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Introduction

Summary

e Grasses are exceptionally productive, yet their hydraulic adaptation is paradoxical.
Among Cs3 grasses, a high photosynthetic rate (A,e.) may depend on higher vein density
(D) and hydraulic conductance (Ki.ar). However, the higher D, of C, grasses suggests a
hydraulic surplus, given their reduced need for high K. resulting from lower stomatal
conductance (gs).

¢ Combining hydraulic and photosynthetic physiological data for diverse common garden C;
and C, species with data for 332 species from the published literature, and mechanistic mod-
eling, we validated a framework for linkages of photosynthesis with hydraulic transport, anat-
omy, and adaptation to aridity.

e C3 and C,4 grasses had similar Kieas in our common garden, but C, grasses had higher Kieas
than C; species in our meta-analysis. Variation in K.,s depended on outside-xylem pathways.
C,4 grasses have high Kieas: g5, which modeling shows is essential to achieve their photosyn-
thetic advantage.

e Across Cs grasses, higher A,.., was associated with higher K., and adaptation to aridity,
whereas for C, species, adaptation to aridity was associated with higher Kieat : gs. These asso-
ciations are consistent with adaptation for stress avoidance.

e Hydraulic traits are a critical element of evolutionary and ecological success in Cz3 and C4
grasses and are crucial avenues for crop design and ecological forecasting.

CO,, by concentrating CO, at Rubisco in the sheath around the
leaf veins, minimizing photorespiratory losses, and enabling

The grass family (Poaceae) dominates > 40% of the Earth’s ter-
restrial surface with 12 000 species from 800 genera, including
the bulk of all crops (Beer er al, 2010; McSteen & Kel-
logg, 2022). The photosynthetic diversity of grasses is a major
factor in their dominance and in their resilience to climate change
(Higgins & Scheiter, 2012). More than 40% of extant grass spe-
cies have C4 photosynthesis, which evolved > 20 times in grasses
(of the > 60 times across angiosperms) and is a model for the
repeated emergence of a key innovation (Gowik & Westh-
off, 2011; Sage et al, 2011; Grass Phylogeny Working Group
I1, 2012; Marazzi et al., 2012), and the source of high yield in
many crops and for novel varieties in development (Gowik &
Westhoff, 2011; Langdale, 2011). C4 photosynthesis maximizes
carbon fixation, particularly under hotter, drier conditions or low
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reduced stomatal conductance per leaf area (g) and higher
light-saturated photosynthetic rate per leaf area (4,,.,) relative to
&, resulting in higher intrinsic water use efficiency (WUE;, that is
Aareat &) (Supporting Information Table S1) (Sage, 2004). Yet,
there has been only a fragmentary understanding of the potential
contrasts in leaf hydraulic design underlying the photosynthetic
and climate adaptation of C; and Cj grasses, though previous
work on grass leaf hydraulic design has indicated its importance
in C3 and Cy4 grass performance (Ocheltree er al., 2014; Baird
et al., 2021; Zhou et al., 2021).

Generally, across plants, the leaves are bottlenecks in water
transport and impose a major limitation on photosynthetic
productivity (Meinzer et al, 1992; Martre et al., 2000; Sack
& Holbrook, 2006). We extended the theory for the
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Fig. 1 Conceptual framework linking leaf anatomical, hydraulic and gas exchange traits, and their coordinated influence on adaptation to climatic aridity,
supported in a common garden experiment including 27 C5 and C, species. Gray and pink nodes represent anatomical and physiological traits, respectively,
that contribute to drought resilience (orange node). Arrows represent relationships expected from hydraulic theory (Table 1) and supported by our
experimental data. According to Hypothesis 1: a higher ratio of leaf hydraulic conductance to stomatal conductance, Kieat : 8s (Whether driven by a high
Kieat OF low g¢), in C4 grasses would enable the maintenance of higher leaf water potential and g at lower soil water potential and/or higher vapor pressure
deficit, enabling the realization of the biochemical advantage of C4, that s, high light-saturated photosynthetic rate per leaf area (A,rea). According to
Hypotheses 2-3: among C; grasses, a high Kie.s enables a higher g, by maintaining high leaf water potential at a given transpiration rate and vapor
pressure deficit, in turn enabling higher A,.e.. Among C, grasses, the disproportionately high Kieas : g5 leads to decoupling of Kieas from gs. According to
Hypotheses 4-8: across all species, higher mean leaf vein conduit diameter (CD), conduit number (CN), and/or vein density (D,) would contribute to higher
vein xylem conduit hydraulic conductance (Ky), and a higher D, and/or vein sheath perimeter (P) to higher outside-xylem conduit hydraulic conductance
(Koxo); @ higher K¢ or Kok would drive higher K\e,s. Additionally, a higher D, may provide greater sugar transport capacity and thereby be linked with
higher Aarea. According to Hypotheses 9—10: multiple traits would contribute to drought resilience, that is, via drought resistance (the ability to maintain
effective function during drought), including higher Kieaf : 85, Kieaf : Aarear and Azrea : 85 for C4 grasses; and drought avoidance (the ability to mitigate the
impact of drought with high performance when moisture is available), including higher Kieat, 8, Aarea among Cs and higher Kieas : 8s and Kieaf : Aarea for Ca,
and higher A,rea : 8 among Cs and Cy4, and thus adaptation to arid climates. Significant relationships in common garden-grown plants are depicted by solid
arrows, black if significant across C3 and C,4 species combined, red if significant for C5 only, and blue for C, only; dotted lines indicate that traits that in
theory (all else being equal) would contribute mechanistically to other traits, yet in this study were statistically decoupled across the studied species. Traits
depicted with blue borders differed in our study on average between C3 and C, species, and would contribute to the C, advantage; asterisks in red or blue
indicate a higher value for C3 or C, species, respectively. This framework is strictly conceptual and based on the hypothesized mechanisms in Table 1.

dependence of leaf gas exchange on leaf hydraulic anatomy
and physiology established across diverse C; angiosperms (Sack
& Holbrook, 2006; Brodribb ez al, 2007) by hypothesizing a
novel general framework for the contrasting adaptation of Cj
and C4 grasses (Fig. 1; Table 1). The premise of this theory is
that water supply through the integrated leaf system needs to
match evaporative demand for leaf water potential (W), to be
maintained high enough for stomata to open for photosyn-
thetic CO, assimilation (Sack & Holbrook, 2006). During
transpiration, liquid water moves through the network of leaf
veins, which have high density (i.e. length per leaf area, D,),
and then across the bundle sheath and through the mesophyll
to the sites of evaporation before diffusion from the stomata
(Sack & Scoffoni, 2013), and the capacity of water transport
through this system is quantified as the leaf hydraulic conduc-
tance (K., the ratio of transpiration rate to water potential
driving force. Accordingly, across plant life forms and closely
related C; angiosperms, hydraulics and gas exchange traits
such as Dy, K. g and Ay, are positively coordinated (Bro-
dribb ez al., 2007; Scoffoni et al., 2016).

Hydraulic adaptations depend strongly on anatomy. A higher
Kjear can arise from a greater conductance of the xylem conduits,
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and/or of the outside-xylem conduit pathways (K. and K,
respectively):

Kis= (K + K1)

Eqn 1
A higher K. can be achieved through vein xylem traits, including
higher conduit diameter (CD), conduit number (CN), and/or a
higher D,, which represents more parallel flow pathways.
A higher K. can also be achieved through higher D,, shortening
outside-xylem flow pathways, and also through traits that would
increase vein sheath conductance (Sack & Scoffoni, 2013)
(Fig. 1).

