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Abstract

1. Leaf hydraulic traits characterize plant drought tolerance and responses to cli-
mate change. Yet, plant hydraulics are biased towards northern hemisphere
woody species. We collected rhizomes of several perennial grass species along
a precipitation gradient in eastern Australia and grew them in an experimental
pot study to investigate potential trade-offs between drought tolerance and plant
morphology.

2. We measured the following leaf hydraulic traits: the leaf water potential (¥,_,) at
50% and 88% loss of leaf hydraulic conductance (P50,,..; and P88,,..¢), the ¢
at 50% loss of stomatal conductance (PSOgS), leaf turgor loss point (TLP), leaf dry

leaf

matter content (LDMC), leaf modulus of elasticity (¢), and the slope of the rela-

tionship between predawn and midday ¥, ... We also measured basal area, tiller

leaf"
density, seed head density, root collar diameter, plant height, and aboveground
biomass of each individual.

3. As expected, grass species varied widely in leaf-level drought tolerance, with
loss of 88% hydraulic conductance occurring at a ¥, ranging from -1.52 to
-4.01 MPa. However, all but one species lost leaf turgor, and most reached PSOgs
before this critical threshold. Taller more productive grass species tended to have
drought vulnerable leaves characterized by low LDMC and less negative P88, ...
Species with greater tiller production experienced stomatal closure and lost tur-

gor at more negative ¥, .. Although our sample size was limited, we found no

leaf*
relationships between these species' traits and their climate of origin.

4. Overall, we identified important hydraulic and morphological trade-offs in
Australian grasses that were surprisingly similar to those observed for woody
plants: (1) xylem of taller species was less drought tolerant and (2) turgor loss oc-

These data build

upon a small yet growing field of grass hydraulics and may be informative of spe-

curs and stomatal closure begins before significant loss of K.

cies responses to further drought intensification in Australia.
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1 | INTRODUCTION

Plant traits describe the resource use strategies of species and in-
dividuals along the “fast-slow plant economic spectrum” ranging
from the acquisitive (fast) to the conservative (slow) strategy (Diaz
et al., 2016; Reich, 2014). Increasingly, plant traits are being used
to model species distributions (Benito Garzon et al., 2019), quan-
tify functional diversity (Laliberté & Legendre, 2010), and improve
our understanding of ecosystem functioning (Funk et al., 2017;
Griffin-Nolan, Blumenthal, et al., 2019; Suding et al., 2008; but
see van der Plas et al., 2020). Given the expansive list of plant
traits that can potentially be measured (Perez-Harguindeguy
et al., 2016), identifying the appropriate traits to measure for a
given environmental and/or ecological context is critical for test-
ing hypotheses in plant functional ecology (Rosado et al., 2013).
For example, hydraulic traits (e.g. physiological traits involved in
plant water status, transport, and storage) are important for un-
derstanding plant, community, and ecosystem responses to shift-
ing precipitation regimes that are occurring due to climate change
(Brodribb et al., 2020; Griffin-Nolan et al., 2018). Although hy-
draulic traits are predominantly measured on woody species with
a high capacity for water storage (Griffin-Nolan et al., 2018), the
field of non-woody plant hydraulics is rapidly expanding (Griffin-
Nolan, Ocheltree, et al., 2019; Holloway-Phillips & Brodribb, 2011;
Jacob et al., 2022; Jardine et al., 2021; Lens et al., 2016; Majekova
et al., 2021; Ocheltree et al., 2016; Sonawane et al., 2021; Wilcox
et al,, 2021; Zhou et al., 2020).

The capacity to move water safely and efficiently is a primary
determinant of plant drought tolerance and survival. During se-
vere drought, xylem cavitation can occur when air bubbles form
and spread throughout xylem under extreme negative pressure,
thereby blocking the flow of water through plants (Zimmermann,

1983). Variation in leaf hydraulic conductance (K flow rate/

leaf’
water potential driving force) is in part regulated by stomatal
conductance (g,) (Brodribb & Holbrook, 2003) among other an-
atomical determinants (e.g. vein density and diameter; Blackman
et al., 2010; Brodribb et al., 2016; Sack et al., 2003; Scoffoni
et al.,, 2011). Conservative species operate in a safer hydraulic
margin either by closing stomata earlier as soil moisture declines,

thereby avoiding declines in leaf xylem water potential (¥, _), or

leaf
by increasing xylem resistance to cavitation. Acquisitive species,
on the other hand, operate under narrower safety margins, which
allows them to be more productive at the expense of greater risk
of hydraulic failure (Tardieu & Simonneau, 1998). Rarely are plant
drought strategies characterized simply as either acquisitive or
conservative, as it is a spectrum involving the complex coordina-
tion of multiple physiological responses to dehydration (Bartlett
et al.,, 2016). Understanding how such strategies vary among
species and across environmental gradients may improve our
predictions of species distributions and ecosystem responses to
increased aridity with climate change (Konings & Gentine, 2017;
Martinez-Vilalta et al., 2014; McDowell et al., 2008; Skelton
et al., 2015).

