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ABSTRACT OF THE DISSERTATION

Leaf hydraulics and evolution

by

Christine Scoffoni
Doctor of Philosophy in Biology
University of California, Los Angeles, 2014

Professor Lawren Sack, Chair

There has been increasing worldwide recognitiothefimportance of hydraulic physiology—
the transport of water through the plant—in exptagnplant growth and drought tolerance. By
combining physiology and anatomy within an evolnéy framework, we can discover the
mechanisms underlying species differences in hydréunction, especially those of the leaf, the
central organ in plant metabolism. | refined andeligped new methods to investigate leaf water
transport and its decline during drought, focusimga critical measure of the capacity for water
movement (leaf hydraulic conductané&.s). | found that species most tolerantkaf,s decline
had small leaves with dense major veins, provigiathways for the water to bypass embolized
conduits during drought giving a new, direct expldon to the fact that species of dry areas have
small leaves. | also developed a new method tostiyegte the role of leaf shrinkage on water
movement. As leaves shrink with dehydration, megbptells lose connectivity, physically
impacting water movement outside the xylem. | fotimat species most sensitivekg,s decline
were those with strongest shrinkage in thicknegbeh developed a new method to measure

xylem hydraulic decline in leaves to test for a goke artifact of cutting leaf petioles under



tension while under water. Such artifact has beeently found to occur in stems, and has put
into question measurements K. Across four diverse species, | found no sign wfhsan
artifact in leaves, likely due to the lesser medtenstress imposed when cutting a petiole vs.
stem. Finally, | took an evolutionary perspectivguantified the anatomical and physiological
plasticity in leaves of six species of endemic Higamalobeliads grown under different light
regimes and found a high degree of plasticityKigs with light, relating to leaf anatomical
changes. Across 30 speciesvdburnum | have identified the evolutionary shifts of leafatomy,
water transport and drought tolerance. This workviges new techniques, clarity and
applications toward understanding leaf water trartspnd its role in plant performance and
drought tolerance, with applications for ecologglgobiology and the conservation of species

and ecosystems.
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CHAPTER 1
PREMISE OF THE DISSERTATION

“In order to show the real correlation between stture and function, anatomical investigations

must always be followed by physiological experisiert Maximov (1931).

To understand how plants function as organisms datdrminants of ecosystems, we need a
greater understanding of plant physiology and horeglates to the anatomy. Leaves are a major
determinant of whole-plant function, providing tbgh photosynthesis the sugars necessary for
plant growth, and they represent a critical bo#tdnin the plant water transport system,
accounting for more than 30% of the whole-plant raytic resistance (Sack and Holbrook,
2006). My dissertation focuses on fundamental dqouestthat have remained unanswered
relating to leaf function, structure and its evmlot Recent work has shown an importance for
hydraulic physiology in explaining many aspectdeaf diversity, and | have aimed to further
our understanding of the underlying mechanisms isjagpecies differences in leaf hydraulic
vulnerability by combining physiology and anatomighin an evolutionary framework.

Since the early Devonian (about 400 Mya), leaves fevolved independently multiple
times in different lineages (Wilson, 1953; Crand &enrick, 1997; Harrison et al., 2005; Floyd
and Bowman, 2006; Tomescu, 2009). Since then, sehage diversified in various size, shape
and form, and are especially diverse in their vienadrchitecture. This can be surprising at first
given they share the exact same function in vilyuall plants: they transport the water,
nutrients, sugars and signals necessary for pleowty, and provide mechanical support to
display the leaf toward the light for energy captuMNew approaches have suggested much of
the diversity in leaf form and venation can rel&te achieving adequate hydraulic supply

(Zwieniecki et al., 2002; Sack and Holbrook, 20Bépdribb et al., 2010). Indeed, leaves face a

1



great design challenge, as they harvest solar gnfeng photosynthesis and growth while
requiring an adequate hydraulic supply to replaetewlost to transpiration that occurs when
stomata open to capture €@ur understanding of the hydraulic functions edfl veins and
mesophyll and their relationship to physiologicalts and habitat has remained rudimentary.
My PhD work focuses on clarifying the mechanicatolegical and evolutionary
understanding of leaf hydraulics and its relatigpsto physiological traits and habitat. In
Chapter 2, | have refined the method for measurewieleaf hydraulic conductanc&{.) and
developed a new framework to analyze and intetpeetynamics oKe5s with dehydration and
rehydration. This work enabled a detailed invesiigeof the relationship between leaf hydraulic
conductance, venation architecture and leaf siz€Hapter 3, | improved the understanding of
the mechanistic basis for the decline observelddn during dehydration using both a modeling
and experimental approach and proposed a new @ixet&ination to one of the most well-known
biogeographic trends: the tendency of leaves tarballer in drier areas. In Chapter 4, using
modeling and empirical results, | investigatedphgsical impact of leaf dehydration on the cells
outside the xylem on the outside-xylem pathwaysater movement during drought. Chapter 5
presents new methods and analyses of leaf xylemablyd vulnerability, presented specifically
to answer a recent paper that raised a concernt abethods ofK.os measurements including
those described in my Chapter 2, based on the tfadt measurements of stem hydraulic
conductance were found to be subject to an artdécutting xylem under water while under
tension. | developed a new method to directly mem$eaf xylem hydraulic conductance for
dehydrated leaves and thereby to construct leanxyhydraulic vulnerability curves. These
experiments validated our method against thataattifvhich was not seen in leaves. In Chapters

6 and 7 of my dissertation, | take a specificalyplationary perspective on leaf hydraulics



within a tropical and a temperate clade. In Chaftérnnvestigated anatomical and physiological
plasticity in leaves from six species of Hawaiiabdliads grown under different light regimes.
Finally, in Chapter 7, | investigate for the fitshe the coordinated evolution of leaf hydraulics
and gas exchange in a well resolved lineage, alotigthe evolution of hydraulic partitioning in

leaves of 30/iburnumspecies grown in a common garden.
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CHAPTER 2

DYNAMICS OF LEAF HYDRAULIC CONDUCTANCE WITH WATER S TATUS:
QUANTIFICATION AND ANALYSIS OF SPECIES DIFFERENCES

UNDER STEADY-STATE

ABSTRACT

Leaf hydraulic conductanc& (s is a major determinant of photosynthetic rateveil-watered
and drought-stressed plants. Previous work assdbgedecline ofKiear With decreasing leaf
water potential eas), Mmost typically using rehydration kinetics methpend found that species
varied in the shape of their vulnerability curvedahat hydraulic vulnerability correlated with
other leaf functional traits and with drought sémgy. We tested and extended these findings,
using a new steady-state evaporative flux methadeumigh irradiance, and determined the
function for the vulnerability curve of each speciadividually using maximum likelihood for
10 species varying strongly in drought tolerancadifionally, we assessed the ability of excised
leaves to recover irKieas With rehydration, and developed a new theoretfcamework to
estimate how rehydration of measured leaves magtadistimation of hydraulic parameters. As
hypothesized, species differed in their vulnergbilunction. Drought-tolerant species showed
shallow linear declines and more negati¥gy at 80% loss 0Kear (Pso), Whereas drought-
sensitive species showed steeper, non-linear @scland less negativy,. Across species, the
maximum K was independent of hydraulic vulnerability. Reagveof Ky after 1 h
rehydration of leaves dehydrated below their tudgss point occurred only for four out of ten
species. Across species without recovery, a mogative Pgy correlated with the ability to

maintainKesr through both dehydration and rehydration. Thesdiffigs indicate that resistance



to Kiear decline is important not only in maintaining optamata during the onset of drought, but
also in enabling sustained function during drouglbvery.
Key words: Cavitation, dehydration, EFMKear, rehydration, refilling, safety margins, turgor

loss point, vulnerability curves

INTRODUCTION

In dicotyledons, the leaf hydraulic conductancerggty constrains gas exchange and growth
(Sacket al, 2003; Sack and Holbrook, 2006). The resistanagpeh stomata to vapor diffusion
out of the leaf is typically far greater than thgdtaulic resistance to bulk flow of the liquid
transport through the plant, and transpirationsratee thus dictated by this diffusion process,
which in turn depends on the stomatal and bouniamr conductances and the difference in
vapor pressure between the intercellular air spatdse leaf and the atmosphere (Cowan, 1972;
Sack and Tyree, 2005; Sack and Holbrook, 2006). é¥ew the maintenance of open stomata
depends on the leaf being well-hydrated, i.e., igua high leaf water potential(ag), which in
turn depends on the plant hydraulic conductancengoesufficiently high. Because in
dicotyledons, the leaf accounts for on average 80%e plant hydraulic resistance (Saatkal,
2003; Sack and Holbrook, 2006), the leaf hydraglmductance Kieor = flow rate / water
potential driving force, i.e., 1/ leaf hydraulicsigtance) is thus a critical variable. Water enters
the petiole, moves through several vein ordersiwiirdshing size, then exits into the bundle
sheath and moves through or around cells beforpoeaing into the intercellular airspace and
being transpired from the stomata. TKegys declines with¥e4s during drought, due to losses of
conductance resulting from cavitation and/or ca&apf xylem conduits, and/or to decline in the
permeability of extra-xylem tissues, and this resm@odrives stomatal closure to prevent leaf

desiccation (e.g., Sallest al, 2000; Brodribb and Holbrook, 2004a; Sack and kumk, 2006;
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Scoffoniet al, 2008; Brodribb and Cochard, 2009; Brodrithal, 2010; Scoffonet al, 2011).
Understanding species variation in hydraulic vuibdity is thus critical, and several techniques
have been applied, especially the rehydration kisehethod (RKM; Table S2.1; Brodribb and
Holbrook, 2003a). The aim of this study was to difarthis response using an independent,
steady-state method, for species varying stronglgrought tolerance, and to determine the
ability of dehydrated leaves to recoveiKigys after rehydration.

Previous studies using the RKM found species toy \&rongly in leaf hydraulic
vulnerability, quantified as th#e4s at 50% loss 0Keat (Pso; €.9. Hacet al, 2008; Blackmaret
al., 2009; Cheret al, 2009; Johnsost al, 2009a; Sahat al, 2009). Additionally, species with
a low Psg also had low osmotic potential at turgor loss pfiackmanet al, 2010), and could
thus maintain stomata open as leaves dehydratthefuthese studies tested the classic trade-off
between hydraulic efficiency and safety, previouslynd for stems, and showed this to be
absent in leaves: the maximufR, for hydrated leavesKay was independent s, (Sack and
Holbrook, 2006; Blackmaat al, 2010).

Notably, the various methods for measurkigys all have value but can raise potential
concerns (Sack and Tyree, 2005). There was thea to test leaf hydraulic vulnerability with
a method independent of the RKM. The typically uBM measures,s from water uptake
into the mesophyll of a dehydrated leaf for a kndinre, and involves some uncertainty because
uptake to leaf cells continues even after leafeabibn for¥.os determination, though a recently
modified version of the RKM (“dynamic RKM”) has aweme this limitation (Brodribb and
Cochard, 2009; Blackman and Brodribb, 2011; Brdu@nd Blackman, and PrometheusWiki
contributors 2011). Additionally, in the RKM, wateptake into mesophyll cells might not
always mimic the complete pathways of natural tpaason (Scoffoni et al., 2008).