We extended hypotheses for the centrality of hydraulic adapta-
tion in the evolution of C4 photosynthesis in grasses. The Cy car-
bon concentrating mechanism enables a higher A,., despite lower
&, and higher operating W\, (Osborne & Freckleton, 2009; Tay-
lor et al., 2010, 2011, 2014; Zhou et al., 2021). The evolution of
high photosynthetic rates in C4 grasses depended on high D, and
enlarged mestome and/or bundle sheath cells, reducing the dis-
tance between mesophyll and sheath cells, thereby enabling the
development of ‘Kranz’ anatomy for rapid movement of metabo-
lites between mesophyll and sheath cells (Ogle, 2003; Sage, 2004;
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Table 1 Framework of hypotheses for the contrasting hydraulic adaptation of C3 and C4 grasses, with reasoning and synthesis from previous studies.

Hypothesis

Previous work and rationale

Contrasting basis for photosynthetic diversity in Cs and C, grasses, and C4 hydraulic hyper-efficiency

1. High photosynthetic capacity of C3 grasses depends on
high leaf hydraulic conductance (Kieas), and in C4 grasses
on high Kie,s relative to stomatal conductance (g;), i.e.
Kieaf : 85, €nabling its high photosynthetic rate (A,ea) and
Aarea : 8 (i.€. high intrinsic water use efficiency, WUE). A
high Kiear in C3 grasses would enable high g and thereby
higher Aarea, Whereas a higher Kieas : g in C4 grasses (i.e.
hydraulic hyper-efficiency) would enable higher operating
leaf water potential (Pea), vital for realizing their higher
gas exchange rates, especially necessary given the strong
sensitivity of C4 biochemistry to declining ¥jeas (Ghannoum
etal., 2003; Osborne & Sack, 2012; Taylor et al., 2014;
Bellasio et al., 2023).

In the six previous studies of hydraulic capacity in C3 vs C, species of grasses or eudicots,
contrasting results were reported. In three studies, Kieat Was similar for C3 and C4 grass
species, that is, for studies of temperate grasses (Ocheltree et al., 2014), of subtropical
perennial grasses (Liu et al., 2019) and annual grasses used as crops or their close relatives
(Taylor et al., 2018). In two studies, Kieas Was higher for C4 than C; grass species, that is,
for studies of subtropical annual grasses (Liu et al., 2019) and temperate and tropical
grasses, and annual and perennial grasses (Zhou et al., 2021). In one study, Kie.s was lower
in C4 Panicum antidotale relative to its Cs sister taxon P. bisulcatum (Sonawane
etal., 2021). In studies of C3 and C,4 eudicots, temperate herbaceous C, species had lower
stem hydraulic conductance (Kocacinar & Sage, 2003) as did temperate woody C, species
(Kocacinar & Sage, 2004). In one study, temperate C3 grass species had higher Ko, than
tropical C, species (Jacob et al., 2022).

A high Kieat : gs enables the maintenance of g under atmospheric drought (i.e. high vapor
pressure deficits) for temperate and tropical tree species (Brodribb & Jordan, 2008;
Scoffoni et al., 2016). High Kieat : g5 was hypothesized to enable the evolution of C,4
photosynthesis under drying conditions in a low CO; past (Osborne & Sack, 2012).

Contrasting coordination of hydraulic, stomatal and photosynthetic function in C3 and C, grasses

2. Across Cz grasses Kieaf, 8s and A,rea are positively
coordinated. A, Would show a saturation response to
higher g across Cs grasses.

3. Across C, grasses, gs and Are, are decoupled from Kieaf.
Aarea Would increase linearly with g across C, grasses.

Contrasting anatomical drivers of grass leaf hydraulic function

4. Across C3 and C, grasses, variation in Kie,s depends on
outside-xylem conduit hydraulic conductance (Koy.) rather
than xylem conduit hydraulic conductance (K,.).

5. Variation in K, is driven by variation in xylem conduit
diameter (CD) across C3 and C,4 grasses.

6. Across C3 and C, grasses, variation in Koy is driven by
variation in vein sheath properties.

7. Higher major vein density (D,.major) and surface area per
area (VSAmajor) drive higher Kiear and/or Agrea in C3
grasses.

8. In Cy4 species, a higher D, would not drive a higher Kiea¢
but would drive a higher A, given its representing
greater allocation to vein sheath carbon assimilation tissue.

Previous studies of diverse species (Brodribb et al., 2007), C3 eudicotyledons (Scoffoni
etal., 2016), and grasses (Zhou et al., 2021) showed a positive coordination of hydraulics
and gas exchange, that is, of Kieaf, stomatal conductance (gs), and light-saturated
photosynthetic rate per unit leaf area (A,rea)-

The high mesophyll resistance to CO, diffusion in C3 leaves would lead to saturating effects
of Aarea at high g5 (von Caemmerer & Evans, 2010).

In C,4 grasses, selection for high WUE;, and thus, low g, would result in a decoupling of Kieas
and g; (Zhou et al., 2021). Decoupling of Kie,¢ and g5 was previously shown separately
across 18 and nine C, grasses (Ocheltree et al., 2016; Pathare et al., 2020), and for Ke,¢
and Agreq across 29 C, grasses (Zhou et al., 2021).

Alinear scaling of A,ea With g is expected for C,4 species, which indicates a low role for
mesophyll resistance in constraining photosynthetic rate (Bjorkman, 1971).

The parallel vein system of grasses, containing large xylem conduits, would provide high
axial xylem transport efficiency (Givnish, 1979) such that Kox. would more strongly
constrain Kieus across species. A large bottleneck to water transport outside the xylem was
reported for nine rice genotypes (Xiong et al., 2017).

Hydraulic conductance is highly sensitive to conduit diameter, with a 4™ power dependency
according to the Hagen—Poiseuille equation (Nobel, 2020).

A higher vein sheath perimeter represents a greater surface for exchange with surrounding
mesophyll symplast and apoplast, and thus more membrane aquaporins, plasmodesmata,
and cell wall transport pathways beyond suberin and lignin barriers, and would increase
hydraulic conductance (Mertz & Brutnell, 2014; Sade et al., 2015).

Dy-major aNd VSAmajor may influence Koye, Kiear and/or Aurea. The major veins transport the
bulk of leaf water throughout the leaf, given their large xylem conduits, and their larger
surface for radial delivery of water to the mesophyll in transpiring leaves. These major vein
traits may also correspond to greater sugar transport capacity in the phloem, and this too
would be linked with higher A,e, (Adams et al., 2013).

Across grasses, which have parallel major veins containing large xylem conduits, the minor
vein traits (and Dy, which is related most strongly to minor vein density) would contribute
minimally to the overall determination of K,. or to K\e.r, and potentially a higher D, would
not entail substantially greater K, relative to construction costs, if it were linked with
reduce conduit numbers and/or sizes. The higher minor D, of C, grasses (Ueno
etal., 2006; Baird et al., 2021) reflects greater allocation to vein sheaths, that is, to Kranz
anatomy, and thus to carbon assimilation in sheath cells.

Contrasting adaptation of leaf hydraulics and gas exchange traits to climate in C3 and C4 grasses

9. In C3 grasses, adaptation to aridity depends on higher
Kleafr 8s and Aarea-

10. In C4 grasses, adaptation to aridity depends on higher
Kleaf *8s-

C; grasses would adapt to aridity with higher hydraulic and photosynthetic rates, providing
drought avoidance, that is, an ability to mitigate stressful periods by growing rapidly when
water is abundant (Grubb, 1998; Volaire, 2018; Fletcher et al., 2022).

C, grasses would adapt to aridity with a higher hydraulic supply relative to demand,
providing both drought resistance, that is, an ability to maintain gas exchange when soil
moisture is low, and drought avoidance, that is, growing rapidly when water is abundant
(Grubb, 1998; Volaire, 2018; Fletcher et al., 2022).