The degree of stomatal regulation over leaf water status can be

quantified as the difference between critical ¥,__. thresholds corre-

leaf

¢ (Skelton et al., 2015),
whereby conservative species close stomata before significant loss of

sponding to significant declines in g, and K|,
Kiest OCCUrs. The point of stomatal closure can also be inferred from
leaf turgor loss point (TLP)—the ¥, at which cells lose turgor and
leaves begin to wilt—a trait that is considered a proxy for stomatal
closure (Meinzer et al., 2016; but see Farrell et al., 2017). Alternatively,
plant regulation of ¥, can be interpreted from the slope of the lin-
(Martinez-Vilalta
et al., 2014), although this is not necessarily associated with stoma-

ear relationship between pre-dawn and midday ¥,
tal sensitivity (Martinez-Vilalta & Garcia-Forner, 2017). Assuming
pre-dawn ¥, is representative of soil moisture conditions (Ritchie
& Hinckley, 1975; but see Donovan et al., 2001), the slope for highly
conservative species would be close to zero, indicative of little change
in midday ¥,..; as soil moisture declines, whereas the slope of the
relationship for more acquisitive species would be closer to one as
¥\, tracks soil moisture. The indirect method of Martinez-Vilalta
et al. (2014) is particularly useful for ecosystem-scale measurements
of plant water use strategies as leaf water potential can be estimated
from remote sensing (Konings & Gentine, 2017).

Herbaceous plants are vulnerable to declines in K (Lens

leaf
et al., 2016) yet receive relatively less attention than woody species
(Griffin-Nolan et al., 2018). The adaptive significance of xylem resis-
tance to cavitation is likely different for short-statured herbaceous
plants compared to woody species. Specifically, tall woody plants
must maintain hydraulic conductance of the same tissue for mul-
tiple growing seasons, while many perennial herbs can withstand
significant loss of K, and aboveground tissue during drought
and re-sprout from belowground buds following extreme drought
events (Vander Weide et al., 2014). Indeed, the xylem water poten-
tial at 50% loss of leaf hydraulic conductance (P50) was uncoupled
from drought survival of several perennial grass species (Ocheltree
et al., 2016). However, there is evidence that hydraulic traits are
important determinants of herbaceous plant drought strategies and
species distributions. For example, leaf TLP of graminoids was posi-
tively associated with mean annual precipitation (MAP) in the Great
Plains, where more drought tolerant species with more negative
TLP inhabited drier regions (Griffin-Nolan, Ocheltree, et al., 2019).
Additionally, herbaceous species sensitivity to inter-annual variabil-
ity in precipitation (assessed as % change in relative cover per mm
change in precipitation) in this same region was associated with leaf
osmotic potential at full turgor—the primary determinant of TLP
(Bartlett et al., 2012)—as well as leaf dry matter content (LDMC),
suggesting slow-growing drought resistant grasses and forbs will
be favoured during drought years and in a chronically drier climate
(Wilcox et al., 2021). Importantly, both LDMC and osmotic potential
are strongly correlated with P50 across grass species (Griffin-Nolan,
Ocheltree, et al., 2019), suggesting climate may also drive broad

patterns of K, _. for grasses as well as species rankings from conser-

leaf
vative to acquisitive strategies. Thus, while no direct link between
grass survival and hydraulic traits was observed in greenhouse

conditions (Ocheltree et al., 2016), the hydraulic trait-performance
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relationships that have been observed in the field for grasses war-
rant further investigation.

Hydraulic traits can vary widely within and between species
(Anderegg, 2015), which is helpful for distinguishing drought tolerant
from intolerant species/populations. However, species may converge
on similar hydraulic trait values yet respond differently to drought and
other environmental perturbations due to differences in morphology
(Hoover et al., 2019). Indeed, the second axis of global variation in
plant form and function (in addition to the fast-slow spectrum) is one
that describes plant size and morphology (Diaz et al., 2016; Sandel
et al., 2016). It is therefore important to identify whether and how
different morphological trait syndromes are coordinated with hy-
draulic traits. This is not only important for understanding ecosystem
functions such as net primary productivity but also ecosystem sus-
ceptibility to fire, a common disturbance in grasslands and savannahs.
For many grass species, the majority of aboveground biomass is com-
posed of photosynthetic tissue (e.g. leaf and sheath). The desiccation
of leaf material could lead to dehydration of the entire above-ground
portion of the plant. Given that foliage moisture content and total
biomass are linked to fire intensity and its rate of spread (Simpson
et al., 2022), the linkages between drought tolerance and plant size
could massively impact ecosystem fire dynamics.

In this study, we quantified seven leaf hydraulic traits of seven
perennial grass species commonly found in eastern Australian range-

lands. Much of eastern Australia is both drought- and fire-prone

TABLE 1 Climate characteristics for each collection site.

Site Species Code

Broken Hill, NSW Astrebla pectinate BH ASPE
(Barley Mitchell grass)
Austrostipa scabra BH AUSC
(Rough spear-grass)

Tibooburra, NSW Astrebla pectinate TI ASPE
(Barley Mitchell grass)
Aristida contorta TI ARCO
(Kerosene grass)

Charleville, QLD Astrebla lappacea CH ASLA
(Curly Mitchell grass)
Avristida contorta CH ARCO
(Kerosene grass)
Cenchrus ciliaris CH CECI
(Buffel grass)
Themeda triandra CHTHTR
(Kangaroo grass)

Nyngan, NSW Austrostipa scabra NY AUSC
(Rough spear-grass)
Cenchrus ciliaris NY CECI
(Buffel grass)
Chloris truncate NY CHTR

(Windmill grass)

and expected to become drier with climate change (De Kauwe
et al., 2020; Delworth & Zeng, 2014; Timbal & Fawcett, 2013).
Additionally, interannual variability in precipitation is relatively high
in this region compared to elsewhere (Van Etten, 2009). We col-
lected ecotypes of these grass species across sites varying in MAP
and inter-annual variation in precipitation (i.e. the coefficient of
variation [CV] of MAP) and measured both hydraulic and stomatal
sensitivity to dehydration as well as traits linked to herbaceous plant
drought tolerance (e.g. TLP and LDMC) and morphology. Our pri-
mary goal was to assess whether hydraulic and morphological traits
were coordinated and associated with species climate affiliations.
We tested the hypotheses that (i) hydraulic traits are coordinated
across the conservative-acquisitive spectrum (Reich, 2014), (i) hy-
draulic traits are associated with aboveground biomass and plant
size (McGregor et al., 2021) and (iii) hydraulic traits predict species
climate affiliations (Griffin-Nolan, Ocheltree, et al., 2019).