Additionally, the RKM may give low resolution ¢, declines in the well hydrated range of
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the vulnerability curve if such leaves rehydratenptetely during measurement. The evaporative
flux method (EFM) has the advantage of allowikgss measurement during steady state
transpiration and, further, using the EFM, leavas be acclimated to high irradiance, which
influencesKess for many species (Saakt al, 2002; Nardiniet al, 2005; Tyreeet al, 2005;
Cochardet al, 2007; Sellin and Kupper, 2007; Scoffagti al, 2008; Sellinet al, 2008). One
previous study applied a variant of the EFM to gatee vulnerability curves (the heat-flux
method, “Heat-FM”; Brodribb and Holbrook, 2006) whiinvolved some complexity. A heat
gun was used on the leaf to drive a transiently hiignspiration rate, after which the stomata
closed, establishing a lower flow rate. The leaBwamoved, ant.,s was determined as the
steady state flow rate divided by the fin#less (Wina)), and the vulnerability curve was
determined a¥4 plotted agains¥sn,a. However, that method could not determine the Biwe
Year iINnduced in the leaf during the high transpiratiates driven by the hot ai¥wes), Which
may have triggered the€,s decline. In this study, the EFM was modified tlmal measurement
of bothW\owestandWiinai, such thakesscould be plotted against both.

A second aim of this study was to refine the diaf analysis of thé&.,sdecline with
dehydration for improved accuracy and mechanistsight. Typically, studies have fitted the
same function for all species, chosen for approtenfa to the data; polynomial (including
linear), sigmoidal and logistic functions haveladen used (Table S2.1). However, species may
differ in the shape of their vulnerability curveydachoosing the appropriate function is important
both for accuracy and also to allow interpretatadnthe underlying processes (Brodribb and
Holbrook, 2006, 2007). Notably few studies haveediy discussed the underlying basis for
different shapes of vulnerability curves, probabie to the lack of an approach to objectively
select the appropriate function, but the literatugis pointed to several potential mechanisms for

differently shaped curves (reviewed in Table 2A.a next step a rigorous analysis is needed to

8



resolve species differences in the shape of thetim Thus, for ten diverse species, the
maximum likelihood function was selected for eagecies. Drought tolerant species were
hypothesized to show shallower, linear declinesenells drought-sensitive species were
expected to show stronger initi#dleos declines due to greater sensitivity in one or more
components of the water transport system. Tests made of the impact on estimated hydraulic
vulnerability parameters of using different funatsoas in previous studies (Table S2.1), and the
degree to which it matters how vulnerability curas plotted, i.e, whether unbinned data for
Kieaf are plotted againd|owestor ¥final, OF Whether data are binned ¥y, intervals.

A third aim in this study was to quantify the reeoy of Kot With rehydration, a related,
essential process that has received little attent@ne previous study found that excised and
dehydrated sunflower leaves recovered rapididg when rehydrated with petioles under water
(Trifilo et al, 2003a). We tested for species differences in dbisity. Species with greatest
hydraulic vulnerability were hypothesized to showajest recovery, as they would derive most
benefit. Further, all studies of vulnerability haweolved leaf rehydration during measurement,
but none have accounted for this in interpretatiog; developed tests to determine how our
measurements might be affected. The main beneétlotv hydraulic vulnerability has typically
been framed as the ability to keep stomata opehowit dehydrating the mesophyll. We
hypothesized that a low hydraulic vulnerability Wb@lso confer the ability to maintaieas

through both dehydration and rehydration.

MATERIAL AND METHODS

Plant material
This study was conducted alongside a study of tiortance of venation architecture and leaf

size in determining species-variation in hydraulidnerability (Scoffoniet al, 2011). Ten
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species were selected across nine families andhspa wide range of drought sensitivity; five
species were native to dry habitats (mainly Catifarchaparral) and five species to moist
habitats (Table 2.2). Study species included mdters and shrubs in and around the campus of
University of California, Los Angeles and Will RageState Park, Los Angeles, California, and
sunflowerHelianthus annuusar. Sunspot grown from seeds (Botanical Interdatsomfield,
Colorado, USA) in 3.6 L pots in a greenhouse (ayenainimum, mean and maximum values
for temperature: 21.1, 23.2 and Z&0for humidity: 44, 51 and 59%). Sunflowers wearéeated
every two days, with 200-250 ppm of 20:20:20 N:Ptie irradiance measured at mid-day on a
sunny day was up to 550 umol photon ns', and on average 300 pmol photon ns! (LI-

250 light meter; LI-COR Biosciences, Lincoln, Netka, USA).

Experiments were conducted in May-September 2008he day prior to measurements,
for three to ten plants per species, exposed besnefth mature, healthy leaves were collected
into plastic bags with moist paper towel; for somfers, whole shoots were collected. Each shoot
was re-cut by at least two nodes in the laboratorgter ultrapure water (MilliPore, 0.32m
Thornton 200CR, Molshem, France) and rehydratedniylet at laboratory temperature (20-

25°C), covered with dark plastic bags.

Measuring dehydration response afKwith the evaporative flux method

Using the evaporative flux method (EFMKear is determined as the ratio of steady-state
transpirational flow rateH, mmol - n¥ - s%) to the water potential driving forc&Wiea;, MPa;
Sack et al., 2002). Notably, in this system, therall driving force for flow through the whole
leaf is the water potential gradient between thisida air and the water entering the petiole, but
the important component of that driving force ie tlapor pressure gradient between the outside

air and leaf airspaces; this vapor pressure drifonce, and stomatal conductance, determine the
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transpiration rate (se#ntroduction. However, for the liquid-phase part of flow (j.e¢he
hydraulic system), the driving force at steadyesiatthe water potential gradient between the
leaf mesophyll where water evaporates (estimatedhasV,; measured at the end of the
measurement, i.e., thkg.,) and the water entering the petiole at atmosphmessure (i.e., 0
MPa relative pressure).

In this study, we focused on the dehydration respai the whole-leaf hydraulic system,
including the petiole. The leaf was cut from theahwith a fresh razor blade under ultrapure
water that was used as flow solution (0.22 mm Ttwor200 CR; MilliPore, Molsheim, France)
degassed at least 8 h with a vacuum pump (GastpBétharbor, Ml), and refiltered (Quen;
Syringe filter, Cole-Parmer, Vernon Hills, IL). Tipetiole was then rapidly connected to silicon
tubing (Cole-Parmer, Vernon Hills, IL) under ulttap water to prevent air entering the system.
The tubing connected the leaf to a cylinder on larz® (models XS205 and AB265, +10 ug
sensitivity; Mettler Toledo, Columbus, OH) that ¢mgl data every 30 s to a computer for the
calculation of flow rate through the led)( Leaves were held adaxial surface upwards in wood
frames strung with fishing line above a large bam {Lakewood Engineering & Manufacturing
Company, Chicago, IL). Leaves were illuminated with 1000 mmol - @ - s
photosynthetically active radiation at the leafface by floodlights (model 73828 1000 W, “UV
filter’; Sears, Roebuck, Hoffman Estates, IL) susjel above a Pyrex container (Corning
Incorporated, Corning, NY) filled with water to @b the heat of the lamp. Leaf temperature
was determined using a thermocouple (Cole-Parmeman Hills, IL) and maintained between
23 and 28°C.

Leaves were allowed to transpire on the apparatuatfleast 30 min and until flow rate
stabilized, with no upward or downward trend, anthva coefficient of variation <5% for at

least five measurements made at 30 sec flow irierVéhen flow rate was very low (<8 pg)s
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stability was determined with the same criterioat bsing the running averages of the last five
30 sec intervals. Previous studies found theseri@ito be sufficient for stabilization &, ¥iear
and Kiea, tests with longer measurement periods after stlblv was established showed no
relationship ofKeas to measurement time for seven species of a widgeraf leaf capacitance
(Scoffoniet al, 2008; Pasquet-Ko&t al, 2010). The minimum 30 min flow period was chosen
to ensure that leaves had sufficient time to actiénto high irradiance, which has been found to
enhanceKeor by up to eightfold depending on species appareatily to the expression and/or
activation of aquaporins (Saek al, 2002; Nardiniet al, 2005; Tyreeet al, 2005; Cocharebt
al., 2007; Scoffoniet al, 2008; Voicuet al, 2008). Measurements were discarded if the flow
suddenly changed, either due to apparent leakage fine seal or blockage in the system by
particles or air bubbles. Following the stabilipatiof the flow rate, leaf temperature was
recorded with a thermocouple and the final fiveMli@ate measurements were averaged. The leaf
was quickly removed from the tubing, the petioleswlabbed dry, and the leaf was placed into a
sealable bag (Whirl-Pak; Nasco, Fort Atkinson, W§A), which had been previously exhaled
in, to halt transpiration. Following at least 30nmequilibration, the final leaf water potential
(Wina) Was measured with a pressure chamber (Plant eisstress, Model 1000, Albany,
Oregon, USA)Keas Wwas calculated aB / -AWear (WhereAWeas = Wiinal - 0 MPa) and further
normalized by leaf area measured with a LI-COR 320 area meter (Li-Cor 3100 meter,
Lincoln, Nebraska, USA). To correct for change&fa; induced by the temperature dependence
of water viscosityKeas Values were standardized to 25° (Weast, 1974; Yang Tyree, 1993;
Sacket al, 2002).

To determine the stomatal conductance of leavesuned with the EFM, the fin& was
divided by the mole fraction vapor pressure defi¢D), derived from temperature and relative

humidity (RH) measurements in the lab from a weastation that logged measurements each 5
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min (HOBO Micro Station with Smart Sensors; Ondurne, Massachusetts, USA), where
mole fraction VPD = (1-(RH »xVPsy))/ 101.3 kPa, and/Psy iS saturation vapor pressure

determined using the Arden-Buck equation (Buck,1}98

The EFM was modified to allow determination K, for dehydrated leaves. Shoots
were cut into segments with at least three leaneleultrapure water and then dehydrated with
a fan for different periods of time to a range¥{.s values. The bench drying of shoots to
achieve a leaf vulnerability curve has been usestudies using the rehydration kinetics method
(e.g.; Brodribb and Holbrook, 2003a; Blackmetnal, 2009), and previous studies found similar
vulnerability curves when constructed from benchirdy shoots as from leaves on plants
progressively droughted (Brodribb and Holbrook, £280Blackmaret al, 2009; Pasquet-Ko&t
al., 2010). In our study, shoots were allowed to dlopate for at least 30 min before two leaves
were excised and measured for inithalas (W) using a pressure chamber. If the difference én th
YearOf those two leaves was greater than 0.1 MPa,ltbetsvas discarded; for very dehydrated
shoots, this range was extended to 0.3 MPa. The lgaf (typically the middle leaf) was used to
determineKeoswith the EFM. When dehydrated leaves are measuitdthe EFM, the stomata
open (sedesulty, before steady state flow is achieved, the leay mehydrate such th&fs,, is
less negative that,, or, alternatively, the leaf may further dehydrateh that¥s,, is more
negative than?,. For each species, at least &k, values were obtained for each 0.5 MPa
interval from full hydration to strong dehydratiddutlier tests were conducted for each 0.5 MPa
interval (Dixon test; Sokal and Rohlf, 1995); O-4tleers were removed over the whole curve for
given species (representing 0-8% of the 26-74 plaitats per curve).

To test the importance of method for constructimgnerability curves, we determined

these in three ways previously applied (Table SZFirkt, Kieas was plotted against whichever
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was lowest,¥, or Wina (= “Yiowest), i.€., the Wieqr associated with the strongest dehydration
experienced during the experiment, and each leaf seasidered as a data point (“unbinned
Yiowest). Additionally, Keas Was plotted againstowest With data averaged in 0.5 MPa bins
("binned Wpwest), With the exception oH. annuusaveraged in 0.2 MPa bins because of its
distinctively narrowelK 4 response, with negligible values below -1.5 MPaaly, Kiar Was
plotted againsW¥sny rather than¥owest (“Wiina”), With each leaf considered as a data point.
Determination of these alternative versions ofwhimerability curve also allowed interpretation
of the recovery oK during the measurement (see section below).