See Supporting Information Table S1 for trait definitions and units.
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Ueno et al., 2006; Christin et al, 2013; Baird et al, 2021). Yet,
unlike Cj grasses, C4 species, once having evolved a lower g, may
not require a higher Kj..¢ to achieve higher rates of gas exchange
(Fig. 1). Indeed, for Cy4 eudicots, stem hydraulic conductance was
reduced relative to Cj relatives (Kocacinar & Sage, 2003, 2004).
Thus, the lack of a requirement for a high Kj..rin Cy4 grasses poses
an unresolved anatomical paradox. In C4 grasses, the typically
higher D, associated with Kranz anatomy presents an apparent
surplus of hydraulic capacity, given their reduced need for Ki.s
due to lower g (Ueno ez al., 2006; Baird ez al., 2021). However,
if higher D, were coupled with fewer xylem conduits within these
veins, this may negate impacts on K., and also indicate little car-
bon cost constraints to evolving higher D,. C4 grasses might thus
be an exception to the specific trends observed across diverse plant
lineages for the association between hydraulic and photosynthetic
traits and their adaptation to climate. A previously proposed, but
untested, hypothesis is that C4 grasses would tend to have a higher
Kiear relative to g than Cj species, enabling the C4 species to
maintain higher W.,r under mild to moderate soil or atmospheric
drought that would otherwise drive declining A, (Taylor
et al., 2011; Osborne & Sack, 2012) (Table 1). A high Kie.f: &
was hypothesized to enable the evolution of C4 photosynthesis
under drying conditions, especially in a low CO, past (Osborne
& Sack, 2012), yet data have not been available to test this
hypothesis. The importance of a high Kj..¢: g may be especially
necessary given that C4 biochemistry is highly sensitive to declin-
ing Wje,r (Ghannoum ez al, 2003; Bellasio ez al., 2023). In con-
trast, we hypothesized that D,, K.p & and A,.. would be
positively coordinated across Cs grass species, as shown across
diverse major plant lineages and across closely related angiosperms
(Brodribb ez al., 2007; Scoffoni ez al., 2016).

We hypothesized that contrasting hydraulic traits of C; and
Cy grasses would result in differential climatic stress adaptation.
Resilience to stress can depend on traits contributing to stress
tolerance (i.e., maintaining growth throughout a period that
includes a stress). The ability to recover after stress and, in turn,
stress tolerance can be achieved through stress resistance (i.e.
maintenance of function during stress), and/or avoidance
(ie. relative dormancy during stress, and maximizing growth
during warm and wet periods) (Hodgson er al, 2015;
Volaire, 2018; Fletcher ez al., 2022). For Cs grasses, high A,
is associated with higher g and transpiration rate per leaf area,
and thus with high water demand, therefore requiring a higher
Kiar and also greater extraction of soil water. These traits would
contribute to stress avoidance, that is, the maximization of
assimilation under high water availability and the ability to cope
with stressful periods through dormancy or an annual life cycle.
By contrast, certain traits would contribute to both stress resis-
tance and avoidance, including higher A,..,:g (WUE; and
higher Ki.: g, as these would enable high photosynthetic
returns during dry and also moist periods, mediated by higher
operating leaf water potental (Hodgson ez al, 2015;
Volaire, 2018; Fletcher et al., 2022).

We hypothesized a contrasting coordination of hydraulic, sto-
matal, and photosynthetic traits in C3 and Cj4 species that con-
tributes to their ecological differentiation along a gradient of

© 2025 The Author(s).
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aridity. We tested a framework of hypotheses (Table 1; Fig. 1)
using experimental data for > 30 traits from a common experi-
mental garden of 11 C; and 16 C4 grass species, including spe-
cies native to diverse habitats and major crops. With respect to
phylogeny, our sample included representatives of 11 indepen-
dent C4 origins and 5 sister C; clades sampled within the PAC-
MAD, as well as outgroup C; comparators from Oryzoideae
and Pooideac (Fig. S1; Tables S1, S2). Additionally, we
meta-analyzed a compiled database with data from 37 pre-
viously published studies for a total of 332 species from field
studies and common garden experiments (Table S3). We eluci-
dated the variation in K., and its components for Cs and Cy4
grasses, their anatomical determinants, and the coordination of
hydraulic and gas exchange traits with adaptation to aridity

(Fig. 1; Table 1).

Materials and Methods

Plant material for experimental common garden of C3 and
C,4 grasses

We grew 27 species selected to capture large functional and phy-
logenetic diversity, including 11 and 16 C; and Cj species,
respectively, representing 11 independent Cy origins, and five C5
sister clades within the PACMAD (Fig. S1; Table S2), and uti-
lized phylogenetically matched contrasts of closely related species
(Funk er al., 2015). Growing conditions are described in previous
studies based on this experiment (Baird ez 4/, 2021, 2024) and
also summarized in Methods S1. Plants were grown in a common
garden design at the UCLA Plant Growth Center to reduce
environmentally driven plasticity that occurs across species’ distri-
butions in the wild and thereby to better resolve genetic adapta-
tion (Cordell er al, 1998; Givnish & Montgomery, 2014;
Huxman et al., 2022).

We included in our analyses previously published data (Baird
et al., 2021, 2024) for a number of vein traits (i.e. vein diameter
(VD), vein density (D,), vein surface area per leaf area (VSA),
vein projected area per leaf area (VPA), vein volume per leaf area
(VVA), maximum conduit diameter (CD), leaf thickness (LT),
and light-saturated photosynthetic rate per leaf area (A..,), as
well as species-level climate data (mean annual temperature
(MAT), mean annual precipitation (MAP), and mean annual
aridity index (AI), i.e. MAP/potential evapotranspiration (PET)).
Other hydraulic, morphological, and anatomical traits are novel
to this study (described below) and were measured over the same
several-month period or from tissues sampled at that time
from the same plants evaluated in the previous studies (Baird
etal,, 2021, 2024).

Sample anatomical preparation

Following the establishment of at least 3—4 mature leaves, one
leaf from each of three individuals per species was fixed and
stored in FAA solution (37% formaldehyde—glacial acidic acid-
95% ethanol in deionized water). Leaf samples were used for
creation of transverse cross sections (Methods S2).
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Quantification of leaf hydraulic traits

We measured the leaf hydraulic conductance (K., using the
steady-state evaporative flux method (EFM) (Sack &
Scoffoni, 2012), for 2-3 leaves per plant from six plants,
resulting in 6-18 leaves per species (Methods S3). We deter-
mined Kjr by averaging all K, measurements for each
species.

We estimated hydraulic vulnerability as the Wi at 50%
loss of Kiear (Ps0). For the 23 species, a linear regression fitted
the data (R =0.40-0.88; P<0.001-0.019, ordinary least
squares using SMATR; Warton ez al, 2012), allowing idend-
fication of Wi at which Ky, declined to half of the
g-intercept value. For numerous species including grasses, a
straight line approximates the decline at high Wi,
(Pasquet-Kok ez al, 2010; Holloway-Phillips & Bro-
dribb, 2011; Scoffoni ez al, 2012).

We determined hydraulic to stomatal conductance ratio as the
ratio of mean leaf hydraulic conductance relative to stomatal con-
ductance (Kje,e: g6)-

Using K. determined by anatomical measurements (see the
Quantification of vein xylem, and sheath anatomical traits sub-
section below), we determined K, by re-arranging Eqn 1:

Ko = (KiK' ) ™

Quantification of leaf gas exchange

We measured steady-state light-saturated rates of gas
exchange (< 2% change over 6 min) from 17 February to 28
June 2010, between 09:00 and 15:00 h each day, for a mature
leaf on each plant for six plants per species using a LI-6400 XT
portable photosynthesis system (Li-Cor, Lincoln, Nebraska,
USA) (Methods $4). These measurements represented maximum
rates of gas exchange, which did not differ significantly across the
time of each day measured. Vapor pressure deficits (VPD) in the
chamber were 0.80—1.6 kPa and the chamber was maintained at

25°C.