2 | MATERIALS AND METHODS
2.1 | Plant collection and propagation
We collected a total of seven grass species from four sites in east-

ern Australian rangelands varying in MAP and CV of MAP (n = 11

Ecotypes; Table 1; Figure S1). Samples were taken with permission

GPS coordinates MAP (mm) MAPCV (%) Al

-32.1145108, 251 28% 6.1
141.8027844

-32.1145108, 251 28% 6.1
141.8027844

-29.607821, 141.710996 265 52% 8.9

-29.607821, 141.710996 265 52% 8.9

-26.3666688, 442 53% 3.9
146.1422040

-26.3666688, 442 53% 3.9
146.1422040

-26.3666688, 442 53% 3.9
146.1422040

-26.3666688, 442 53% 3.9
146.1422040

-31.643647, 446 31% 3.17
146.646653

-31.5607735, 446 31% 3.17
146.6140118

-31.133180, 147.506959 446 31% 3.17

Note: Precipitation data from the Bureau of Meteorology (http://bom.gov.au), averaged from 2002-2012. MAP = mean annual precipitation; MAP
CV = Coefficient of variation of MAP; Al = aridity index. The aridity index was calculated as the ratio of mean annual potential evapotranspiration
and mean annual precipitation (i.e. higher values equal greater aridity; Deveautour et al., 2020). All species are C, grasses except Austrostipa scabra,

which is C,.
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from private land owners. Species included Cenchrus ciliaris (Buffel
grass, C,), Austrostipa scabra (Rough spear-grass, C,), Chloris trun-
cate (Windmill grass, C,), Astrebla pectinate (Barley Mitchell grass,
C,), Aristida contorta (Kerosene grass, C,), Astrebla lappacea (Curly
Mitchell grass, C,), and Themeda triandra (Kangaroo grass, C,). Not
all species were present at each site. We selected sites to repre-
sent high and low interannual rainfall variability across a moderate
rainfall gradient (251 to 446 mm MAP). We selected these target
species based on their high abundance at collection sites on previ-
ous trips (Chieppa, Power, et al., 2020) and their general distribu-
tions, which spanned the region (Cunningham & Leigh, 2011). At
each site, we unearthed rhizomes (n = 12) of selected species and
stored them on ice in plastic bags with a moist paper towel to pre-
vent desiccation. We pruned the roots and tillers so that the crown
consisted of 50% above- and 50% below-ground components;
each section was 10 cm in length. Samples were transported to
Richmond, New South Wales (NSW), where we planted rhizomes in
7.5-litre pots filled with moderately fertile sandy loam soil collected
from Menangle, NSW. Soil characteristics were as follows: pH 4.4,
0.01M CaCl,, total organic carbon 1.21%, total N 520mgkg™? and
total P 230 mgkg-! (Zhang et al., 2018). Plants were initially propa-
gated on a steel-mesh table in an enclosed polytunnel that reduced
ambient light by ca. 25%. We installed irrigation rings in each pot to
maintain saturated soil moisture during the initial establishment pe-
riod (December 22, 2016 through February 2, 2017) and monitored
the height and number of leaves of each individual.

Once plants had reached a minimum of five tillers, each with >3
leaves, we moved the pots to an outdoor open-sided polytunnel
(48 m long by 9 m wide, maximum height of 4.6 m), where they grew
under natural light, photoperiod and temperature conditions of an
eastern NSW summer (Figure S1). Roofs were made of 180-micron
plastic (Argosee, Australia) to intercept all ambient precipitation but
minimize light interception. To avoid root growth into the soil, we
placed plots on pallets. We subjected plants to a “priming drought”
by removing irrigation rings for 2weeks before hand-watering back
to saturation to mimic regular soil drying and re-wetting cycles that
these species experience in the field. Pots were maintained at sat-
urated soil moisture conditions by watering every day for an addi-

tional 2 weeks before measuring physiological traits.

2.2 | Pressure-volume curves

To determine pressure-volume (p-v) curve parameters, we collected
one tiller from six randomly selected pots per ecotype and placed it in
a vial of water in a dark room overnight to allow full tissue rehydration.
We then used the bench drying method (Schulte & Hinckley, 1985) to
determine p-v curve parameters. Briefly, we wrapped a recently ex-
panded mature leaf from each tiller in parafilm wax and cut it near the
leaf base (parafilm was weighed and subtracted from subsequent leaf
weight measurements). Immediately after cutting, we placed the leaf
in a Scholander-style pressure chamber (PMS Instruments) to measure

¥ Following water potential determination, the leaf and parafilm

leaf*

were weighed on a micro-balance (+0.1 mg). We then sealed the leaf in a
plastic bag and placed it in a dark drawer to allow slow dehydration. We
repeated this process approximately 10 times for each leaf or until ¥,__
reached -4 MPa. At this point, the leaf was rehydrated, scanned for leaf
area at 300dpi, dried for 48h at 60°C and weighed. We estimated leaf
area using ImageJ software (https://imagej.nih.gov/ij/) and determined
leaf turgor loss point (TLP), capacitance (C, ) and modulus of elasticity
(e) following standard protocols (Koide et al., 1989; Turner, 1988); data
were averaged across pots for each ecotype. Finally, we estimated leaf

dry matter content (LDMC) as leaf dry mass/fully hydrated leaf mass.