In the above-described methods, as in previousiestuaf Kiesr, the pressure chamber
balance pressure was takenYgs: In actuality, the balance pressure for an eqatdd leaf
gives the xylem pressure potenti&k), and -Px is less negative than the bulke, by the
amount of the vein xylem solute potential, (Tyree and Zimmermann, 2002). Notably, previous
studies on a range of species have meastyredlues of approximately -0.05 MPa, a difference
that would not affect our findings significantly ¢ier, 1967). We made tests to verify such low
nx for C. sasanquaH. arbutifolia and L. camara Shoots of four leaves were rehydrated
overnight and dehydrated to a rangetas (-0.04 to -1.5 MPa). Two leaves were excised for
initial Wieqr measurement, a third was bagged for determinationitial s, and the fourth was
placed in the EFM apparatus until a steady-state flate was achieved. Leaf vein was
determined using vapor pressure osmometry (Vap® 5®/escor Inc., UT). The leaf margin
was excised to open the tips of the midrib and se@wder veins, and the leaf was pressurized in
the pressure chamber and xylem sap exuded frorpéatiele was collected onto a filter paper,
while moist paper towels surrounded the chamberpatidle to minimize evaporation. The filter
paper was transported to the osmometer in a wegdbottle filled with moist paper towel. Adi

values were less negative than the least negateasunable value with this instrument, -0.05
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MPa, and thus indistinguishable from pure wateoun instrument, indicating that our findings

would not be significantly impacted .

Model testing and estimation of parameters fordgeline of k.5 with dehydration
Maximum likelihood was used to select the functioneach specieX,s vulnerability response

(Burnham and Anderson, 2002), using tpim function in R 2.9.2 Http://www.r-project.org

Burnham and Anderson, 2004; Sack et al., 2006;soripts are available on request). A linear

function (Kjear = a Wiear + ¥,), Was tested, in addition to sigmoid#}f,; = ————) and

_(‘Pleaf-x0>
b
1+e

logistic functions Kje.r = a/(1+(M)b)) as used previously in the literature on leaf

Xo
vulnerability (Table S2.1) and an exponential fiBCt(K ¢ = y, + ae ?%1eal), as previously
used for whole-plant vulnerability (lowt al, 2009). The maximum likelihood parameters were
determined by the Simulated Annealing procedure diobal optimization, followed by the
Nelder—Mead simplex procedure for local optimizatigtandard errors for parameters were
generated from the Hessian matrix. For each datdusetions were compared using the Akaike
Information Criterion (AIC), corrected for low. The function with the lowest AIC value was
chosen as the best fit function for that dataséh differences > 2 considered as meaningful
(Burnham and Anderson, 2002, 2004).

To compare species in their hydraulic parameterd,ta determine correlations between
hydraulic parameters and other leaf traits, vafoeshe maximunK4 at full hydration Kpay)
and theWearat whichKieqs had declined by 50% and 80%s{andPgg) were determined from the
vulnerability curves. For these parameters, eadtiep’ maximum likelihood function was

used—i.e., that with lowest Akaike Information @ribn (AIC) and highest® determined from
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the unbinned data plots (“unbinn&gesi and “Wsina”). The steepness of the vulnerability curve
was also determined, as the first derivative of tfeximum likelihood function a¥|eqs = -0.5
MPa, where the steepest declines were observedn Asiditional method for determinithGhax,

we calculated for each species the avetqggfor points above -0.5 MPa; this was the method
used in most previous leaf hydraulics studies thaasured onlKs for hydrated leaves, and
not its vulnerability to dehydration (e.g., Saek al, 2002; Brodribb and Holbrook, 2003b;
Nardini et al, 2005).

To determine the degree to which the choice oftfancand dataset matters, tests were
made of the sensitivity of vulnerability curve paweters Kmax Pso and Pgg) to the choice of
function, and, for each function, of plottifg.,s against “unbinne®|owest, “binned Wiowest OF
“Winal"-

Hydraulic safety margins were calculated as thieifice between th&, at which the
leaves of a given species lose turgof g data from Scoffonet al, 2011) and those at which
hydraulic function was substantially o5 or Pgg). Positive numbers indicate a safety margin,

whereas negative numbers indicate a loss of hyidrawiction even above the turgor loss point.

Testing the recovery of leaf hydraulic conductaafter dehydration

Experiments were performed to test the recoveryQf for leaves rehydrated after dehydration
(method after Trifiloet al, 2003a). For the 10 species, shoots were dehylvath a fan to a
known W below their respective turgor loss points (deteedi as described in following
section). Leaves from each shoot were excisedrinsaing a fresh razor blade and measured for
Wiear (Pdenydraion, and other leaves were excised under ultraputerwand rehydrated 1 h with
petiole under water in a beaker, covered with & géastic bag. Following rehydration, leaves

were equilibrated in a plastic bag for at leasiniifi and either had petioles cut in air and were
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measured foWear (Wrenyaratio, Or had petioles re-cut under ultrapure waterwaace immediately
connected to the EFM to determiigas (n = 4-12 per species). The % recoveryKafys was
determined as thKe, after rehydration divided by thi€ear at Waenydration Which was estimated
from the species’ maximum likelihood vulnerabildyrve x 100%. The recovery was considered
significant if theKea after 1-h rehydration was greater than Kagr at ¥ genydration(t-test; Minitab
Release 15). The recovery was determined as conjléte,s after 1-h rehydration was not
significantly lower than thé&ear at WrenyaraionWhich was estimated from the species’ maximum

likelihood vulnerability curve.

Testing for the recovery of leaf hydraulic conducta during EFM measurement

As in other methods for determining leaf hydrawidnerability (i.e., RKM and Heat-FM; see
Introduction), the EFM partially rehydrates the dehydrated, leaf the petiole is connected to
water at atmospheric pressure. We developed twlysesato test for the potential recovery of
Kiear during the EFM measurement. The first analysis wdest of residual variation. Kess
recovered completely during the EFM measuremeng, would expect no influence of the
dehydration treatment prior to measurement on it Kieor Value; rather, the measur&g s
would simply relate t&sna, i.€., the leaf water potential during the fintdagly state flow. Thus,
for each species, from the maximum likelihood vedbdity curve for the Wsny” plot, the
residuals ofKear against¥sing Were calculated. These residuals representedath@tion inKeas
unrelated to¥sna. A test was made for correlation of these resgluwath Wouestvalues(Minitab
Release 15). If the residule,s variation was negatively correlated withowes; there was a
persistent impact 0¥owest ON Kiear, independently of¥sing. In other words, the effect of the
dehydration treatment persisted even at the etldeoEFM measurement, and thus, khgr had

not recovered completely during the measuremerg.sBecond analysis was the calculation of an
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index of the recoverability oKes during the EFM. For each species, a sample of the
vulnerability data was selected that was analogoushe 1-h rehydration experiment (see
previous section). Data were selected for leavasiad been dehydrated t&a.sbelow turgor
loss point but that had rehydrated during the EFbasairement t&.4s values similar to those
for leaves measured by the EFM after the 1-h redti@r experimentn(= 4-7 for each species).
The % recovery oK during EFM was determined as the average meas(ugdbr this leaf
sample divided by thd&ear at Waenydraion Which was estimated from the species’ maximum
likelihood vulnerability curve x 100%. The signidiece of the recovery fiear Was tested as for
leaves in the 1-h rehydration experiment.

Given that some species showed a partial recoveKi.g with rehydration during the
EFM (see Resulty, a theoretical consideration was made of hBwys recovery during
measurement should influence the calculation afietability parameters. Based on the diversity
of tissues in the leaf hydraulic pathway, the vdidity of Ko is expected to involve several
components, some of which might be recoverable shaat time scale, while others might be
reversible after a longer time scale under lowitené&cf. Brodribb and Holbrook, 2006; Scoffoni
et al, 2008). The most appropriate vulnerability plotulebdepend on the degree that leaves are
recoverable in the short term (Fig. 2.1). Bounduages were considered in which (a) leaves
were non-recoverable i, during the measurement, (b) leaves were totattpverable, and
(c) leaves were partially recoverable. In caser(ayhich K4 IS Non- recoverable, an accurate
vulnerability curve would be obtained by plottiKgas againstliowess as only the minimun®ieas
during the whole experiment is important for infieeng Kiear. In case (a), plottinglear against
Wsinat Would overestimate the leaf’s vulnerability. Bynt@st, in case (b) in whidKeas recovers
completely during measurement, an accurate vulilgyalcurve would be determined by

plotting Kieas against Wina, because only thélss during steady-state at the end of the
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measurement is important for influencik@a:. In case (b), plottindg{iear against¥owest Would
underestimate the leaf's vulnerability. Finally,dase (c), in whiclK.4¢ is partially recoverable,
the accurate vulnerability curve would be internagelbetween the plots K. against¥iny and
against Wones: Additional scenarios were not considered, e.fj.Jeaves recover inKpas
differently depending on their degree of dehydratiootably, such scenarios should fall within
the bounding cases considered. We tested whetbeedtimation of vulnerability parameters
Kmax Pso and Pgy was improved by using for each species the plgrapiate to itsKieas
recovery. Thus, for the species that showedKags recovery during EFM measurement,
parameters were re-calculated from the maximuniitikked function for the ¥owest unbinned”
plot, and for the species with partial recoveryapaeters were averaged from those determined
from the Wina” and “¥iowest Unbinned” plots. These re-calculated parametenr® wempared
with those determined using th®g.est unbinned” for all species, as has been the mastaly

procedure in previous studies (Table S2.1).

Statistical analysis of differences among specigbsteait correlations across species

Trait differences between moist and dry habitatEsewere tested using ANOVAs with species
nested within habitat type, and usitatests on species means (Table 2.1; Minitab Relgégke
All data were log-transformed to improve normalégd heteroscedasticity (Sokal and Rohlf,
1995). Correlations among traits were considergdifstant only if P < 0.05 for both Spearman
and Pearson coefficients; @ndr,, respectively); when relationships were non-linearrelations
for log-transformed data were determined. Standaagbr axes were fitted when determining
slopes of relationships between traits, to accdanterror in bothx and y-variables (using

SMATR; Sokal and Rohlf, 1995; Wartat al, 2006).
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RESULTS

Vulnerability curves: species-differences in thgpense of Ky to dehydration

The evaporative flux method (EFM) was effectivedetermining vulnerability curves for leaves
dehydrated from near full turgor to beyond turgossl point (Fig. 2.2). Leaves that had been
previously dehydrated opened their stomata andlestad steady state transpiration during the
EFM measurement, as indicated by even the lowasspiration rates observed representing
stomatal conductance values 2.2- to 7.3-fold highan cuticular conductance for these species
(Table S2.2).

Species differed significantly in the shape oflged hydraulic vulnerability curves. For
four species the linear function was selected byimam likelihood forK e plotted against
“Ywestunbinned”, and for six species a non-linear funrcivas selected (Fig. 2.2; Table S2.3).
The logistic function was selected for five spe@asd the sigmoidal fo€. betuloidesSpecies
from dry habitats had a greater tendency to shbmear decline irkKearas one of their selected
functions, i.e., within AIC of 2 of the maximum &khood function (4/5 species vs 1/5 for moist
habitats;P = 0.018; proportion test). The slope of the vudidity curve at¥e;:= -0.5 MPa
varied from -10 to -0.5 mmol Ths* MPa?, and drought sensitive species had on averagkl3-fo
steeper slopes than drought tolerant species\(s6.8.6 mmol rif s* MPa? respectivelyi-test;

P =0.009,n = 5).