Quantification of vein xylem, and sheath anatomical traits

We measured and analyzed cross sections of one leaf for each of
three individuals per species (Methods S5).

Vein conduit dimensions and numbers were measured for one
leaf per individual for three individuals per species, in one vein of
each vein order in each leaf from transverse sections imaged
under a x40 objective using a light microscope (Leica Lietz
DMRB; Leica Microsystems) and camera with imaging software
(SPOT Imaging Solution; Diagnostic Instruments, Sterling
Heights, Michigan USA). Xylem conduits were identified by
toluidine blue staining of the lignified cell walls. The theoretical
conductivity (4; mmol m s ' MPa™") was determined from Poi-
seuille’s equation modified for ellipses (Lewis & Boose, 1995;
Cochard et al., 2004; Scoffoni et al., 2016),
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T a2
TGP fan 2
where p is the viscosity of water at 25°C, and # and & are the
major and minor axes of the ellipse, respectively. We measured a
and 4 for all xylem conduits and averaged this estimate of conduit
diameter for all conduits within a given vein order for each type.
In grass leaves, protoxylem conduits form early within major vein
orders and are destroyed during leaf expansion, which results in
an empty space termed the protoxylem lacuna (Evert, 2006). We
measured the dimensions of the protoxylem lacunae, as this space
also transports water (Buchholz, 1921; Canny, 2001), and the
wide and narrow xylem conduits (xylem type I and II, respec-
tively) within the major veins, and the narrow xylem conduits
within the minor veins (xylem II). The 4 of each longitudinal
vein order was determined as the sum of the 4, of all conduits of
all types:

1° ke =1° b Xylem I+ 1° k Xylem I + 1° k. Protoxylem Lacuna
Eqn 3

2%k =2° ke, Xylem I 4 2° &, Xylem I1 + 2° &, Protoxylem Lacuna

Eqn 4
3° ke =3° ky Xylem 11 Eqn 5
4° foy =4° k. Xylem II Eqn 6

where &, Xylem I is the summed 4 of all type I xylem conduits,
k. Xylem 1I is the summed 4, of all type II xylem conduits, and 4
Protoxylem Lacuna is the 4, of the single protoxylem lacuna. This
approach to the estimation of the theoretical xylem conductance
(k) is highly standard in the field and has been used for wood
(Weitz et al., 2006; Alber ez al., 2019), veins (Sack & Frole, 2006;
Pasquet-Kok er al, 2010; Sommerville ez al, 2012; Gleason
et al., 2016; North et al., 2016; Scoffoni ez al., 2016), and grasses
(Martre et al., 2001; Martre & Durand, 2001).

We calculated whole-leaf 4 (mmolms™' MPa™') by sum-
ming the 4 values for each longitudinal parallel vein order
(Fig. 2):
be=1%, + 2%, + 3%, + 4°F, Eqn 7

For estimating K. from vein anatomy, we applied a widely
used approach (Sack & Frole, 2006; Pasquet-Kok er al., 2010;
Sommerville ez al, 2012; Gleason et al, 2016; North
et al., 2016; Scoffoni et al, 2016) (Methods S6) that has been
shown to match measured K. values for grasses (Xiong
et al., 2017). We calculated a leaf length and area-normalized
conductance of the xylem conduit lumen component of the vein
system (K., mmol m™*s™ " MPa ") by multiplying the 4, of each
vein order by its vein density (D,, that is vein length per leaf
area), which is equivalent to vein number per width for grasses,
excluding transverse veins (Baird ez 4/, 2021), and then dividing

by half the leaf length (LL) squared. Normalizing by LA and LL

© 2025 The Author(s).
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Fig. 2 Leaf hydraulic anatomy of grasses. Grasses have linearized leaves in which water flows through up to four orders of parallel longitudinal veins, including
the 1° midvein and large 2° major veins, intermediate 3° minor veins and, in C, NADP-ME species of the subfamily Panicoideae, small 4° veins, all connected
by 5° transverse veins. Water then flows outside the xylem, radially across vein sheaths, which often have hydrophobic cell walls due to suberization and/or
lignification, including the mestome sheath (MS) interior to the bundle sheath (BS), and through the mesophyll, before evaporating and diffusing out of the
leaf. (@) C3 and (b) most C,4 species (i.e. C4.3.) possess three longitudinal vein orders, whereas (c) most C,4 species of the subfamily Panicoideae evolved an
additional fourth vein order, in which the MS is the only sheath (i.e. C4.4). Carbon reduction reactions (depicted with dark green) occur in (a) mesophyll of C3
species, (b) in the BS of C4.3, species and (c) in the MS in C4.4 species, which is depicted in orange to differentiate the developmental origin of the MS from
procambium tissue, in contrast with the BS, which derives from nonprocambium tissue (c); C4 grasses have higher total and minor D,, higher bundle and
mestome sheath diameters (Christin et al., 2013), and lower stomatal densities (Taylor et al., 2012). The red arrow indicates a subpanel of grass leaf venation.
Black arrows indicate cell types of grass leaves. Blue and pink arrows indicate water and carbon dioxide, respectively.

is necessary to scale the K; from a conductivity to an area-specific
conductance (Pasquet-Kok e 2/, 2010); using half the leaf length
yields a K. representing the average vein hydraulic pathway,
assuming that longitudinal veins deliver water similarly along
their length, on average. K, normalized by length and area in this
way is in the same units as K.¢

Kee= (((1° kX 12 Dy) + (2° & x 22 Dy) + (3° & x 3° Dy)

+(4° ko x 4° Dy)) + (0.5 x (LL?)) ) +0.71
Eqn 8

where 0.71 is a leaf shape area correction factor for linear leaves
(Shi et al., 2019; Schrader et al., 2021).

We estimated the xylem construction cost of the major, minor,
and whole vein architecture, using an index of cell wall volume
per leaf area (CC; McKown ez 4l., 2010).

CC for a given vein order was estimated as:

CC=7mnx CD x CN x D, Eqn 9
where CD is the conduit diameter of the vein order, CN is the
conduit number of the vein order, and D, is the vein density of
the vein order. For this estimation of CC, we considered xylem
conduits wall thickness to be a constant (McKown ez 4., 2010).
Recent work reported that, on average across woody dicot species,
wider conduits have thicker (but proportionally thinner) walls
(Matos et al., 2024); in that case, the CD term in Eqn 9 would
be raised to an exponent < 1, and we considered that derivation
in our interpretation.

© 2025 The Author(s).
New Phytologist © 2025 New Phytologist Foundation.