2.3 | Leaf vulnerability curves

We measured declines in g_and K, in situ on a subset of plants dur-
ing an extended drought experiment, with the length of dry-down
depending on the species-specific rate of decline in g, and K.
Specifically, following recovery from the initial “priming drought”,
we stopped irrigating pots and tracked diurnal trends in both mid-

day and pre-dawn ¥, __. for approx 4-6 weeks, depending on the spe-

leaf
cies. To reduce the time from leaf clipping to ¥, measurements,
we restricted our sampling to 16 pots per day with at least 2 pots/
ecotype measured each day. For each measurement, we selected a
single tiller with at least 3 leaves. Before sunrise, we cut the basal

leaf of each tiller and estimated pre-dawn ¥ using a Scholander

lea
style pressure chamber. Prior to midday measurements (i.e. between
9:30 and 11:30h.), we estimated g, on the apical fully expanded leaf
using an SC-1 steady state leaf porometer (Decagon Devices), which
was calibrated prior to each measurement. We then cut this same
leaf to estimate midday ¥, .. Leaves were sealed in plastic bags with
amoist paper towel for at least 3min prior to measurement of ¥ to

ensure equilibration of any gradient in P, across the leaf.

lea

Immediately following midday ¥, sampling, we estimated K

lea leaf

of the remaining leaf of each tiller using the rehydration kinetics
method (Brodribb & Holbrook, 2003). Previous studies on grass hy-
draulics have measured K| at this time to capture midday leaf func-
tion (Ocheltree et al., 2016). We removed this leaf with a razor while
the leaf was submerged in filtered de-ionized water. We kept the leaf
submerged for a pre-determined rehydration time (5-120s depending

on pre-dawn ¥,__.) before cutting the leaf slightly above the water line

leaf
and placing it in a pressure chamber to determine final rehydrated leaf
water potential (¥,). Using the midday ¥, measurement as our initial

leaf water potential (‘Po), we calculated K| as follows:

Yo
Cleaf X In( Ff )
Kleaf = f'

where t is the rehydration time in seconds and C_ is mean leaf capaci-

lea

tance quantified from p-v curves (n = 6). We calculated K, in this way

lea
for ~20 leaves per ecotype and filled in any gaps in the vulnerability
curve using bench-dried tillers (~30 total measurements per ecotype).

We estimated maximum K| ¢ as the average of 3-5 values be-

tween ¥  of -0.5 and -1 MPa. Using the riteLc package in R Statistical
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Programming (Duursma & Choat, 2017), we fit Weibull functions to
aplot of K¢ and ¥, for each ecotype to determine the ¥,_,; at 50%
and 88% loss of hydraulic conductance (P50, and P88, .., respec-
tively; Figure 1). The same approach was used to estimate ¥, ¢ at
50% loss of stomatal conductance (PSOgS) from the relationship be-
tween midday ¥, and g, (Figure 2). For most species, we did not
record a zero value of g, (P100gs) and did not want to extrapolate
beyond our measured values. Therefore, PSOgs reflects partial sto-

matal closure.

2.4 | Morphological traits

For the subset of pots that were used for hydraulic trait measure-

ments, we measured plant morphological traits approximately
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17 weeks after propagation (late April). Ontogenetically, these meas-
urements reflect the morphology of fully mature individuals at the
end of an Australian growing season. Specifically, we measured tiller
density and counted the number of seed heads in each pot. We also
estimated maximum height (mm), basal area (BA; mm?) and root col-
lar diameter (RCD, mm). Finally, we clipped all aboveground biomass,
which was oven-dried (>48h at 60°C) and weighed.

2.5 | Data analysis

We estimated the degree of regulation over leaf hydration status as
the slope of the linear relationship between pre-dawn and midday
leaf ¥, (Martinez-Vilalta et al., 2014). Specifically, we ran a linear

mixed effects model including random slopes and intercepts for
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FIGURE 1 Leaf hydraulic vulnerability curves for each ecotype shown as percent loss of hydraulic conductance (K_,). Fitted models
represent Weibull functions and the two vertical lines denote P50, .. and P88, .., or the leaf water potential at 50% and 88% loss of
conductance, respectively. See Table 1 in the main text for species and site abbreviations.
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FIGURE 2 Stomatal dehydration curves for each ecotype. Stomatal conductance (g,) is shown in units relative to maximum g_. Fitted
models represent Weibull functions and the vertical line denotes PSOgS, or the leaf water potential at 50% stomatal closure. See Table 1 in

main text for species and site abbreviations.

each ecotype and a random effect of pot (i.e. individual). According
to this method, a slope of one suggests loose regulation of leaf water
) declines.

status (midday ¥, __) as soil water potential (pre-dawn ¥

leaf leaf

In contrast, a slope closer to zero would reflect a conservative water-
use strategy with tight regulation of ¥_..

We assessed the coordination of hydraulic and morphological
traits across ecotypes with Pearson's r correlation using the cor
function in R. For this analysis, LDMC was grouped with hydraulic
traits as it is estimated from p-v curves and is a common metric of
drought tolerance. We scaled and centered all traits prior to analysis
for ease of visualization. We included all scaled and centered trait
data (both morphological and hydraulic) in a principal component
analysis (PCA) to explore different axes of trait variation. The PCA
was run using the prcomp function in R. Finally, we tested whether
climate of origin was associated with species positions along these
axes by extracting individual scores along each axis and including

those values as response variables in a multivariate multiple regres-
sion with MAP, the CV of MAP, and Al as predictor variables. We
used R version 4.2.2 for all analyses and data visualization.