Vulnerability curves: sensitivity of derived paraers to the choice of function and plot

The use of maximum likelihood to select the vulbéity function for each species based on
plots of Kiear @against ¥iowest unbinned” was considered to be the most appr@ppedctice, and
was the one used for interpretation and comparaguoong species. However, because many

previous studies have applied a single function plud to all species’ data, we tested the
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sensitivity of the derived vulnerability paramet&yghe choice of function and plot and whether
such choices affected the resolution of speciekingnin vulnerability. Notably, the functions
selected by maximum likelihood with AIC values viitt2 of the minimum depended on the
choice of plot, and multiple functions were oftezlested for given species (Fig. 2.2, Table
S2.3). Thus, when using th&'\5.est binned” plot, the linear function was selected &%10
species, the logistic for two and the exponentialdne species. By contrast, when using the
“Wiowest Unbinned” plot, the logistic function was selectedeight species, the sigmoidal for six,
the linear for five and the exponential for fourh® using the ¥ina” plot, the logistic was
selected for nine species, the exponential forteile sigmoidal for five and the linear for two.
The best fit function selected using th¥est unbinned” plot was one of those selected when
using the ¥owestbinned” dataset for 5/10 species, and when u$iagW¥sina” plot for only 3/10
species.

The estimation of vulnerability parametelsa, Pso and Pgy, was sensitive to the
function and the plot used, but typically the valaetermined in different ways were correlated
across species (Fig. 2.2, data in Table S2.4). Wisamg the ¥\owest unbinned” plot, theKyax,

Pso andPgp values generated by the four different functiongraged across species, varied by
12-27%, 0.21-0.76 MPa and 0.12-0.74 MPa respegtiagld correlated across species in 15/18
comparisonsrf= 0.81-0.99P < 0.05). The use of the three plots produkgg values from the
four given functions that varied on average by %4@nd correlated across species in 11/12
comparisonsri= 0.64-0.99;P < 0.05; Fig. 2.2). Notably, for a species sucliPganus with a
steep initial hydraulic decline, determinithgnax from a “Piowest Unbinned” plot was critical to
resolve its highKmax ForPso andPgo, the use of theWowest Unbinned” and ¥iowest binned” plots
produced values for given functions that differed average by 0.08-0.6 MPa, and correlated

across species in 7/8 comparisons (0.56-0.99;P < 0.05). By contrast, the use of théna”
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plot producedPs, andPgg values 0.8-2 MPa less negative than when usingtiirer plots (Fig.
2.2; paired-test;P < 0.05), and values were not correlated acrossiespé,= -0.40 to 0.48P =
0.11-0.81). The values oOKmax determined using the function selected using tHgwest
unbinned” or ¥owest binned” plots did not differ on average acrosecggs from those
determined by taking the meanKi,svalues at¥\,; 0f O to -0.5 MPa (data in Table S2B=
0.10-0.15; paired-test). HoweverKnax determined using thePsna” plot was on average 44%
higher thanK.x determined by taking the mean K, values at¥ess of 0 to -0.5 MPaR =

0.02), but again the species’ values with the tvethods were correlated,= 0.74;P < 0.01).

Species variation in maximuneand vulnerability, and lack of an efficiency-safede-off
Species were compared in the parameters deterrfrim@dtheir maximum likelihood functions
using the ¥owest unbinned” plot (Table 2.2). Species differed byrenthan 11-fold iKmnax With
no average differences between species from moétdey habitats, though species-differences
were significant considerinigmax as the mean dfeqsvalues atVe4r 0f 0 to -0.5 MPa (ANOVA;
P < 0.001). Species also differed strongly in theiinerabilities, varying 32-fold i®so and 15-
fold in Pgo, from the most vulnerable speciét @nnuusandP. racemospawith values less than -
1 MPa to the least vulnerable speciésdiversifolig with PsoandPgo values of -3.54 and -5.25
MPa respectively (Fig. 2.2). Specid3, and Pgg values were strongly correlateq, @ndrs =
0.88-0.96,P < 0.01). Species with greater vulnerability (i.@ith less negativePs, and Pg
values) had steeper vulnerability curve slopgsuidrs = -0.72 to -0.83P < 0.01; data in Table
S2.5). On average, species from dry habitats h&do22.9-fold more negativieso and Pgp than
species from moist habitats.

Species with lower vulnerability had greater hydiasafety margins. Thus, safety

margins based oBRsowere negatively correlated witso, and safety margins based Bg were
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negatively correlated with bothso and Pgo (rp, andrs =- 0.70 to -0.95P < 0.05; data in Table
S2.5). Safety margins based Bg, ranged from -1.9 to 0.17 MPa and were positive tVoo
species €. diversifoliaandH. arbutifolia); thus, most species lost leaf turgor at loWees than
Pso as determined using the steady-state method. Hawssafety margins calculated frargo
ranged from -1.7 to 2.7 MPa, and 7 species hadip@safety margins. Safety margins did not
differ between habitat typestest,P < 0.05).

Both Psp and Pgo were independent dfiax across species | and fs| = 0.37-0.62P >

0.05).

Recovery of Ky with leaf rehydration and a new importance forflagdraulic vulnerability
Species varied strongly in the ability to recoveKije,s after dehydration below their turgor loss
point (such thaK, declined by 57-97% depending on species) followedL-h rehydration
with petiole under water (Fig. 2.3). For four sgscC. diversifolig H. annuusL. camara and
M. grandiflora), , Keas increased 2.2 to 2.8-fold (Fig. 2.B; < 0.05); C. diversifoliaand M.
grandiflora recovered fully inKe4 to their expected values. Three of these specexs woist-
habitat specied ( camara H. annuusandM. grandiflora) and one was a dry-habitat speci€s (
diversifolid). The six other species showed no significantvepp The % of recovery dfeas
after rehydration did not correlate Wiy Pso Or Pgo (P > 0.05; data in Table S2.5).

For the six species that did not recoverKig with 1-h rehydration, a nearly perfect
correlation was found of the ability to maintdi, after dehydration and rehydration episodes
and lowPsp andPg (rs andr, = -0.94 to -0.98P < 0.005; Fig. 2.4). Thus, among the species that
did not recover inKieqs With rehydration, a low vulnerability predictedettability to retain

hydraulic capacity despite strong, short-term dyicanm water status.
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Testing Kear recovery during EFM, and its impact on the estiorabf hydraulic parameters

No species showed full recoveryHip of dehydrated leaves during EFM measurementsalfor
species there was a persistent impact of dehydratihen the residuals dfiesr againstWsina
were plotted agains¥owest (SeeMethod$, this correlation was significafdr seven speciesy=
-0.49 to -0.79n = 25-74;P < 0.05; Table 2.3). For the other three specdizss@sanquaH.
annuusandH. canariensi¥ the lack of significant correlation of residualith Wiowestdid not
imply a complete recovery dessduring EFM measurement. In the caseHofannuusand H.
canariensis the Wowest Values were typically th&%n, values because the leaves dehydrated
further during measurement, rather than recovenn®..;, and in the case df. sasanqua
because th¥|oyes correlated withsna (rp = 0.53;P < 0.001) there may not have been sufficient
residual variation for a powerful test. There wémadly consistent results in the second
analysis of the recovery &y during the EFM measurement, i.e., the calculabbrthe %
recovery ofKe,s for leaves that rehydrated over the satg: interval as the 1-h rehydration
experiment. Again there was no evidence for to¢gbvery ofKa. There was a significant
partial recovery ofKear in 3/10 speciesH < 0.007; Table 2.3), witlKe4r increasing by 158-
178%. Across species, the recoveryKefs during the EFM was positively correlated with that
observed after 1-h rehydratior, @ndrs= 0.83-0.84;P < 0.05). The % recovery ¢fiesr during
the EFM was 13% lower on average than that aftbrréhydration, consistent with the leaf
rehydrating a shorter period of time, under subaheric pressure (pairédest;P = 0.04).

Given that three species indicated parKals recovery during EFM measurement, an
analysis was made of its potential influence onveervulnerability parameters (sééethods.
Re-calculating these specié&nax Pso andPgg values while considering the partt&las recovery
produced values that were correlated with thoserdebed using both the¥iowest unbinned”

and “Piowest binned” plots s and r, = 0.57-0.99;P < 0.001 to 0.09), indicating that species
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comparisons using those vulnerability plots areusbbeven despite partidless recovery.
However, the re-calculated parameters accountingoéotial recovery did not correlate with

those determined using th#sna" plot (rsandr, = 0.08-0.30P = 0.16-0.83).

DISCUSSION

The new steady-state evaporative flux method deeelofor determining the hydraulic
vulnerability of leaves acclimated to high irradianallowed an independent confirmation and
extension of key relationships first shown usin@ydration methods. Additionally, refined
statistical methods for analyzing vulnerability @lailowed fitting the appropriate function for
each species and considering the effect of recodering the measurement. These approaches
showed novel variation among species in leaf valpiity, and relationships with species’
habitat. Further, rehydration experiments quamtythe rapid recovery d.,; after dehydration
indicated novel species variation, and a new roteldaf vulnerability in determining function
after episodes of dehydration and rehydration. Tk provided new insights into the
vulnerability response, and will additionally eralbligher resolution in future work investigating

the underlying mechanisms for leaf hydraulic vuinglity.

Species’ differences indgdecline and potential mechanisms

Species differed strikingly in their vulnerabiliparameter$soand Pgo, and in the shape of their
vulnerability curves. Notably, because speciesedastrongly in initiaKeasvalues Kmay and in
the steepness of their decline Kea, Pso was useful to allow comparison of species’
vulnerabilities at a similar stage of their trag@gt i.e., after the steepest decline phase (FB), 2
wherea®Pso values often occurred in the middle of the steepestine, which for some species

occurred at very higNear. FOr such species thH&,, may not be an effective index of drought
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resistance. Further, we note that several speeigs, Platanus racemogahad very highKnax

with substantiaKeasdecline beforél e reached -0.5 MPa. Though part of the true randeasf
hydraulic behavior in such species, such very kgh values are outside of the range found in
nature, as they would not occur for leaves tramgpiin vivo, in which the soil and plant
hydraulic resistance would cause a furth&ss drop not experienced by leaves in the EFM.
Species with such steep, non-linear decline weyiedy of moist habitat species whereas species
with shallow, linear declines were associated ithhabitats.