We estimated anatomical traits as correlates of leaf outside-
xylem conduit hydraulic conductance (X, (Methods S7). As an
estimate of the surface available for flow out of the vasculature to
the mesophyll, we quantified the outer perimeter of the bundle
and mestome sheath (B, and P, layers for all vein orders
(Fig. 2). For each vein order, we measured the diameter of the
major and minor axes of one small, medium, and large bundle
and/or mestome sheath cell and averaged the major and minor axis
diameters per cell, and then averaged across the cell size classes to
obtain an average cell diameter. To estimate the outer perimeter,
we divided this average cell diameter (D) by two and multiplied by
7 (i.e., representing half the perimeter of a circle) and by the num-
ber of bundle or mestome sheath cells (V) surrounding the vein of
a given order and then averaged this value across all vein orders:

B = (((1°Dps+2) X T X 1°Nps) + ((2°Dps = 2) X T X 2°Ns)

+((3°Dps +2) xwx 3" Niy))) =3 Eqn 10
Pus = ((1°Dps + 2) X T X 1°N )

+((2° Dy + 2) X T X 2°N 1)

+((3°Dins + 2) X T X 3°N o)

+((4°Dps +2) X T X 4°Npy))) = 4 Eqn 11

We also estimated the bundle and mestome sheath surface area
per leaf area (BSSA and MSSA), projected area per leaf
area (BSPA and MSPA) and volume per leaf area (BSV and
MSV) for each vein order, and we present total BSSA and MSSA,
BSPA and MSPA, and BSV and MSV (i.e., sum of all vein order
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bundle and mestome sheath surface areas, projected areas, or
volumes), major BSSA and MSSA, BSPA and MSPA, and BSV
and MSV (i.e., sum of major vein bundle and mestome sheath
surface areas, projected areas, or volumes), and minor BSSA and
MSSA, BSPA and MSPA, and BSV and MSV (i.e., sum of minor
vein bundle and mestome sheath surface areas, projected areas, or
volumes). We estimated the BSSA and MSSA of each vein order
by first multiplying the average bundle or mestome sheath cell
diameter (D) (as mentioned in the previous section) by the D, of
the vein order and by 7 and by the number of cells present (V),
the BSPA and MSPA by multiplying the average bundle or mes-
tome sheath cell diameter (D) (as mentioned in the previous sec-
tion) by the D, of the vein order and by the number of cells
present (/V), and the BSV and MSV by multiplying the square of
half the average bundle or mestome sheath cell diameter (D) (as
mentioned in the previous section) by the D, of the vein order
and by 7 and by the number of cells present (V):

BSSA = (1°Dps X 1 X 1°Dy x 1°Ny,)
+ (2°Dps X T X 2°Dy X 2°Nyy)
+ (3°Dyps X T X 3°Dy X 3°Ny,) Eqn 12

BSPA = (1°Dy, X 1°Dy X 1°Ny,)
+ (2°Dys X 2°Dy X 2°Nyy)
+ (3°Dys X 3°Dy X 3°Ny,) Eqn 13

BSV = ((1°Dy, +2)> x 1°Dy x 1°Ny,)
—|—(2Dbs—2 X 2°Dy x 2°Ny;)
+ ((3°Dys +2)* X 3°Dy x 3°Ny,) Eqn 14
MSSA, MSPA, and MSV were calculated as in Eqns 12-14,
swapping Dy, with D, and N, with N, and including the 4°

veins.

Compilation of grass leaf hydraulic and photosynthetic data
from the literature

To characterize C; and Cy differences in leaf hydraulic and photo-
synthetic physiology based on the previous literature, we compiled
data from published studies after searching for ‘grass’ coupled with
‘leaf physiology’, ‘functional trait’, ‘hydraulics’, and ‘gas exchange’
(Google Scholar and Web of Science). We extracted data for 332
grass species from 37 published studies that included data for the
following traits for grasses: light-saturated leaf photosynthetic rate
per leaf area (A4,,.,), stomatal conductance (g), leaf hydraulic con-
ductance (Ki,g), leaf xylem conduit hydraulic conductance (K,
leaf outside-xylem hydraulic conductance (X,.), vein density (D,),
intrinsic leaf water use efficiency (WUE,), leaf water potential at
turgor loss point (TLP), leaf water potential at 50% loss of leaf
hydraulic conductivity (Psp), and leaf water potential at 80% loss
of leaf hydraulic conductivity (Pgo) (Table S3). Traits were aver-
aged for species included in several studies. For studies that
included data for K¢ and g at the species level, we estimated the
ratio of Kie: g

New /’/{)'/(l//(ghl (2025) 245: 1924-1939
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Modeling the native climate of C5 and C, grass species

Modeled climate variables were obtained by averaging climate
across each species distribution under the assumption that mean
phenotypic trait values per species would be indicative of their
mean climate variables if gene flow occurs among populations
of each species (Sexton ez al, 2009). Additional details on
these methods are provided in a previous publication (Baird
et al., 2021) and in Methods S8.

Statistical analyses: phylogenetic comparative methods

We utilized a phylogenetic approach to account for the influence
of phylogenetic covariance on average C3 and Cj trait differences
and on trait—trait relationships using the R Language and Envir-
onment (R Core Team, 2023). For analyses including the 27 spe-
cies grown in a common garden, we utilized a previously
published time-calibrated phylogeny (Baird ez al, 2021). For the
compiled grass database, we implemented phylogenetic analyses
to test differences in traits between Cs and Cy species, and to test
relationships between traits for all grasses, C; grasses only, and
C grasses only. As each trait in the larger database had a different
sample size, we used numerous different phylogenies, depending
on the species set, to test for trait differences or trait—trait rela-
tionships, each trimmed from a larger global grass phylogeny
(Spriggs er al., 2014).

Our analyses utilized a custom-written code that is available
on GitHub (https://github.com/smuel-tylor/grass-leaf-size). For
analyses of the 27 species from the common garden, and for the
332 species from the compiled database, we examined differences
in species-level trait means between C; and Cj4 species using a
phylogenetically corrected analysis of variance (ANOVA), both
parametric (based on PGLS) and nonparametric (Garland
et al., 1993) using the PHYLOANOVA package (Revell, 2012). We
also tested for relationships between leaf gas exchange and leaf
structure, climate, and between leaf hydraulic traits and leaf
hydraulic anatomy using phylogenetically corrected regressions,
including reduced major axis regressions (PRMA) or generalized
least square regressions (PGLS), which incorporate phylogenetic
correction as Pagel’s A (Pagel, 1999; Freckleton ez al., 2002) esti-
mated by maximum likelihood (Pinheiro et 4/, 2019) (Methods
59).

We implemented both phylogenetic and nonphylogenetic tests
for analyses of trait—trait relationships across the 332-species data-
base. The phylogenetic tests resulted in reduced coverage of the
trait space and particular C5 and Cy clades being disproportionately
sampled, as many of the phylogenies generated for each trait—trait
relationship could not account for all of the species in the database,
due to species not being present in the larger phylogeny (Spriggs
et al., 2014) (see Methods S9 for details). Thus, we present both
phylogenetic and nonphylogenetic analyses, but emphasize the
nonphylogenetic analyses for our findings on trait—trait relation-
ships for the 332 species. We used the function cor.test to test for
significant correlations between traits and present the Pearson
correlation coefficient, 7 and statistical significance P-value. The

© 2025 The Author(s).
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studies included in the meta-analysis are provided in Table S3 and
the Supporting Information reference list.

Modeling of hydraulic-stomatal-photosynthetic function
of C3 and C,4 species under varying levels of soil and
atmospheric drought

We used the mechanistic hydraulic model SUREAU v. 2021-11-10
(Cochard ez al., 2021) to simulate the impact of soil drought on
the water relations and gas exchange of representative C;5 and Cy4
plants (Methods S10). We parameterized the photosynthesis
model for Cj plants (von Caemmerer, 2000, 2021; Osborne &
Sack, 2012; Bonan, 2019) and C4 (Yin et al, 2011; von Caem-
merer, 2021), using average values for physiological traits taken
from our experiment or others published previously (Table S4).
The plant’s total hydraulic conductance was adjusted to obtain
the operational leaf water potential value for each plant type.

