76.20*** 6.95***
Kl 39.85*** 3.17"s
MVL 76.25* 11.50***
HV 58.84*** 28.37***
WD 51.05*** 23.48***
Foliar traits

LMA 86.56*** 11.86***
%C 34.57 37.27***
%N 2.51*** 63.26***
C:N 4.38*** 65.57***
5'3C 85.23*** 2.12**
5'°N ons 94.75***
SWC 72.73** 16.89***
RWCrLp 41.36™* 19.02***
Wop 79.49** 8.45***
Mo 55.08*** 7.33**
Crr 63.12*** 10.25*
Crr* 50.36** 19.47**
Crp 71.88*** 6.68***
€ 39.10*** 21.97***
Jmin 15.565%** 42.92***
Hydraulic safety margins

HSMso 82.88*** 7.51%**
HSMss 67.74*** 21.74***

P12: Xylem pressure at 12% loss of hydraulic conductivity; Pso: Xylem pressure at 50% loss of
hydraulic conductivity; Pss: Xylem pressure at 88% loss of hydraulic conductivity; Ks: Xylem
specific conductivity; Ki: Leaf specific conductivity; MVL: Maximum vessel length; HV: Huber
value; WD: Wood density; LMA: Leaf mass per area; %C: Carbon content; %N: Nitrogen content;
8'3C: Carbon isotope signature; 8'°N: Nitrogen isotope signature; SWC: Saturated water content;
RWCrLp: Relative water content at turgor loss point; Wrrp: Turgor loss point; Ilo: Osmotic
potential at full turgor; Crr: Capacitance at full turgor; Crr*: Absolute capacitance at full turgor;
Crrp: Capacitance after turgor loss point; €: Modulus of elasticity; gmin: Minimum epidermal
conductance; HSMso: Hydraulic safety margin at 50% loss of conductivity; HSMss: Hydraulic
safety margin at 88% loss of conductivity.
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Table S14. Loadings of the stem and leaf traits of the first five Principal components in the

Principal Component Analysis (PCA). All variables were equally weighted in the analysis.

Trait Factor 1 Factor 2 Factor 3 Factor 4 Factor 5
Pso 0.94 -0.23 0.08 0.10 0.19
Ks 0.90 0.26 -0.02 0.18 0.14
Kl -0.85 0.18 0.29 -0.09 0.21
HV -0.77 -0.52 0.14 -0.26 0.07
WD -0.79 -0.41 -0.18 -0.27 0.07
LMA -0.91 -0.31 0.01 -0.12 -0.12
%C 0.48 -0.82 -0.27 0.05 0.03
%N -0.21 0.86 0.21 -0.21 0.30
d313C -0.98 0.16 -0.05 -0.04 0.02
315N -0.11 -0.52 0.79 0.10 -0.21
RWCrLp -0.92 0.16 -0.12 0.27 0.01
Prrp 0.95 0.18 -0.12 -0.02 -0.07
1l 0.91 0.14 -0.29 -0.14 -0.09
Crr 0.92 0.13 0.22 -0.23 -0.10
CrLp 0.92 0.00 0.28 0.03 -0.12
€ -0.79 -0.23 -0.13 0.51 0.02
Zmin -0.34 0.87 0.16 0.25 -0.12
HSMso 0.68 -0.53 0.23 0.18 0.38

Pso: Xylem pressure at 50% loss of hydraulic conductivity; Ks: Xylem specific conductivity; Ki:
Leaf specific conductivity; HV: Huber value; WD: Wood density; LMA: Leaf mass per area; %C:
Carbon content; %N: Nitrogen content; §'°C: Carbon isotope signature; §'°N: Nitrogen isotope
signature; RWCrLp: Relative water content at turgor loss point; Wrrp: Turgor loss point; Ilo:
Osmotic potential at full turgor; Crr: Capacitance at full turgor; CrLp: Capacitance after turgor loss
point; €: Modulus of elasticity; gmin: Minimum epidermal conductance; HSMso: Hydraulic safety
margin at 50% loss of conductivity.
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