The Kiear decline during dehydration arises due to lossyafrdwlic conductance in the
petiole and/or vein xylem, and/or the extra-xyleathpvays (Table 2.1). The importance of (1)
cavitation due to air seeding in major veins legdim subsequent embolism was supported by
studies showing ultra-acoustic emissions that neflgat cavitation events (Kikuta et al., 1997;
Salleo et al., 2000; Johnson et al., 2009a), akasalye and cryo-scanning electron microscope
studies showing embolism in vein xylem (Salttal, 2001; Nardiniet al, 2003; Nardiniet al,
2008; Johnsoret al, 2009a), measurement of relatively low air-seeglmmessures in the leaf
petiole and midrib (Choadt al, 2005), and a correlation across species of hjidrawinerability
with low major vein length per leaf area, as sugdves have less xylem redundancy to protect
from the impact of embolism (Scoffoat al, 2011). Another mechanism may be (2) the collapse
of xylem conduits in the leaf veins; indeed xyle&ll collapse has been found for tracheids in
the vein of pine needles and in the transfusiguésof a tropical conifer, 8t,svalues as high
as -1.5 MPa, in advance of cavitation (Cochatdal, 2004; Brodribb and Holbrook, 2005).
Indeed, xylem cell collapse has been hypothesizeddcur in the minor vein xylem in
angiosperms too, but not yet visualized directlya@@manet al, 2010). Additionally,Kjeas
decline might relate to (3) the loss of turgor iwing cells in the extra-xylem flow pathways

(Brodribb and Holbrook, 2006) in particular the Isebf the bundle sheath, mesophyll and
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epidermis, which may shrink with walls retractirajyd/or may undergo plasmolysis. Tissues
with low solute potential, such as bundle sheatighirose turgor in advance of the mesophyl
(Giles et al, 1974; Palta and Leestadelmann, 1983; Nonami amail&, 1989; Canny and
Huang, 2006). Such changes in cell volume and turgay alter the flow pathways, and
additionally reduce membrane permeability, e.gg deactivation of aquaporins (Kim and
Steudle, 2007). A final mechanism for thg,s decline especially in well-hydrated leaves is (4)
the evaporation of liquid water in the cells wallgring transpiration, leaving walls moist but
with empty pores and thus lower permeability (Kind&teudle, 2007; Leet al, 2009; Voicuet

al., 2009).

The shapes of functions fitted ¥ess data from our study using maximum likelihood
provide several key insights and hypotheses foratli®n of these mechanisms and point to a
diversity in specific impacts across species. Gittget embolism or collapse of vein xylem
conduits is a principal driver of th€,s decline, the linear decline observed for four gxec
implies that air seeding or collapse begins at Mgk for these species (see references in Table
2.1). The linear decline also implies that condoitslifferent sizes tend to have approximately
equal distributions of air seeding pressures andetecies to collapse, and/or that a high major
vein density provides redundancy that protects lgdsf from a disproportionate effect of
cavitation of the major vein xylem. A linear dedinfK.,; would also be consistent with a direct
role for loss in mesophyll, epidermis or bundleathecell volume or turgor, or the number of
water pathways through cell walls declining appnaedely linearly with¥.os above turgor loss
point (Table 2.1). The logistic decline observedfiire species and sigmoidal decline @
betuloidesindicate a qualitative difference. Given that xgyleavitation and/or collapse play a
principal role, for these species the steep dechhehigh W that slows with ongoing

dehydration are consistent with an unequal distiobuof air seeding pressures, e.g., the larger
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vessels that confer the bulk of vein xylem conduisticavitating and/or collapsing first, and
smaller vessels having lower air seeding pressuregall strength and losing function at lower
Yieat (Table 2.1). A disproportionate decline at hijk,s could also relate to species having low
major vein densities and thus that embolism ocogrearly in these veins leading to substantial
declines inKe4f (Table 2.1). If losses in cell permeability areporntant, the disproportionate
decline at highVess could relate to a strong sensitivity I§§as to losses in volume in particular
cells, with low solute potential, e.g, bundle sheeglls, that may shrink at higH.s and/or
undergo aquaporin deactivation (Table 2.1). Ifésssf cell wall pathways contribute to the loss
of Kiear, @ disproportionate decline at hitear would be consistent with the cell walls behaving
as observed for other porous media that show ma@adtideclines in conductivity with declining
water potential, e.g., soil (Laiet al, 2001). The species-variation in vulnerability\es points

to the critical importance of research to disenkanige specific mechanisms Kf.4; decline for
given species. Notably, previous work has showirtiepevariation in partitioning of hydraulic
resistance between petiole and lamina, and amamgoveders, and between the vein xylem and
extra-xylem pathways (Trifileet al, 2003b; Saclet al, 2004; Saclet al, 2005). These species
differences would also result in variation in tingpbrtant mechanisms underlying sensitivity to
hydraulic decline becauske,s would be most sensitive to declines in conductaimcehe
component that accounted for the greatest palteolisaf resistance (Scoffoei al, 2011).

In this study we focused on the responsKgfto dehydration under high irradiance. We
note that many species show an increaskQf under high irradiance, and this response may
interact with the response to dehydration (Kim &teludle, 2007; Leet al, 2009; Voicuet al,
2009). The decline of conductance under low irnackaoccurs in the extra-xylem tissues
(Nardini et al, 2005); thus, under low irradiance, the extra-myléssues would account for a

greater proportion of leaf resistance, and cawitatir collapse of vein xylem would have a lesser
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impact onKear, and any reduction in the permeability of extrdexy tissues due to dehydration
would have a stronger impact (Nardeti al, 2005; Scoffoniet al, 2008; Voicuet al, 2008).
The interaction of the light and dehydration reggmofKeas is an important area for future

investigation.

Quantifying the vulnerability of ks importance and limitations of the steady statehmet

Since it is not yet possible to directly determiigs across a full range &fe4r in vivo, hydraulic
methods have been applied to excised leaves. T iERhe latest of several approaches to
measuringKiear Vulnerability on excised leaves. These methods hewantages over indirect
methods, such as theudio method which registers amplified ultrasonic acoustic €stons
within drying plant tissue, hypothesized to arisenf cavitation (UAE; Milburn and Johnson,
1966; Tyree and Dixon, 1983, 1986; Kikuta et aB97; Johnsoret al, 2009a), orvisual
methodsusing dye or cryo-scanning electron microscopy thactly demonstratembolism in
dehydrated leaves (Salleet al, 2000; Salleoet al, 2001), and collapse of conduits in
dehydrated conifer leaves (Cochard et al., 2004dBibb and Holbrook, 2005), because these
methods do not provide information of possible &xylem decline, or directly measure
hydraulic vulnerability. Hydraulic methods applitml excised leaves include, in addition to the
EFM, the high pressure flowmeter (Nardini et alQ2), the vacuum pump method (Lo Gullo et
al., 2003), and the rehydration kinetics method ¥RKmost frequently used for determining
leaf hydraulic vulnerability, which estimatis,: from the uptake of water during rehydration by
analogy to the charging of a capacitor in serieth a&iresistor (RKM; Brodribb and Holbrook,
2003a, 20044, b, 2006; Woodretff al, 2007; Hacet al, 2008; Woodruffet al, 2008; Blackman
et al, 2009; Brodribb and Cochard, 2009; Johnsbal, 2009a; Johnsoat al, 2009b; Saha&t

al., 2009; Blackman and Brodribb, 2011). As describrethe Introduction these methods all
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have merits and disadvantages. The steady state iERMIependent of the RKM, and here
confirmed and extended key findings.

Several limitations of the EFM applied to excise@dves equally apply to the other
methods for leaf vulnerability. These methods carassess the decline Eiear and Wieor that
occursin vivo, when xylem water is under tension, and leaf catts equilibrated at very low
water potentials; the xylem cells may be collapsk@f cells shrunken, and aquaporins
inactivated (Cochard et al., 2002; Cochard et200Q4; Brodribb and Holbrook, 2005, 2006;
Canny and Huang, 2006). Excising the leaf undeemadlieves the tension, and some of these
effects might be reversed rapidly. Discovery oftsatfects would require neu vivo methods
for measuringKeasdecline. In the meantime, vulnerability measuredegaised leaves must be
considered as conservative, because these methealsura only thé&, decline that isnot
instantly recoverable, e.g., embolism in veins,cimay require many minutes to hours of low
tension and active processes to recover (TyreeZaminermann, 2002; Buccet al, 2003;
Trifilo et al, 2003a), and persistent effects on living tissiesther, all the methods may be
affected by recovery dfeasWith rehydration during the measurement itself, that analysis in
this study showed that comparative estimates ofawit vulnerability remained robust despite

such recovery.

Linkage of vulnerability with drought sensitivity

Species of dry habitats had lower vulnerabilite.(ilowerPsy, and Pgg) than species of moist
habitat. This finding was consistent with that o$tady of Australian species using the RKM
(Blackmanet al, 2010), here extended with the steady state methaa set of species very
diverse in drought tolerance. This study also cargd no trade-off across species betwi€gsx

and hydraulic vulnerability, as previously reportegsing RKM (Blackmaret al, 2010) and in a
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meta-analysis combining data collected with différenethods (Sack and Holbrook, 2006), a
relationship frequently found for stems (Tyree ahchmermann, 2002; Maheradit al, 2004;
Meinzer et al., 2010). Notably, species from drg amoist habitats did not differ on average in
their Kmax This finding is consistent with multiple typesarfaptation to drought. Some drought-
tolerant species use water sparingly via low maxmnates of gas exchange, consistent with low
Kmax While others conduct rapid gas exchange whenrwsatavailable, consistent with high
Kmax and then “gear-down” during shortage, (Maximo931; Grubb, 1998), as illustrated by
species such as. arbutifolia (maximum photosynthetic rate of fhol CO, m? s*; Valladares
and Pearcy, 1997).

We also found that across speci®gs and Pgp were strongly correlated with bulk leaf
turgor loss point#rp) and osmotic potential (Scoffomit al, 2011 ; Fig. 2.5). This finding
confirmed and extended the correlation previousported betweeRsy, andnr p for 19 species
using the RKM (Blackmaret al, 2010). A lownrp might confer resistance t€e,s decline
directly, if it allows cells to preserve turgor anwintain their structural integrity at lower bulk
Year (Blackmanet al, 2010). Previous work has demonstrated the hetemty of solute
potential and across lamina locations and tiss&asvik, 1959; Nonami and Schulze, 1989;
Koroleva et al, 1997; Korolevaet al, 2002), and the correlation with vulnerability tnigbe
even stronger with the turgor loss point of induadl tissues important in the water flow
pathways, e.g., the bundle sheath, rather thathéobulk leaf.

One consequence of the correlation of vulneralditgzr p is a mechanism for inducing
protective stomatal closure in drought sensitivecggs (Brodribb and Cochard, 2009; Hao et al.,
2010). The narrow safety margins found in this gtwere consistent with past studies showing
angiosperms often operating at close to cavitatiwasholds (Lo Gullcet al, 2003; Brodribb

and Holbrook, 2004a, b) in contrast with conifensl #&rns which can have wide safety margins

31



(Brodribb and Holbrook, 2004b). Declines Kipos accelerate further declines Whear at a given
transpiration rate, and guard cells lose turgoiregahe background of epidermal cell pressure
(Franks and Farquhar, 1999; Damatral, 2010). After that point, cuticular water loss wbu
lead to slower declines &Feor and ofKeat (Pasquet-Koket al, 2010). By contrast, in species
with low hydraulic vulnerability, the maintenance K,s would allow stomata to remain open
without desiccating the mesophyll during diurnaltevastress or soil drought (Brodribb and
Holbrook, 2003a). This contribution &feassensitivity to stomatal control is important in vido

plant drought tolerance (Brodribb and Cochard, 2@&ckmanet al, 2010).

Species differences in.k recovery and a new importance of resistance g #ecline

We found a strong, novel variation across specidbe ability of dehydrated leaves to recover
rapidly in Keas With 1-h of rehydration. Six species showed no vecp and four increased in
Kiear Dy 2.5- to 2.8-fold. This study thus partially confed one previous report of a complete
recovery for sunflower (Trifiloet al, 2003a). TypicallyKea did not fully recover after 1-h
rehydration, indicating a partial irreversibilitprsistent with embolisms that require refilling, or
losses of cell permeability that might require gyetransduction for recovery (Bucci et al.,
2003).