The dependence of stomatal conductance (g;) and leaf hydrau-
lic conductance (Ki.p) on leaf water potental (W)..p) were
modeled as:

gmax
g, = — Eqn 15
1+ exp (‘I’leaf [‘I’gﬁso)

where g,..x is the maximal stomatal conductance, W\.,¢ is the leaf
water potential, W5 is the leaf water potential at 50% stomatal
closure, and cis a constant, and

Kieaf = Kmax + @ X Whess Eqn 16
where K, is the maximum leaf hydraulic conductance and 2 is
the mean slope for Kje.f vs Wieqr. For the simulations, we tested
hydraulic and photosynthetic responses to declining soil water
potential under two VPDs: 0.5 and 3 kPa. Thus, 0.5 kPa VPD
was implemented by setting the maximum temperature to 20°C
and minimum relative humidity to 78.6%, and the 3 kPa VPD
by setting the maximum temperature to 30°C and minimum
relative humidity to 29.5%. The simulation starts with soil at
field capacity and is allowed to gradually dehydrate under the
influence of plant transpiration.

To test the influence of Ki.¢: g on the drought response of gas
exchange, in addition to simulating C; and C4 grasses, we also
simulated a Cj grass with the average Ki.,¢: g of C4 species, and a
Cy grass with the average Ki,r: g of C; species (Table $4).

Results

Leaf hydraulic transport in grasses and C4 hydraulic hyper-
efficiency

In our meta-analysis, Cj4 grass species had a 1.4-fold higher K.¢
and a twofold higher Ki.r:g than Cj; species (Fig. 3a;
Tables S2, S3). We also found differences between C5 and Cy
species consistent with our hypotheses and the previous litera-
ture (Table 1). In the meta-analysis, C4 grasses had 1.6- to
2.2-fold higher A, WUE;, and D,, and 71% lower g

© 2025 The Author(s).
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(phylogenetic ANOVA; Fig. 3a; Tables S2, S3). Furthermore,
in our compiled database, C; and C, grass species were statisti-
cally similar in their hydraulic sensitivity to drought, that is,
their leaf hydraulic vulnerability to decline of Wie.r (Pso = Wiear
at 50% loss of Ki.p) and leaf turgor loss point (TLP = W),¢ at
turgor loss). In our common garden, K., K., and K, did not
differ on average between the C; and Cj terrestrial species, and
the Cy species had a twofold higher K..r: g and a higher oper-
ating W,r (Table S2). Notably, phylogenetic and ahistorical
tests showed similar results for average C; and Cj trait differ-
ences and regression analyses (Tables S3, S5).

The importance of high Ki..¢: & in realizing the C4 photosyn-
thetic advantage was demonstrated by our integrated whole-plant
modeling of the grass photosynthetic, stomatal, and hydraulic
systems (Figs 3b—d, S2). For W, values representing moist to
moderately dry soil, C4 species maintained higher modeled W)e.¢
values than Cj species, and a superior ability to maintain g and
Aurea- When simulating a Cy4 grass with the lower Ki.¢: g that
was quantified for Cj grasses (by reducing Kj..r proportionately
with the lower g of C4 species) W) and g declined steeply with
reduction in W, and the C4 advantage of high A,,., was lost at
mild levels of drought. A simulated Cj grass with higher Ki..r: &
(i.e. that observed in Cy species, achieved by increasing Kj..p) had
higher ¥\,r and moderately higher g or A,

Coordination of hydraulic, stomatal, and photosynthetic
function in grasses

The C; and Cy grasses showed contrasting coordination of Ki..g
% and A, in both our compiled database and in the 27 spe-
cies common garden (Figs 4, 5; Tables S5, S6). Among the Cj
grasses in the common garden, and in the compiled database,
Aurea and g scaled with Ki..¢ (Figs 4a, 5a; Tables S5, S6). Cy4
grasses showed no association of gas exchange with hydraulic
traits, with low g and moderate to high A, across the range
of K. relative to Cj species (Figs 4a, 5b,c; Table S5). C5 and
Cy species differed in the relationship of A, to g (Figs 4b,
5a). Among Cj species, while A, initially increased with g, at
high g beyond ¢ 0.4molm ™ *s™" there were slight gains in
Aurea- Among Cy species, there was a steeper relationship, shifted
toward a higher A,., at a given g and without evidence of
saturation at high g.

Anatomical drivers of grass leaf hydraulic and
photosynthetic function

We examined the anatomical drivers of grass leaf hydraulic and
photosynthetic capacity across the 27 diverse C5 and C4 common
garden-grown species (Fig. 6; Tables S5, §7, S8). Kie.p Ko, and
K,y were related to A, and vascular anatomy (Tables S6, S7).
Among C; and Cy grass species, variation in Kj.,¢ was indepen-
dent of K, and related to variation in X, (Fig. 6a). Among Cj
and Cj4 species, K, and K¢ increased positively with the outer
perimeter of the bundle and mestome sheaths (P, and Png
Fig. 6b). Across species, K. was also strongly related to anatomical
traits. K. increased positively with the xylem conductances of 1°
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Fig. 3 Contrasting hydraulic and photosynthetic physiology of C3 and C,4 grasses and modeled impacts of their traits on physiological declines under
drought. Leaf hydraulic and photosynthetic traits including the ratio of leaf hydraulic conductance to stomatal conductance (Kje,f : g5), stomatal
conductance (gs), leaf hydraulic conductance (Kiear), leaf xylem conduit hydraulic conductance (K,.), leaf outside-xylem conduit hydraulic conductance
(Koxo), leaf water potential (¥)), leaf turgor loss point (TLP), leaf water potential at 50% loss of hydraulic conductivity (Pso), leaf vein density (D), the ratio
of light-saturated photosynthetic rate per leaf area to stomatal conductance (A,re, : g5), and light-saturated photosynthetic rate per leaf area (Ae,) for (a)
27 common garden-grown grasses and 332 grasses from the compiled database, where C5 species means were fixed arbitrarily as the 100% reference
value (dark dashed line), and the black and magenta solid lines indicate the percent difference between the C3 and C, species for the common garden and
the meta-analysis, respectively. Traits in bold type differed significantly between Cs and C, species for the 27 phylogenetically matched common garden
species (phylogenetic analysis of variance). Modeled responses of (b) Aarea, (€) g5 and (d) ¥, to declining soil water potential (¥s) at vapor pressure deficit
(VPD) of 0.5 kPa (simulations for 3 kPa VPD in Supporting Information Fig. S2). Significance: *, P < 0.05; **, P < 0.01; *** P < 0.001, for phylogenetic
analysis of variance. Statistics and parameters are found in Tables S2 and S3. Means for Koy excluded Paspalum diltatum due to it being an outlier (Dixon's
test), though differences in C3 and C4 were not significant, whether or not this species was included in phylogenetic analysis of variance.

midvein, and 2° large and 3° intermediate longitudinal vein orders
(i.e. Kicvein ordes Fig. S3a—c; Table S7), and considering each longi-
tudinal leaf vein order, the vein K. scaled positively with its CD
(Fig. S3m—p; Table S8). K. increased with higher CD but was
independent of CN averaged across vein orders, and of D, (Fig. 6¢;
Table S7). The higher D, of Cy4 species was not associated with an
advantage in hydraulic capacity (Fig. 6d; Table S7). Although the
higher minor D, of C4 grasses would contribute to a twofold higher
minor vein xylem construction cost (CCinor), the reduction in
minor vein CN at similar CD offsets that additional cost (whether
cell wall thickness is considered as constant as in Eqn 9, or as
proportional to CD with an exponent < 1), leading to an overall
K mino/ CCrinor similar to that of Cj species (Table S2).

Among Cj3 and Cy grass species, A, was related to venation
and sheath traits, including D,, IVD, vein surface area per leaf
area (VSA,,1), vein volume per leaf area (VV 1), and bundle
and mestome sheath volume per leaf area (BSV and MSV;
Figs Ge,f, S4; Table S6). Among Cj grasses, Ay, was related to
the major vein density (Dy._major) and vein surface area (VSApajor)

(Table S6).