3 | RESULTS

Species varied in their sensitivities of K,__. to dehydration with

leaf
P50yc.¢ ranging from -1.15 to -2.6 MPa, and P88, .. ranging from
-1.52 to -4.01MPa (Figure 1, Table 2). The ¥, at 50% stomatal
closure (P5Og5) ranged from -1.85 to -3.1 MPa (Figure 2, Table 2). All
11 ecotypes experienced 50% loss of K prior to P50gs (Figure 3a).
Seven of 11 ecotypes reached PSOgs (Figure 3b) and all but one
ecotype (NY CECI) lost leaf turgor prior to experiencing 88% loss
of K., (Figure 3d). Across all species, the slope of the linear rela-

tionship between pre-dawn and midday ¥, was 0.76 (Figure 4),
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indicative of a moderately conservative stomatal strategy—a slope
of 1 would indicate a completely anisohydric species with very little
regulation of leaf water status as soil moisture declines (Martinez-
Vilalta et al., 2014). This varied by ecotype however, with individual
slope coefficients ranging from 0.32 to 0.97 (Table 2; Figure S2).
Notably, many species (9 of 11 ecotypes) experienced TLP prior to
P50gs (Figure S3), and no correlation between TLP and P50gs was
observed (Figure S4), suggesting TLP may not be a good proxy for
stomatal closure for these species. However, the 95% confidence
intervals for TLP and P50gs overlap for five of the 11 ecotypes, three
of which experienced TLP prior to PSOgs (Figure S3; Table 2).

We observed strong coordination of hydraulic and stomatal traits
across grass ecotypes (Figure 3; Figure S4). Ecotypes with more
negative TLP also experienced loss of K. . at more negative ¥,
(r=0.69 and 0.72 for the relationship between TLP and P50, and
P88y, respectively). Additionally, P50gs was positively correlated
with P50, (r = 0.6), but not P88,,... (Figure 3). The ¥, slope
coefficients were positively correlated with TLP (r = 0.829), PSOgs
(r=0.69),and P88, (r = 0.60). Species with more negative P88,
tended to have higher LDMC (r = -0.694). Finally, the leaf modulus of
elasticity (e) was negatively correlated with several hydraulic traits,
namely TLP (r = -0.749), PSOgS (r=-0.697),and P50, (r = -0.724),
but positively correlated with LDMC (r = 0.622; Figure S4).

We measured several morphological traits at the end of the
study on mature individuals and similarly assessed coordination
across these traits using Pearson's r correlation. We observed strong
positive relationships between aboveground plant biomass and sev-
eral morphological traits including plant height (r = 0.695), basal
area (r = 0.966), root collar diameter (r = 0.873), and the number of
seed heads (r = 0.808; Figure S4). These traits were also strongly
positively correlated with each other (Figure S4). Interestingly, we
observed no significant relationship between the number of tillers
produced and the other morphological traits or biomass production
(Figure S4).

We observed several statistically significant correlations be-
tween morphological and hydraulic traits for these grasses.
Specifically, P88, (and sometimes P50, was positively cor-
related with traits associated with increased plant size (e.g. seed
head production, root collar diameter, basal area, height, and total
biomass), while LDMC was negatively correlated with these same
traits (Figure S4). Morphological traits were not correlated with
PSOgS, Y st SlOPE, €, OF TLP.

We observed clear trade-offs in multivariate trait space
(Figure 5). For example, the first principal component (PC1), which
explained ~56% of trait variation across ecotypes, revealed a poten-
tial tradeoff between hydraulic vulnerability and plant productivity.
Specifically, positive scores along PC1 were associated with taller
and more productive species as well as high P88, and P50,
(i.e. leaf hydraulic conductance declined at less negative leaf water
potentials for those species). Additionally, positive PC1 scores were
associated with low LDMC. The second principal component (PC2),
which explained ~22% of trait variation, was also associated with
trade-offs between productivity and drought tolerance. In this case,

positive PC2 scores were associated with greater tiller production,
basal area, and overall biomass yet low (more negative) PSOgS. Finally,
we extracted the species scores along both PC1 and PC2 and found
that variation in scores was not related to MAP, Al, or precipitation
variability (Table 3). Additionally, we did not observe significant bi-
variate relationships between traits and climate of origin (Table S1).

4 | DISCUSSION

We characterized the hydraulic and stomatal strategies of several
Australian grasses. Overall, more than half of the grass ecotypes ex-
perienced partial stomatal closure (PSOgS) before 88% loss of K
occurred (Table 2). This suggests the stomatal behaviour of most of
the ecotypes fits the drought avoidance strategy, although there
is evidence that a drought resistance strategy may also be pre-
sent among some dominant Australian grasses. The prevalence of
a drought avoidance strategy among grasses confirms findings for
grasses in the northern hemisphere (Ocheltree et al., 2016); how-
ever, it is surprising given the growth habit of many of these species.