Our data on vulnerability and recovery highlightechew importance for leaf hydraulics in
determining performance with changing plant watatus. A recent meta-analysis of data for 31
species found that at minimum daifea;, Species varied strongly in theflies decline, with
roughly half the species being bel®s, (Johnsoret al, 2009b). Our study showed that among
species that did not recover rapidly s with rehydration, a low hydraulic vulnerability
conferred the ability to maintaie,s at a high value through both dehydration and redtiah.

Species resistant to hydraulic decline could thastainKe,s at high levels despite transient but
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severe dynamics i¥ear, and gain a benefit in maintaining performanceirdudiurnal water
stress or soil drought. These findings are condisteth the correlation of low leaf hydraulic
vulnerability and the ability of severly droughtgdants to recover in transpiration after
rewatering (Blackmaset al, 2009; Brodribb and Cochard, 2009). Tests areetrteflthe degree
that rapid leaf hydraulic recovery as shown in tisdy contributes to whole plant hydraulic

recovery and tolerance of dynamic water regimes.

ACKNOWLEDGMENTS

We thank M. Bartlett, W. Dang, A. Gibson, P. Runaetl Y. Taniguchi for logistical assistance,
and T. Brodribb for discussion. This research wgspserted by UCLA Department of Ecology
and Evolutionary Biology, a UCLA Vavra Research I&@ship and by National Science

Foundation Grant #0546784.

33



Table 2.1.Mechanisms that would theoretically influence siape of the response of leaf hydraulic conductance
(Kiea) to dehydration (i.e., decreasing leaf water piaen¥.,) and thus the function that best fitted to thead&t
linear decline implies no threshoM.s before whichK, declines (i.e.Kear declines immediately a¥|cas
declines), and also a proportional declinek@f; with W5 A non-linear decline oKy With Wieos can include a
threshold W.,; before the decline begins and/or a disproport®rdgcline ofKey as Wear declines. For these
possibilities we included three types of mechanistii®se relating to air seeding causing cavitatiothie xylem
conduits (and analogous effects would occur givaltapse of xylem conduit walls), those arising fraenation
architecture, and those arising in the pathwaysidetthe xylem. References are provided to studfethese
potential mechanisnyser seand/or on their influence on the shape of steteafrvulnerability curves.

Shape ofK 4 decline Air seeding Venation Pathways outside the xylem
architecture

Linear decline:

No threshold before decline - If air seeding begins at high * If a loss of membrane
Y eaf bECause of large pit permeability (e.g., due to
membrane pore size aquaporin activity or loss of
(Neufeldet al, 1992 cell turgor) begins
Pammenter and Vander immediately as\.sdeclines
Willigen, 1998) (Brodribb and Holbrook,

2006)

Proportional decline oK.+« If conduits of different size « If higher major  If membrane permeability

with decliningW¥ 4 all have a wide range in vein length/area declines linearly as the
maximum pit membrane (=vein density) average cell tugor declines
pore size such that confers hydraulic with We4(Kubiske and
cavitation occurs equally redundancy, such Abrams, 1990; Brodribb and
across conduit sizes that first Holbrook, 2006)
(Pammenter and Vander embolisms of the  « If the Ky declines due to
Willigen, 1998; Choakt vein xylem loss of water-filled pathways
al., 2005) conduits do not through cell walls as cells

cause a dramatic dehydrate (Pieruschlet al,
decline (Scoffonit 2010)
al., 2011)

Non-linear decline

(logistic, sigmoidal,

exponential):

Threshold before decline « |If a threshold for air- « If there is a thresholdP|c.
seeding determined by the below which aquaporins are
largest pit membrane pore deactivated and membrane
size leads to a retention of permability declines (North
Kieas Until a¥e4 threshold and Nobel, 2000; Miyazawet
(Neufeldet al, 1992; al., 2008)

Pammenter and Vander o If the Ky IS insensitive to
Willigen, 1998; Domeet turgor or turgor is maintained
al., 2006) by osmotic adjustment until a

cavitation threshold is reached
(Brodribb and Holbrook,

2006).
Disproportionate decline of  « If larger conduits conferrin « If leaves with « If strong declines due to
Kiear With declining¥|cq¢ the bulk of the vein xylem  lower major vein aquaporin deactivation occur
conductivityhave larger pit  density suffer at high¥ .5 (Johanssost al,
membrane pores or greater strong decline in 1998; Kim and Steudle, 2007
pore numbers, and cavitate Ky, with first Scoffoniet al, 2008)
first, followed by smaller embolism of xylem « If a greater loss of turgor in
conduits that have conduits in the cells with relatively weak
decreasing impact 0Keas low-order veins solute potential (e.g., bundle
(Neufeldet al, 1992; (Scoffoniet al, sheath cells) during leaf
Pammenter and Vander 2011) dehydration lead to especially
Willigen, 1998; Tyree and rapid decline irK,e,s (Nonami
Zimmermann, 2002) and Schulze, 1989; Koroleva
etal, 1997)
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Table 2.2.Study species, family, native range, and meanegatustandard error for pressure volume curve petermand leaf hydraulic vulnerability
parameters, i.e., leaf hydraulic conductance ahfdration K4, leaf water potential at 50% and 80% declinesaf hydraulic conductanc®«, andPg),
calculated from the maximum likelihood function the “¥|,estunbinned” plot, and results ttests on species’ means (for hydraulics paramedeid of
analyses of variance for the difference betweerstarid dry area species, and among species neigiinl thhose categories (for pressure volume
parameters)=P > 0.05; *P < 0.025;***P < 0.001. tCroat, 1978; Kitamura and Murata, 19Foms, 2008

Species Family Native ranget Kimax Pso Pso Turgor loss  Osmotic Modulus of  Saturated
point Potential elasticity water content
(mmol n2s*MPsY)  (-MPa (-MPa, (-MPa (-MPa) (MPa (g.c})

Dry habitat species :

Cercocarpus betuloides Rosaceae California. 4.36 2.76 5.25 259+0.03 1.64+0.04 10.1+0.700.79 +0.02
Mexica

Comarostaphylis diversifoliaEricaceae California. 2.96 2.85 4.56 345+0.34 251+0.34 17.3+2.230.70+0.01
Mexico

Hedera canariensis Araliacaeae Canary 5.73 0.64 1.18 1.98+0.09 149+0.07 17.9+1.282.81+0.09
Island:

Heteromeles arbutifolia Rosaceae California. 20.7 2.57 4.12 253+0.10 2.08+0.10 16.4+0.486.38 +0.07
Mexica

Quercus agrifolia Fagaceae California. 3.96 2.40 3.83 3.00+0.12 231+0.12 12.8+0.788.93+0.01
Mexico

Moist habitat species :

Camellia sasanqua Theaceae Japan 5.99 1.78 2.84 212+018 161+0.04 7.924% 1.74 +0.03

Helianthus annuus Asteraceae Across N. 6.45 0.83 1.16 1.09+0.12 0.875+0.10 13.3+1.3111.2+0.79
Americe

Lantana camara Verbenaceae Pantropical 11.4 0.80 141 1.37+0.04 110+0.08.14+0.525 2.73+0.15

Magnolia grandiflora Magnoliaceae Southern U.S. 5.24 0.42 2.06 206+0.05 1.43+0.34 5.49+0.792.50 +0.07

Platanus racemosa Platanaceae California, 34.12 0.09 0.35 2.03+0.06 154+0.12 4.85+0.331.34+£0.03
Mexico

Average *+ SE Dry habitat species 7.55+3.32 224+0.41 3.79+0.692.71+0.14 201+0.19 149+1.49 1.32+0.04

Moist habitat species 12.64 +5.48 0.78+0.28 1.56 £+0.421.74+0.09 131+0.14 816151 3.71+0.21
ANOVA Dry /mo'st NS * * *kk *k%k *kk *k%k
SpeCIeS *kk *k%k *kk *k%k
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Table 2.3.Results from the tests of the recovery of leafraytic conductanceK(e,s) during the evaporative flux method (EFM), andidgrl-hour
rehydration in the dark. < 0.05; **P < 0.01; **P < 0.001). In the Residual test for recovery duting EFM, significance indicates th&t, did not
fully recover. For the indices df., recovery during the EFM, and during the 1-hourydehtion experiments, significance before the conimaicates
some degree of significant recovery, and signifieaafter the comma indicates that; did not recover fully (seklethods.

Specie Residul test for Index ofrecovery it Index of lecovery in
recovery during EFM Kieaf Kieat after
during EFM 1-hour rehydration
R2 (n) (% Increas) (% Increase)
Camellia sasanqt 0.02¢%(41) 114N ** 58NS, wxx
Cercocarpus betuloid 0.48**(70) 11ENS, w 11ENS, w
Comarostaphylos diversifo 0.33**(57) 178%*, * 259%kx NS
Hedera canariens 0.03¢M5(41) 159%* ** 15CNS, Horx
Helianthus annut 0.017"%(36) 124N5) * 230%*, *
Heteromeles arbutifol 0.62*%(58) 66.4N5, * 79.2N8 *
Lantana camar 0.61***(25) 161N%, 284**, **
Magnolia grandiflorz 0.24* (74) 158+, Hk* 218* NS
Platanus racemos 0.35**(38) 104NS * 13CNS =
Quercus agrifolii 0.38***(46) 72.2NS w 112NS ) ek
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FIGURE CAPTIONS
Figure 2.1. A theoretical framework for the construction ofrverability curves according to the

degree that leaves recover in leaf hydraulic cotatuwe Kiea) With rehydration. The black line
is the “true” vulnerability curve, the grey line iee vulnerability curve plottingliear against
“Wowest, and the grey dotted line is the vulnerabilityneel plotting Kiear against ¥sina™
Bounding cases were considered: (a) leaves wereraomverable in theiKy during the
measurement, (b) leaves were totally recoverabléhéir Kier and (c) leaves were partially

recoverable in theilK.5f (SeeMethods.

Figure 2.2. Vulnerability curves for leaf hydraulic conductan@.s) for 10 species varying
widely in drought tolerance, determined using thaperative flux method using three different
plots ("“Wiowest Unbinned”, Wiowest binned” and Wina”). For the ‘Wiowest unbinned” and ¥sina”
panels, each point represents a different leaf nreds Standard errors are represented for each
bin point in the ¥iowest binned” plot. The lines plotted are the maximukelihood functions

using each plot for each species (Table S2.3).

Figure 2.3. Recovery of leaf hydraulic conductandg.4y) after 1-hour rehydration with petiole
under water, for 10 species varying widely in digutplerance. The grey curves are the best-fit
functions of the species’ response to dehydratiomfFig. 2; open and filled symbols represent
the predictedK,s at the dehydrated leaf water potential, dfgls after 1-hour rehydration
respectively; stars on theaxis represent the turgor loss point. Speciesctieghin the upper four
panels showed significant recovery Kpos (*P = 0.04; *P = 0.001; ***P < 0.001); onlyC.
diversifolia and M. grandiflora showed total recovery. Species depicted in thestopanels

showed no significant recovery kar.
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Figure 2.4. The ability of hydraulic vulnerability to predidhe degree that leaf hydraulic
conductanceKj.a) was maintained after strong dehydration and redty@h for 1-hour with
petiole in water, calculated & after rehydration divided by maximulas (Kmay). Filled dots
represent species without recoverykafs and open dots species that did show recoveK.gf
The line was fitted only for species without recgvef Kieas (** P = 0.005; ***P < 0.001).