New Phytologist (2025) 245: 1924-1939
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Adaptation of leaf hydraulics and gas exchange to climate
in grasses

Cy grasses were native to climates of lower average aridity index
(Al) than Cj grasses (Table S2). Furthermore, climatic associa-
tions of leaf hydraulics and gas exchange differed between C; and
Cj grasses (Fig. 4). C; grasses native to colder and drier climates,
that is, lower MAT and MAP, had higher Ao, & and Kies
(Fig. 4c—e; Table S9). By contrast, across Cy grasses, Kiap g and
Aarea were decoupled from MAP, MAT, PET, and Al but higher
Kear: g and Kieor: Aorea were associated with environments with
higher PET (Fig. 4f,g; Table S9). Across all species, high WUE;
was associated with higher PET and Al (Fig. 4h; Table S9).

Discussion

Our study provides novel evidence of the critical influence of leaf
hydraulic anatomy and physiology on photosynthetic function
and adaptation to aridity among grasses, highlighting multiple
contrasts across levels of organization for C; and C4 grasses. The

© 2025 The Author(s).
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Fig. 4 Contrasting physiological trait coordination and adaptation to
aridity in C3 and C,4 grasses grown in the common garden. Relationships of
(a) stomatal conductance (gs) with leaf hydraulic conductance (Kieaf), and
of (b) light-saturated leaf photosynthetic rate per leaf area (Area) With gs.
Relationships of (¢) Aarea, (d) &5, and (e) Kiear with mean annual
precipitation (MAP) for only terrestrial C3 plantsin (c, d) and all Czin (e),
and of (f) the ratio of leaf hydraulic conductance to photosynthetic rate
(Kieaf : Aarea) @and (g) of the ratio of leaf hydraulic conductance to stomatal
conductance (Kieaf : 85) to potential evapotranspiration (PET) for C4
grasses, and (h) of the ratio of photosynthetic rate to stomatal
conductance (A,rea : g, i.e. WUE;) with PET across all species. Power laws
were fitted using phylogenetic reduced major axis regressions (PRMA) for
all relationships, except for C4 species in (b) in which a linear model better
characterized this relationship. Red and blue lines indicate that the
relationship was significant across Cz or C,4 species only, respectively, or C3
and C, species with varying slopes, as in (b). Only terrestrial species were
included for relationships of Cs species in (a, ¢, d). Significance:

* P <0.05; #* P <0.01; *#* P <0.001.n =11 Cs, 16 C,4 species. 3L and
4L in the species key refer to the species having three or four longitudinal
vein orders, respectively (Fig. 2). Statistics and parameters are found in
Supporting Information Tables S6 and S9.
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maintenance of Cy leaf hydraulic capacity, despite the evolution
of lower transpirational demand, leads to a hydraulic surplus and
enables stomata to remain open, facilitating the C4 photosyn-
thetic advantage. This hydraulic surplus leads to contrasting
hydraulic and photosynthetic coordination among C; and Cy4
grasses, resolving paradoxes relating to their vascular anatomy
and function, and explains mechanisms of their adaptation to
aridity. Our results provide implications for the evolution, ecol-
ogy, and biogeography of grasses in past and present ecosystems,
and applications in agriculture.

The lower g and/or higher K. of C4 grasses leads to a dispro-
portionately higher Kj..¢: g in C4 grasses. Our analyses indicate
that this higher Kj..¢: g provides hyper-efficient water transport
that is required to achieve higher maximum photosynthetic rates,
and enables adapration to aridity. Hyper-efficient water transport
enables higher operating W).,r during gas exchange, maintaining
&, and resulting in high A,.., and WUE;. The high K.¢: g of C4
grasses would be essential to prevent stomatal closure that could
obviate much of their C4 biochemical advantage, as hypothesized
previously (Taylor er al, 2010, 2011; Osborne & Sack, 2012).
The steeper slope for the relationship of A, and g among Cy4
grasses is consistent with the C4 carbon concentrating mechanism
eliminating mesophyll resistance limitations on CO, assimilation
(Bjorkman, 1971) (Figs 4b, 5a), and renders the gas exchange of
Cj species much more sensitive to stomatal closure that would be
driven by declining Wjc.r.

We found contrasting associations of A, and g with Kje,f
among Cj vs Cy4 grasses. For Cj grasses, the associations of these
variables indicate investment in hydraulic supply to match
demand and are consistent with that previously observed for A,
and Kj..r among Cj grasses, diverse C; plant species and species
within the Cj lineage Viburnum (Brodribb ez al., 2007; Scoffoni
et al., 2016; Zhou et al., 2021). Yet, the decoupling of A, and
& from K. among Cy grasses results from the evolution of con-
sistently lower g, which would be selected for in the evolution of
Cy4. Thus, in C4 grasses, the evolution of a disproportionate
hydraulic supply to demand (Kj,¢: g) leads to decoupling of A, e,
and g from K. as has been previously proposed (Zhou
et al, 2021).

The determination of leaf hydraulic capacity (Ki.g) by the con-
ductance of the outside-xylem pathways (K,.) can explain para-
doxes relating to grass leaf vasculature and hydraulic function.
Whereas the higher D, of Cj grasses could in theory drive a
higher Ki..;, the Cy4 grasses had higher K .¢ only when analyzing
the compiled database that included diverse plants grown in dif-
ferent environments, and not in our common garden experiment
considering phylogenetically matched species grown in a standar-
dized way. The contrast may thus reflect an influence on the
meta-analysis of plasticity in trait values, for example if C4 grasses
would tend to have been experimentally grown or measured in
sunnier, warmer conditions. Overall, the determination of Kj.,s
by K, rather than K  indicates that a higher D, would not drive
a higher Ki..s through higher K across grasses. A higher minor
D, did not even drive a higher K., as grasses with higher minor
D, had narrower minor veins containing fewer xylem conduits
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Fig. 5 Coordination of leaf physiological traits across grasses, compiled from published studies (Supporting Information Table S3). Relationships of (a) light-
saturated leaf photosynthetic rate (A,.e.) With stomatal conductance (g,), (b) g with leaf hydraulic conductance (Kieaf), and () Aarea With Kiear. Lines were
fitted with standard major axis (SMA) regressions for log-transformed data in (a) and (b), and for untransformed data in (c), and drawn when significant: *,
P <0.05; *#, P < 0.01; *#** P <0.001. Values were averaged per species across studies, and analyses included data from this study, represented by closed
circles in the plots. Statistics and parameters for both ahistorical and phylogenetic regressions for all pairwise combinations of traits are found in Table S5.
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Fig. 6 Anatomical drivers of leaf hydraulic and photosynthetic physiology of C3 and C,4 grasses. Across 27 Cs and C4 grass species grown in a common
garden, (a) leaf hydraulic conductance (K\er) and leaf xylem conduit lumen hydraulic conductance (K,.) were statistically independent, and Kieos was
closely related to leaf outside-xylem conduit hydraulic conductance (Koxc). (b) Koxc Variation was associated with the perimeters of the vein bundle sheath
(Pps) and vein mestome sheath (P,,,) tissues. (c) Ky, variation was associated with variation in vein conduit diameter (CD) but independent of conduit
number (CN). (d) Both K, and K« were independent of vein density (D,). (e) A higher light-saturated photosynthetic rate (A,ea) was associated with a
higher volume of the bundle sheath (BSV) and mestome sheath (MSV) per leaf area, and (f) D,. See Supporting Information Table S1 for trait definitions
and units. Power laws were fitted using phylogenetic reduced major axis regressions (PRMA) for all relationships across all species, except those in (b)
which were significant when considering terrestrial C5 species and C4.3, species together. The species Paspalum dilatatum was excluded from plots
involving Koxc as it was an outlier (Dixon's test), though relationships were significant with or without this species. Significance: *, P < 0.05; **, P < 0.01;
*kk P <0.001. n =11 Cs, 16 Cy4 species. Statistics and parameters are found in Tables S6 and S7.