Whereas woody species avoid loss of K,__. due to potentially lethal

leaf
consequences (Brodribb et al., 2020), grasses frequently senesce
leaves to prevent water loss only to re-sprout when soil moisture
returns (Volaire & Norton, 2006). This strategy is particularly com-
mon in pulse-driven ecosystems, where a “boom or bust” strategy is
more adaptive than traditional dehydration tolerance mechanisms
(Schwinning & Ehleringer, 2001). Indeed, some of the perennial
grasses studied here, such as Astrebla lappacea, can go dormant for
several decades during drought (Cunningham & Leigh, 2011). Given
the ubiquity of this re-sprouting strategy among grasses, it is coun-
terintuitive that grasses would invest in drought tolerant xylem to

avoid loss in K Nonetheless, our data, as well as recent findings

leaf*
from Australian pasture grasses (Jacob et al., 2022), support the con-
clusion that grasses invest in drought resistant xylem. Interestingly,
many of the species studied here lost turgor prior to 50% loss of
g.. Although TLP is predicted to occur prior to stomatal closure, the
opposite response is not unheard of (Bartlett et al., 2016; Farrell
etal., 2017). Thus, TLP may not be a good proxy for stomatal closure
as has been suggested (Meinzer et al., 2016), at least for grasses.
Previous studies have simultaneously tracked declines in K

and g, during drought to identify hydraulic safety margins with the

assumption that reduced K, reflects xylem cavitation (Skelton

lea
et al., 2015); however, the rehydration kinetics method used here
to quantify P88,,..; and P50,,..; does not directly measure cavita-
tion events (Brodribb & Holbrook, 2003). Indeed, recent analyses
of monocot responses to drought indicated that significant declines
in K¢ can occur prior to a visual detection of cavitation events in
the leaf (Jacob et al., 2022; Ocheltree et al., 2020). Thus, declines in
Kiea during dehydration observed here are likely due to resistance
in the extra-xylary pathway of water transport unrelated to cavita-
tion, such as membrane damage and leakage (Ocheltree et al., 2020).
The strong negative relationship between P50, and the leaf mod-

ulus of elasticity (¢) supports this conclusion (Figure S4). Species
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TABLE 2 Hydraulic and morphological traits measured for each ecotype. Shown are trait means with standard error (or 95% Cl in the
case of hydraulic traits) in parentheses when available. For P88, .., the 95% confidence interval was constrained by the limit of the data
collection range, and so NA is shown when the interval for the curve cannot be predicted beyond the data. For slope, the value in brackets
represents the species ranking from strong [1] to weak [11] regulation of plant water status. P50, .. = leaf water potential at 50% loss of
leaf hydraulic conductance (MPa); P88, .. = leaf water potential at 88% loss of leaf hydraulic conductance (MPa); P50gs = |leaf water
potential at 50% of maximum stomatal conductance (MPa); TLP = leaf turgor loss point (MPa); ¢ = leaf modulus of elasticity (MPa);

LDMC = leaf dry matter content (LDMC); Slope = the slope coefficient for the relationship between pre-dawn and midday ¥, ;.

RDC = root collar diameter. See Table 1 for ecotype abbreviations.

CHASLA

-1.37 (-1.69, -1.07)
-3.23 (NA, -2.56)
-1.85(-2.20, -1.47)
-2.01 (-2.58, -1.45)
11.78 (1.29)
0.33(0.03)

0.76 5]

5.75 (1.75)

11.44(2.01)
543.33(58.40)
4767 (1816)

0.11(0.11)
1.59 (0.13)

Ecotype BH ASPE BH AUSC TI ASPE TI ARCO
P50,..¢ -1.42(-1.54,-1.29)  -2.60(-2.76,-2.39)  -1.38(-1.61,-1.17)  -1.84(-1.97,-1.7)
P88, ..c -2.51 (NA, -2.25) -4.01 (NA, -3.65) -2.71 (NA, -2.13) -2.81 (NA, -2.38)
P50, -2.62(-3.26,-2.36)  -3.13(-3.44,-2.88)  -2.35(-2.57,-2.12)  -1.92(-2.11,-1.73)
TLP -1.93(-2.06,-1.80)  -2.59(-2.91,-2.27)  -1.97 (-2.18, -1.75) -1.19 (-1.45, -0.93)
e 15.04 (3.31) 16.61(2.37) 15.59 (2.98) 11.42 (2.66)
LDMC 0.35 (0.009) 0.33(0.02) 0.39 (0.07) 0.28 (0.01)
Slope 0.62[2] 0.37[1] 0.744 [4] 0.98 [11]
Aboveground 8.62(1.47) 11.32 (1.60) 8.60(2.89) 9.30(2.59)
Biomass
(g)
Tillers (#) 13.80(2.21) 40.56 (6.39) 20.78 (4.56) 26.63(4.92)
Height (mm) 490.00 (31.55) 417.78 (15.61) 403.33 (16.67) 540.00 (41.58)
Basal area 4950 (1189) 7367 (1581) 11,556 (3040) 11,200 (2859)
(mm?)
Seed heads (#) 0.50 (0.22) 2.33(1.31) 0.78 (0.46) 5.13 (1.41)
RCD (mm) 1.77 (0.13) 0.94 (0.15) 1.52 (0.07) 1.29 (0.12)
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with high € generally have rigid cells that retain water and prevent
cell shrinkage (Bartlett et al., 2012). Here, species with rigid cell
walls (high &) were able to maintain K, at more negative ¥ (low

elastic cell walls (low &) may have led to more rapid declines in K

FIGURE 3 Relationships between

key hydraulic and stomatal thresholds
including the ¥, . at 50% loss of stomatal
conductance (PSOgS) (aand b), 50% loss of
hydraulic conductance (P50, (a and c),
88% loss of hydraulic conductance
(P88 ) (b and d), and leaf turgor loss
point (TLP) (c and d). The 1:1 line is
represented by a dotted grey line to
indicate the timing of key thresholds (i.e.
all ecotypes reach P50, prior to PSOgs
in panel (a). The Pearson R correlation
showing strength of the relationship
between two traits is shown in the top
left corner of each panel unless the
correlation was not statistically significant
(N.S.) at @ = 0.05.