Figure 2.5. Correlation of the leaf water potential at 80% la$deaf hydraulic conductance
(Pso) with osmotic potentials (a) at full turgorof and (b) at turgor loss point(p), for ten
species of a wide range of drought tolerance. dFgtandard major axes: (@) = 0.30 X Pg, +

0.85; (b) mrp = 0.42 X Pg, + 1.1, Data forn, andnrp from Scoffoni et al. (2011).
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SUPPLEMENTAL MATERIAL
Table S2.1 A summary of previous studies of leaf hydraulitnerability on whole leaves, indicating the
various methods used, the different functionsditte the data, and whether the data were binneuwbior

before line-fitting.

Table S2.2.Minimum and maximum transpirational flow ratds for each species measured with the
evaporative flux method and corresponding estimasémmatal conductancesy)( and cuticular

conductances for these species.

Table S2.3 Parameters for the decline of leaf hydraulic cmtance Keo) with declining leaf water
potential for 10 species, fitted with four diffetefunctions, Rz for observed values plotted against
predicted values from the fitted function, and ealdior the Akaike Information Criterion (AIC). Feach
function, three plots were tested #g,s against leaf water potential: (1¥jowest Unbinned”, (2) ¥iowest
binned”, (3) and ¥sna" (see ‘Methods for additional information). Bold and grey shadimdicate the
best fit model(s) for each plot for each specieslisCwere left blank when the maximum likelihood

parameters were extremely large or small values.

Table S2.4 (spreadsheet file)Parameters of leaf hydraulic vulnerability curi@ma. Pso and Pgp)

determined by fitting four functions to the datar feach species (linear, sigmoidal, logistic and

exponential) and using three kinds of plot® {es: unbinned”, ¥\oest binned” and™sna").

Table S2.5 (spreadsheet fileppecies means + standard errors for leaf hydrauliwerability parameters

and pressure-volume parameters for 10 speciesngmgdely in drought tolerance.

44



Table S2.1.A summary of previous studies of leaf hydraulitnenability on whole leaves, indicating the varionsthods
used, the different functions fitted to the dated ahether the data were binned or not beforefliting. *Functions were
selected for apparent fit “by eye” in most studibsugh two studies used maximum likelihood to ctetfee sigmoidal over a
linear function for their species and method (Johret al, 2009a; Johnsoet al, 2009b).

Function fitted*

Plot for fitting
function

Study Measurement method
Kikuta et al., 199 UAE

Salleo et al., 2000 UAE

Nardini et al., 2001 UAE/VPM
Salleo et al., 2001 UAE /Visual
Brodribb and Holbrook, 200: RKM

Lo Gullo et al., 2003 UAE /VPM
Nardiniet al, 2003 VPM/Visual
Nardini and Salleo, 20( UAE/HPFM
Salleo et al., 2003 VPM/ Visual
Trifilo et al, 2003a VPM

Trifilo et al, 2003b VPM/Visual
Brodribb and Holbrook, 200« RKM

Brodribb and Holbrook, 2004b RKM

Brodribb and Holbrook, 2006 RKM/ Heat-FM
Brodribb and Holbrook, 2007 Heat-FM
Woodruff et al., 2007 RKM

Hao et al., 2008 RKM

Woodruff et al., 2008 RKM foKgpooras proxy foreas
Blackman et al., 2009 RKM

Brodribb and Cochard, 2009 Dynamic RKM
Chen et al., 2009 DKM
Johnsoret al, 2009a UAE/RKM
Johnsoret al, 2009b RKM

Sahiet al, 200¢ RKM
Blackmanet al, 2010 Dynamic RKM

No functior
No function
Polynomial
No function
Cumulative normal distributio
Polynomial
Sigmoidal
No functior
Polynomial
Linear (y = ax + b)
Linear (y = ax + b)
Cumulative normal distributic
Cumulative norrdadtribution
Linear(y = ax + b) and sigmoidaly = a/(1 4+ e~ (*=%/b)y)
Linear (y = ax + b) and sigmoidaly = a/(1 + e~ (~*n/b)y)
Sigmoidal f = a/(1 + e~ (*~¥0/b)y)
Sigmoidal
Logistic (y = a/(1 + (x/x,)"))
Sigmoidal f = a/(1 + e~ (*~¥0/b)y)
Sigmoidal f = a/(1 + e~ (*~%0/b)y)
Sigmoidal = a/(1 + e 2*=9)))
Linear and sigmoidal
Sigmoidal f = a/(1 + e~ (*~¥0/b)y)
No functior
Sigmoidal f = a/(1 + e~ (*~¥0/b)y)

P owes UNbinnec
¥ owes UNbinned
P iowes biNNed

P iowes Unbinned
¥ owes UNbINNet
Y\ owes Unbinned
Y\ owes biNned

¥ owes UNbINNet
Y\ owes binned
Y\ owes Unbinned
Y\ owes Unbinned
Y owes UNbinnes
P lowes biNNed
Yhinal

Whinal

Y owest Unbinned
Y\ owes Unbinned
Y\ owest binned

P owest Unbinned
Y owest Unbinned
Y\ owest Dinned

P owes Unbinned
P owest Unbinned
Y owes UNbinnes
P owest Unbinned

Abbreviations: DKM, dehydration kinetics method;at#é¢M, evaporative flux method with heat gun; HPFigh pressure
flow method; RKM, rehydration kinetics method; UAltrasonic acoustic emissions; Visual, visual rodthsing dyes (i.e.,

Fluorescein, Phloxine B); VPM, vacuum pump method.
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Table S2.2.Minimum and maximum transpirational flow ratds) (for each species
measured with the evaporative flux method and spording estimated stomatal
conductancegy}, and cuticular conductances for these speciesgTas determined by
dividing by laboratory average mole fraction vapoessure deficit (0.015 mol niol
Means + standard errors are reported for the fighdst and five lowedE andg values
for each specie€fighesi Eiowess Ghigest @NU0iowest respectively).

SpeCieS Eghesti SE Elowesti SE ghighest Giowest gmin*
(mmoll- m?.s (mmoll- m%s  (mmol-m*sY)  (mmol-m?s?) (mmoll- m?.s
) ) )
Camellia sasanqua 152+0.091 0.453+0.047 101 +6.70 30.2+3.14 .77%0.13
Cercocarpus betuloid 2.82+0.19 0.300 + 0.03 188+ 13.z 20.0 £ 2.4 3.99+0.4
Comarostaphylos diversifolia 2.28 + 0.056 0.314 +£0.087 152 +3.73 209+5.78 .8720.35
Hedera canariensis 230+0.111  0.226 £0.032 153 £7.43 15.04 £2.15 0.44 £0.03
Helianthus annut 430+0.19 0.618+0.08 286+ 12.7 41.2 +5.9! 18.3+1.9:
Heteromeles arbutifolia 557 +0.087  0.156 = 0.023 384 £5.80 104+150 .2141.22
Lantana camara 473+0.116 0.618 +0.088 315+7.70 41.2+588 2.0%*0.85
Magnolia grandiflora 151+0.146  0.286 £ 0.041 100 £9.76 19.1+272 .8830.41
Platanus racemo:s 266+0.177 0.545%0.15 177 +11. 36.3 £10. 6.61 £ 0.4
Quercus agrifolia 1.14+0.074  0.152 + 0.006 76.0 + 4.96 10.1+0.43 1.72+0.23

" data from Scoffonet al, 2011
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Table S2.3.Parameters for the decline of leaf hydraulic cataoce K..;) with declining leaf water potential for 10 spesfitted with four different function&? for observed values plotted
against predicted values from the fitted functiamg values for Akaike Information Criterion (AlGor each function, three plots were tested<igs; against leaf water potential: (1¥jowest

unbinned”, (2) ¥owestbinned”, (3) and ¥ina” (see ‘Methods for additional information). Bold and grey shadiimdicate the best fit model(s) for each plotdach species. Cells were left blank
when the maximum likelihood parameters were exthetaege or small values.