(Fig. S5; Table S10). The low constraint by K. on K¢ is also potentials across the mesophyll, and to reduce the tension in the
consistent with the high efficiency of axial transport through the  xylem, protecting it from embolism (Cochard ez al., 1994; Stiller
grass parallel vein architecture relative to radial water transport ez al, 2003; Scoffoni ez al., 2017, 2023) (Fig. S6). The perimeters
(Givnish, 1979). A dominant bottleneck in hydraulic  of the bundle and mestome sheath tissue layers were correlates of
transport outside the xylem conduits in grasses is consistent with Ko, highlighting the importance of transport through sheath cell
the low membrane permeability of the bundle sheath (Scoffoni  walls thought to be typically highly resistant and hydrophobic
et al., 2023), which may be adaptive for equilibration of water =~ and  especially through membrane aquaporins and/or

New Phytologist (2025) 245: 1924-1939 © 2025 The Author(s).
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plasmodesmata (Sade er 4/, 2015; Ohtsuka ez al., 2018). Nota-
bly, our measurements of Ki,r and thus of K, are defined for
the water pathway ending in the mesophyll protoplasts (Scoffoni
et al., 2023); our findings of K. being low and dynamic suggest
resistant membranes and/or cell walls between the xylem and
mesophyll cells. Such a highly resistant membrane and cell wall
would be consistent with a recent study reporting airspace subsa-
turation in Cy4 grasses in association with high resistance in the
cell membranes and/or cell walls adjacent to the leaf intercellular
airspaces (Mérquez et al., 2024). In that study, cell membrane
resistance was considered a key mechanism enabling stomata to
remain hydrated and open and thus avoid a steep decline of A,
in Cy4 species. That mechanism would operate in parallel with
the high Kj..¢: g of C4 species shown in this study, which would
enable leaf water potential to remain high enough to avoid driv-
ing stomatal closure. The important role of Kj,. in constraining
Kiear highlights the need to develop direct measurements of its
determinants, for example membrane conductivity.

With respect to xylem conductance, the influence of CD on
K. within and across grass species is consistent with a key role
for the large variation in conduit diameters across species, espe-
cially the large conduits in the major longitudinal veins (Fig. 2a—
c), which accounted for the bulk of K. (> 98% across species)
(Figs S3, S6; Table S2). Our findings suggest very limited con-
straints by the cost of xylem on the evolution of high D, for Cy4
carbon concentration in grasses. Despite the higher minor D, of
Cy grasses, given their lower minor vein CN and similar CD to
C;5 species, we found that C; and Cy species had similar minor
vein xylem hydraulic conductance relative to minor vein xylem
construction cost (Kic minor/ CCuinor) (Table S2). Our finding for
grass leaves thus contrasts with the finding that stems of Cy4 eudi-
cots evolved lower hydraulic conductance associated with reduced
xylem construction costs (Kocacinar & Sage, 2003, 2004). Shifts
in xylem properties may also be linked with mechanical proper-
ties that contribute to herbivory resistance and/or optimizing
light-use efficiency (Duarte ez al., 2023).

The associations between A,,., and numerous vein and sheath
traits provide new mechanistic insights. The influence of high D,
on A,., was not mediated directly by hydraulics, as K., K, and
Koxe were not associated with Dy, Dy majors 0f VSA o, This
finding was consistent with Ki..s depending most strongly on
high outside-xylem limitation (Fig. 6a). Positive associations
between Ayrea and Dy, Dymajors and VSA 0, may be related to
the transport of sugar rather than water, as higher vascularity
would reduce transport resistance between veins and mesophyll
and provide greater vein sheath surface for exchange, and more
parallel transport pathways (Adams ez @/, 2013). However, across
the Cs species, the relationship of A, with vein sheath traits
BSV and MSV may be consistent with a hydraulic basis, arising
because the associations of K, and K¢ with P, and P, enable
higher g and A,., (Tables S6, S7). By contrast, among Cy4
grasses, the positive association between A4,,., and BSV and MSV
was not mediated by K. or Ki.p and arises from contributions
to greater volumes of photosynthetic vein sheath tissue (Figs 1, 6;
Table S6) (Christin et al., 2013), and because the higher D, _inor
of C4 species increased BSV and MSV (Table S2).

© 2025 The Author(s).
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The higher Ki..r: g in Cy4 grasses and the contrasting coordina-
tion of leaf hydraulics and gas exchange for C; and Cy grasses
indicate differential mechanisms for adaptation to macroclimate.
Our simulations show that a high Kj..¢: g is as necessary as their
C4 biochemistry in providing the photosynthetic advantage of C4
over Cj grasses under even mild drought, and therefore is vital to
their domination of open, lower rainfall environments (Edwards
& Smith, 2010) (Fig. 4g). Notably, a high Kj..r: g would have
been critical for Cy species to maintain open stomata under the
low CO, atmosphere experienced during the proliferation of
the C grass lineages in the Miocene, and to sustain the high A, e,
that fueled their competitive advantage (Edwards ez 4/, 2010),
especially in dry climates, and would also potentially support leaf
transpirational cooling in hot environments (Blonder er al,
2023). As Cy4 arose repeatedly in grass evolution, along with
lower g driven by the development of fewer and smaller stomata,
a high Ki..r: g would have evolved repeatedly during the adapta-
tion of high D, coupled with C4 vein sheath traits in dry and
sunny environments (Sage, 2004; Osborne & Sack, 2012; Taylor
et al., 2012; Christin et al, 2013; Zhou & Osborne, 2024).
Thus, high Ki.r: g would have evolved as a precursor adaptation
or simultaneously with C4 biochemistry (Marazzi er al., 2012),
and should be considered as a critical target in engineering novel
C4 crop species.

The diversification of Cj grasses with higher A, ., g, and Kiear
under cold and dry climates is consistent with stress avoidance by
capitalizing on short rainfall pulses and growing seasons to com-
pensate for reduced performance during dry and cold periods
(Grubb, 1998; Liu et 4l., 2019). The differential associations of
hydraulic and photosynthetic traits with climate in C; and Cy4
grasses would contribute to their avoidance of drought, that is,
their compensating for climatic aridity with rapid growth during
the shorter duration of high moisture (Fig. 4). The similar aver-
age Psg and TLP of C; and Cy species is also consistent with their
adaptation to competitive growth when water is available, and
adaptation to aridity typically achieved through drought avoid-
ance (Fig. 3a). Notably, adaptation to climate in our study was
resolved by testing annual mean macroclimate variables from spe-
cies’ native ranges, which were strongly associated with seasonal
mean variables (see Methods S8). We note that species would
adapt differently both to seasonality and to different axes of arid-
ity, for example soil and atmospheric drought and their interac-
tions. Indeed, the adaptive trait mechanisms shown here may also
be associated with other aspects of ecology, including herbivore
susceptibility and flammability, and further disentangling this
complexity for trait—climate associations forms a major avenue
for future research.
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Table S1 Variables quantified for C5 and Cy grass species: leaf
hydraulic physiology, gas exchange physiology, venation and
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anatomical and morphological traits measured and climate data,
and statistics from phylogenetic analysis of variance below trait
means.
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Table S6 Statistics and parameters for associations of leaf photo-
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cies only and Cy species only, from the common garden.
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