P50,..¢)- Thus, disruptions to the cellular integrity of species with

leaf

during dehydration. We also found that species with low ¢ lost turgor
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CH ARCO

-1.28 (-1.50, -0.85)
-2.7 (NA, -1.97)
-1.92(-2.11, -1.74)
-1.52(-1.62, -1.42)

CH CECI

-1.17 (-1.23, -1.13)
-1.55(-1.7, -1.45)
-2.57 (-3.80, -2.03)
-1.45(-1.68, -1.22)

CHTHTR
-1.45(-1.57,-1.28)
-2.28 (NA, -1.87)
-2.62(-3.51, -1.96)
-1.35(-1.59, -1.11)

NY AUSC
-2.43(-2.62,-1.96)
-3.61 (NA, -3.09)
-2.68(-2.83,-2.47)
-2.78 (-3.02, -2.54)

NY CECI
-1.15(-1.23, -1.08)
-1.52(-1.76, -1.37)
-1.85(-2.4, -1.39)
-1.66(-1.78, -1.53)

NY CHTR

-1.73(-1.92, -1.48)
-2.64(-2.28,-3.78)
-2.38 (-2.67, -2.08)
-1.62 (-1.90, -1.34)

19.99 (2.13) 9.86 (1.05) 16.76 (2.44)
0.36 (0.02) 0.22(0.01) 0.33(0.02)
0.65 [3] 0.86 (8] 0.89 [9]
8.32(1.14) 37.70 (4.13) 17.88 (3.11)
35.10 (3.76) 27.60 (3.10) 39.80(6.39)
447.00 (16.20) 531.00 (23.59) 528.00 (33.79)
8040 (1560) 24,700 (2328) 14,430 (2864)
1.70(0.62) 14.80 (2.35) 2.40 (0.50)
1.16 (0.14) 2.52(0.16) 1.34(0.13)

9.70 (1.50) 12.25(0.65) 12.18 (1.44)
0.32(0.03) 0.21 (0.002) 0.30(0.01)
0.81[7] 0.78 [6] 0.92[10]
11.39 (2.07) 50.31 (2.65) 5.25(1.11)
23.00(5.84) 33.50(3.08) 22.67 (11.67)
515.56 (38.30) 648.00 (23.98) 463.33 (35.78)
5422 (1267) 32,830 (2759) 4267 (1069)
10.11 (1.35) 16.40 (1.86) 3.56 (0.65)
1.25(0.10) 2.34(0.14) 1.26 (0.14)
8 | Intercept = 1.59347 o o
Slope = 0.76287
p < 0.0001
(o]
~ 6T ° Ecotype
& e BHASPE
El e BHAUSC
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FIGURE 4 Pre-dawn versus mid-day leaf water potential. The
black line represents the full model across all species. The 1:1
line is represented by a dotted grey line. According to Meinzer
et al. (2016), an acquisitive perfectly anisohydric species would
have a slope of 1, while a conservative or perfectly isohydric
species would have a slope of 0. See Table 1 for species and site
abbreviations. See Figure S2 for individual relationships.

at relatively high ¥, (Figure S4). Compared to species with rigid cell
walls, grasses with low e have a greater capacity to lower TLP as ¥,
declines (Knapp, 1984); however, there is no direct mechanistic link
between £ and TLP (Bartlett et al., 2012). Rather, high € and thus re-
duced water loss can compensate for shifts in osmotic potential (i.e.
the main driver of TLP) in order to maintain sufficient leaf relative
water content (Bartlett et al., 2012). Therefore, this correlation likely
reflects the need for low TLP species to maintain sufficient relative
water content as ¥, declines.

Overall, we found support for our hypothesis that hydraulic
traits would be coordinated across the conservative-acquisitive
spectrum (Reich, 2014). More drought tolerant species that experi-
enced declines in K., at more negative ¥ . also had more negative
TLP and P50, and higher LDMC (Figure S4). Surprisingly, we did not
observe a strong correlation between TLP and LDMC (Figure S4)
as was observed across 28 European graminoid species (Majekova
et al., 2021). This may reflect the low phylogenetic breadth of our
study compared to Majekova et al. (2021) or perhaps different
drivers of variation in LDMC across species (i.e. structural vs. non-
structural carbohydrates). The positive correlation between hydrau-
lic traits and the ¥, slope coefficients suggests drought tolerant
grasses also have tighter control of their leaf hydration status (low
¥..¢ Slope; isohydric strategy) than less drought tolerant species.
In other words, species that are capable of maintaining turgor and
Kiear despite significant dehydration also have mechanisms to avoid
such dehydration. By that same logic, less drought tolerant species
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FIGURE 5 Biplot of the 1st and 2nd principal components from a principal component analysis including all hydraulic and morphological
traits (a). Species/ecotypes are shown as grey circles. The arrows indicate the direction and strength of the association of hydraulic (blue)
and morphological (black) traits with each axis. The 1st principal component (PC1) explained 55.7% of trait variation and was primarily
associated with leaf hydraulic conductance (i.e. P88, . and P50,.¢), leaf dry matter content (LDMC), and productivity (i.e. RCD, seedheads,
height, and height) (b). The 2nd principal component (PC2) explained 21.9% of trait variation and was primarily assocaited with tiller
production, stomatal conductance (i.e. P50, and ¥, slope), and productivity (e.g. biomass and basal area) (c). The reference line in panels (b
and c) denote the % contribution if all tratis contributed equally. See Table 2 for other trait abbreviations.

TABLE 3 Type Il MANOVA (Pillai test statistic) to test for
significant effects of climate of origin on individual scores along
PC1 and PC2.

Coefficient Test statistic p-value
MAP 0.0402 0.8843
MAP CV 0.1211 0.6790
Al 0.0116 0.9657

Abbreviations: Al, Aridity index; MAP, mean annual precipitation; MAP
CV, interannual coefficient of variation in precipitation.

operate at the margin of stomatal safety, which may reflect the tra-
ditional “boom or bust” strategy of arid land ecosystems (Schwinning
& Ehleringer, 2001). The positive correlation between ¥, . slope
and P50,

Weat (Iow PSO J) also have tight control of leaf water status (lower

, suggests species that close stomata at more negative

slope) and perhaps operate at a lower ¥ under optimal conditions
due to high transpiration rates (Martinez-Vilalta et al., 2014). The
method of Martinez-Vilalta et al. (2014) assumes ¥, equilibrates
with soil moisture at night. However, species and populations can
vary significantly in their rates of nocturnal stomatal conductance
and/or transpiration (Chieppa, Brown, et al., 2020; Resco de Dios
et al., 2019) which can be 40%-75% of daytime rates in arid envi-

ronments (Ogle et al., 2012) and can lead to ¥,__, disequilibrium with

leaf
the soil (Donovan et al., 2001). While we did not measure stomatal

conductance at night, this phenomenon may contribute to the more

negative pre-dawn ¥ . for some ecotypes as C, grasses generally

leaf
have higher relative rates of nocturnal stomatal conductance com-
pared to trees and forbs (O'Keefe & Nippert, 2018; Resco de Dios
et al., 2019; Yu et al.,, 2019).

We found strong support for our second hypothesis that hydrau-
lic traits would be correlated with plant size (Figure 5). Specifically,
taller more productive species had less drought tolerant leaves that
lost K¢ at less negative ¥, This follows patterns observed in
woody species (McGregor et al., 2021) and is consistent with a safety
vs efficiency tradeoff whereby investing in acquisitive resource use
strategies (high biomass production) comes at a cost of stress toler-
ance (Grime 1977). Larger grass species may also have deeper roots
(Schenk & Jackson, 2002), in which case increased access to deeper
soil moisture reduces the need to invest in drought tolerant leaves.
However, our measurements were conducted on potted plants
which had the same rooting volume. Morphological traits were also
strongly correlated with biomass (Figure S4), which could improve
allometric estimates of productivity in the field (Chieppa, Power,
et al., 2020). Interestingly, tiller density was the only morphological
trait not significantly correlated with biomass. Of all traits, tiller den-
sity contributed most to the second principal component (Figure 5c),
which was also strongly associated with hydraulic traits, whereby
species with high tiller density had low TLP and PSOgS. Together, this
suggests two primary morphological-hydraulic strategies exist for
these perennial grasses—(1) grow tall and produce more biomass or
(2) produce many tillers. Strategy (1) comes at a cost of low drought
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tolerance, particularly related to K, __.. Strategy (2) is associated with

leaf*
high drought tolerance and maintained stomatal conductance as
¥,..¢ declines. It makes sense for species capable of producing many
tillers to maintain g, given that additional tillers can be produced if
senescence occurs.

Contrary to our hypothesis, we found no correlation between
climate of origin and hydraulic or morphological traits. However,
trait-climate relationships are often masked by the coexistence of
species with divergent traits, meaning such patterns may emerge
if traits were weighted by relative abundance at the community
level (Griffin-Nolan et al., 2018). While the same unweighted traits
have been linked to climate of origin in other grassland communi-
ties (Griffin-Nolan, Ocheltree, et al., 2019; Ocheltree et al., 2016),
the environmental gradient surveyed here may not have been broad
enough to capture these trends. Alternatively, this may reflect the
pulse-driven nature of the ecosystems these species inhabit, where
belowground traits determine re-sprouting potential and fitness.
Climate may therefore be a stronger driver of belowground carbon
storage traits (e.g. bud bank density) than drought tolerance traits in

these ecosystems.

5 | CONCLUSIONS

Perennial grasses are an invaluable and often underappreciated
plant functional group providing forage material for grazers while
also capturing and storing significant carbon belowground (Pendall
et al., 2018). Rangeland grasses are increasingly at risk from rising
global temperatures and increased drought severity (Knapp et al.,
2015; Trenberth et al., 2014), especially in Australia (Delworth &
Zeng, 2014; Evans et al., 2017). We characterized the leaf hydrau-
lic and stomatal strategies of several eastern Australian rangeland
grasses and found them to be variable but largely conservative
(50% stomatal closure occurs and leaves lose turgor prior to sig-
nificant loss of K|._¢), which is similar to findings for woody plants
(Creek et al., 2020; Martin-StPaul et al., 2017) and recent work on
pasture grasses (Jacob et al., 2022). Certain species operate near
this threshold, exhibiting a “boom or bust” strategy characteristic
of dryland plant communities. We observed trade-offs between
morphology and leaf water-use strategies, whereby tall produc-
tive grass species had drought intolerant leaves, while species
with greater tiller density had drought tolerant leaves. Overall, the
trade-off related to height and drought tolerance was similar to
what has been observed in woody plants (McGregor et al., 2021),
whereas the tradeoff between stomatal strategies and tiller pro-
duction is unique to grasses and warrants further investigation.
Although we did not find broad trait-climate relationships, these
trait syndromes are likely informative of species-specific re-

sponses to drought and rainfall variability.
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