H W _x, . ¥ _
Species Plot LINEAR: Kiear = a@ Wiear + Vo SIGMOIDAL: Koo = a/(1 + e s ) LOGISTIC: Kiear = a/(1 + (—)l;af)b) EXPONENTIAL: Kjopr = yo + ae™?*Viear
a ) r2 AIC a b % r2 AIC | a B % r2 AIC | a b Y r2 AIC
C. (1) -0.60+£0.07 4.01+0.25 0.49 217.24 7.0945.76 -2.16+1.06 1.01+3.53 0.52 215.81 | 4.02+0.49 2.06+0.76 2.94+0.54 0.51 216.56| 5.24+1.38 0.23+0.13 -0.66+1.59 0.52 216.14
betuloide 2) -0.56+0.08  4.00+0.30 0.78 28.15 4.43+0.82 1.14+0.59 2.59+0.92 0.82 30.84 4158 0.27+0.18 0.02+1.36 0.83 30.36
3) -1.46 +0.27 3.31+0.25 0.29 240.75 9.43+14.1 0.82+0.49 0.13+0.42 0.38 234.25| 4.36x0.74 1.72+0.90 0.59%0.65 0.36 235.55
C. (1) -0.52+0.06 2.96+1.78 0.54 130.60 3.09£1.49 -1.32+0.10 2.81+1.71 0.53 134.94 7.06%12. 0.60+0.47 0.23+0.13 0.52 136.p1
diversifolia] (2) -0.53+0.08 2.95+0.24 0.80 19.08 2.55+0.47 -0.83x0.50 3.30+0.50 059 27.21 2.3340.215.56+2.82 3.44+0.28 0.78 25.7b
3) -0.50+ 0.06 2.62+0.12 0.64 116.45 5.13+1.80 1.08+0.27 0.49+0.33 0.74 101.97| 3.70+0.38 0.91+0.23 0.22+0.21 0.73 103.32
H. (1) -4.02+0.42  20.7+1.22 0.61 350.53 34.7434.1 -1.73+0.95 0.87+3.45 0.60 354.64 22.333. 1.52+0.57 1.95+0.68 0.58 3576856.8482.0 0.09+0.16 -35.3183.4 0.61 352.534
arbutifolia | (2) -3.94+0.41 20.2+0.53 0.84 56.74 54.9+163 -2.06+0.79 -0.79+10.2 0.82 63.97 23.0£5.631.40+£0.59 1.73+0.84 0.80 65.1P 63.8+156 0.07+0.2242.9+158 0.84 62.64
(3) -19.2+4.44  17.0+1.71 0.24 389.29 20.8+7.11 1.61+0.78 0.29+0.14 0.28 389.02( 22.0+4.78 3.29+2.39 1.97+5.15 0.27 389.17
H. Q) -1.53+0.18  3.79+0.30 0.63 121.51 26.7£#53.3 -0.59+0.15 -0.60+0.15 0.87 79.75 5.74+0.57 2.27+0.34 0.64+0.08 0.88 79.13 | 7.49+0.57 1.55+0.21 0.05%#0.21 0.88 79.92
canariensi (2) -1.61+0.39  4.06+0.69 0.74 33.21 5.88+0.22 2.24+0.12 0.63+0.03 0.999 31.95 | 8.10+0.19 1.73+0.07 0.15+0.05 0.999 31.30
(3) -1.71+0.24 3.68+0.33 0.56 129.08| 15.7+16.8 -0.45+0.13 -0.08+0.80 0.83 91.89 5.75+0.63 2.53+0.44 0.60+0.07 0.84 91.06 | 7.98+0.73 1.73+0.27 -0.06+0.07 0.83 92.45
Q. (l) -0.83+0.12  3.96+0.29 0.49 141.72 3.99+0.82 -0.93+0.43 2.39+0.53 0.50 143.46 | 3.45+0.28 3.77+1.53 2.61+0.24 0.50 143.55
agrifolia (2) -0.78+0.16  3.95+0.42 0.75 26.96 3.76+0.87 -0.88+0.54 2.71+0.63 0.76  35.64 3.3740.354.21+2.07 2.86+0.33 0.77 35.3D
3) -0.86+0.25 2.68+0.22 0.20 162.96| 3.17+0.60 -0.09+0.08 0.37+0.05 0.32 157.64 | 2.98+0.28 4.94+2 93 0.37+0.05 0.32 157.50| 3.77+0.83 2.07+0.92 0.04%0.70 0.31 158.56
C. (1) -1.69+0.33  5.99+0.52 0.39 160.18 5.53+0.78 -0.54+0.24 1.93+0.23 0.41 161.08 | 5.26+0.48 3.49+1.44 1.9440.20 0.42 160.93
sansanqug (2) -1.90+0.29 -6.22+0.48 0.88 28.43 5.46+0.46 -0.47+0.12 1.90+0.14 0.94 54.58 5.27+0.323.93+0.98 1.88+0.13 0.94 54.4
(3) -3.36+0.78 4.98+0.40 0.31 168.09 13.8+13.2 1.05+0.54 0.10+0.18 0.54 153.60| 8.95+1.54 4.09+1.52 0.86%0.90 0.54 154.24
H. Q) -4.63+0.76 7.50+0.73 0.51 153.57| 7.41+2.06 -0.24+0.12 0.78+1.17 0.58 150.94 | 6.45+0.75 4.15+1.45 0.83+0.08 0.59 149.49| 11.71+1.80 1.17+0.72 -1.20+£2.61 055 152.99
annuus 2) -3.88+0.82  6.80+0.88 0.76 34.45 6.1741.10 -0.19+0.11 0.88+0.10 0.86 44.6§ 5.831+0.594.96+1.80 0.88+0.07 0.88 43.47 10.83+2.4R92+0.75 -1.82+3.66 0.81 46.98
3) -4.28+0.92 6.64+0.77 0.38 162.26| 5.61+0.76 -0.13+0.07 0.79+0.07 0.44 160.78 | 5.48+0.58 5.724+2.55 0.7940.07 0.46 159.77| 11.145.66 0.74+0.86 -3.18+6.96 0.39 164.01
L. Q) -5.40+0.52  10.8+0.67 0.81 103.21 34.6+55.5 -0.61+0.21 -0.19+1.54 0.89 91.66 11.4+1.44 2.43+0.49 0.80+0.12 0.89 91.17 | 16.4+1.33 1.31+0.36 -0.20+1.19 0.89 91.89
Camara 2) -5.12+0.74  10.6+1.01 0.90 44.53 38.5+13.3 -0.63+0.04 -0.29+0.33 0.999nf 11.4+0.06 2.45+0.02 0.81+0.01 0.999 Inf 16.5G6) 1.29+0.09 -0.23+0.28 0.998Inf
(3) -5.27+1.16  8.71+1.04 0.44 130.84 7.73+2.03 -0.23#0.16 0.87+0.18 0.47 132.46 | 7.11+0.96 4.31+2.32 0.89+0.13 0.47 132.22| 17.1+19.1 0..494+0.93 -7.35+21.0 0.45 133.36
M. Q) -0.58+0.08 2.54+0.19 0.40 194.76 5.24+2.62 0.87+0.29 0.42+0.50 0.48 187.02| 3.22+0.63  1.14+0.67 0.68+0.33 0.46  189.47
grandiflora (2) -0.55+0.10 2.47+0.28 0.76 21.07 21.4+34.6 0.75+0.13 0.03+0.09 0.89 20.94 | 3.33+0.48 0.71+0.41 0.22+0.49 0.86 23.66
3) -0.68+0.11 2.06+0.16 0.32 203.52 7.43+1.50 4.49+0.94 0.64%0.15 0.67 153.15
P. (1) -3.25+0.63 7.28+0.90 0.46 154.75 34.1423.2 1.06+0.23 0.0940.11 0.82 121.24| 19.45+2.73 3.39+0.64 1.53+0.38 0.81 123.73
racemosa | (2) -2.87+0.83  7.08+1.42 0.66 40.80 20.246.28  2.89+0.95 1.06+0.41 095 58.91
(3) | -4792+41.08 6731090 039  158.119 2044597 641233 1.63:058 069 139.85
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CHAPTER 3
DECLINE OF LEAF HYDRAULIC CONDUCTANCE WITH DEHYDRATION:

RELATIONSHIP TO LEAF SIZE AND VENATION ARCHITECTURE

ABSTRACT

Across plant species, leaves vary enormously iin e and their venation architecture, of
which one major function is to replace water lastranspiration. The leaf hydraulic conductance
(Kiear) represents the capacity of the transport systetieliver water, allowing stomata to
remain open for photosynthesis. Previous studiewetl that.,; relates to the vein density (=
vein length per area). Additionally, venation atebiure determines the sensitivitykof,s to
damage; severing the midrib causégsand gas exchange to decline, with lesser impacts i
leaves with higher major vein density that providgeare numerous water flow pathways around
the damaged vein. Because xylem embolism duringdiation also reducdsiea;, we
hypothesized that higher major vein density wouldd aeduce hydraulic vulnerability. Smaller
leaves, which generally have higher major vein dgnsould thus have lower hydraulic
vulnerability. Tests using simulations with a spbyi explicit model confirmed that smaller
leaves with higher major vein density were morertaht of major vein embolism. Additionally,
for ten species ranging strongly in drought tolemrhydraulic vulnerability determined as the
leaf water potential at 50% and 80% los¥g@f; was lower with greater major vein density and
smaller leaf size(] = 0.80-0.86P < 0.01). These relationships were independentiaro

aspects of physiological and morphological drouglgrance. These findings point to a new
functional role of venation architecture and sresdf size in drought tolerance, potentially

contributing to well-known biogeographic trenddeaf size.
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INTRODUCTION

The leaf venation architecture has common functi@esoss plant species, serving for
mechanical support (Niklas, 1999), sugar and hoemtmansport (Kehr and Buhtz, 2008), and the
replacement of water lost to transpiration duringptpsynthesis (Sack and Holbrook, 2006).
However, venation architecture is highly diverseoas species (Uhl and Mosbrugger, 1999;
Roth-Nebelsick et al., 2001; Sack and Frole, 2@l&s et al., 2009; Brodribb et al., 2010). In
dicotyledons, the leaf venation system typicallpsists of three orders of major veins and up to
five higher orders of minor veins embedded in tresophyll, with the vein orders arranged in a
hierarchy; lower order veins are larger in diameteith greater xylem conduit numbers and
sizes, whereas higher order veins have greaterthepgr area (= vein density; Sack and
Holbrook, 2006; McKown et al., 2010). Species vstrpngly in the density of given vein orders
and their conductivities (Cochard et al., 2004lkSand Frole, 2006). The aim of this study was
to test for novel functional consequences of vemmin leaf venation architecture and leaf size,
and particularly a role in drought tolerance.

The leaf is a critical component in the plant wdtansport system, accounting for 30%
or more of whole-plant hydraulic resistance (Saokl &lolbrook, 2006). The leaf hydraulic
conductance Kieo, flow rate / water potential driving force, i.e@he inverse of hydraulic
resistance) quantifies a complex microhydrologgyatem, including the conductances in series
of the vein xylem K) and the mesophyll pathways outside the xylé€g)( The venation
architecture is thus an important determinanKgf; and its dynamics. Total vein density is a
determinant of bothKy andK.y, because, all else being equal, higher densiépsesent more
numerous xylem flow pathways in parallel per leataa and shorter pathways for water
movement outside the xylem (Sack and Frole, 2006dibb et al., 2007; McKown et al.,

2010). Additionally, venation structure may conttd to the ability ofKe4s to withstand vein
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damage (Sack et al., 2008). Minor veins had beeassally hypothesized to provide
“conductive overload”, consisting of many paralpgthways for water flow such that a leaf
could tolerate hydraulic disruption of major veif\ylie, 1938). However, detailed studies
found thatKesr, Stomatal conductance and photosynthesis weresasitive to damage of the
large major veins, which supply water to the dowewh vein hierarchy (Nardini et al., 2001;
Huve et al., 2002; Nardini and Salleo, 2003; Sadckl.e 2003a; Salleo et al., 2003; Delaney and
Higley, 2006). Additionally, the impact of severitige midrib near its base differed among
species. The decline dfesr Wwas lower in palmately-veined species with greatajor vein
density providing flow pathways around the disrdptein (Sack et al., 2008). The impact of
midrib damage orKie5 also varied among pinnately veined species. Smigéaes, with their
major veins spaced more closely and thus greatg@rmain densities, had greater tolerance of
midrib damage (Sack et al., 2008).

Just as for leaves with damaged veilg,s declines in dehydrating leaves, resulting in
reductions of leaf gas exchange and whole planivityqSalleo et al., 2000; Brodribb and
Holbrook, 2003; Sack and Holbrook, 2006; Johnsoralet 2009b). TheKar decline with
dehydration arises at least in part from embolisrthe vein xylem (Kikuta et al., 1997; Salleo et
al., 2000; Salleo et al., 2001; Nardini et al., 200rifilo et al., 2003a; Trifilo et al., 2003b;
Cochard et al., 2004a; Brodribb and Holbrook, 200Bpat et al., 2005; Brodribb et al., 2009;
Johnson et al., 2009a). Cavitation in turn will €leg on the intrinsic vulnerability of each vein,
with major veins likely to be more vulnerable besawf their long and wide conduits (Choat et
al., 2005). We hypothesized that higher major \a@msity, by providing transport pathways
around embolised major veins, would confer toleeamiK e, to dehydration, i.e., more negative
Wiear Values at 50% and 80% losskfar (Pso andPsgo respectively). Such a role for leaf venation

could be important in the optimization of leaf siZeeaf size is highly variable across
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environments, with smaller leaves more frequerdrinhabitats, both within and among species
(Givnish, 1987; Sultan and Bazzaz, 1993; Gibsor881®unningham et al., 1999; Ackerly,
2003, 2004), as well as among community assembl@d@ph and Dilcher, 1980; Fonseca et
al., 2000). One advantage for small leaves is ttmémer boundary layer enabling more rapid
convective cooling (Vogel, 1968, 1970; Parkhurst aroucks, 1972; Gibson, 1998; Vogel,
2009; Nobel, 2010). There may additionally be &dihydraulic benefit of small leaves, if their
greater major vein redundancy prote#tgss from decline and thus contributes to drought
tolerance. To test these hypotheses, we conducguter simulations of the impact of vein
cavitation onKiear. We compared theoretical results with experiméntakeasured relationships
among leaf hydraulic vulnerability, leaf size, vBoa architecture and other aspects of leaf

drought tolerance for species diverse in leaf fand drought sensitivity.

MATERIAL AND METHODS

Computer simulations of the importance of vein architecture in leaf hydraulic vulnerability
Simulations of the impact of cavitation in leave#hwvarying venation architecture were
generated using the prograftnleaf, version 6 (written by H. Cochard, Institut Nat@brde la
Recherche Agronomique, Clermont-Ferrand, Francegh@al et al., 2004b; McKown et al.,
2010; available on requedtlerve.Cochard@clermont.inra.fr). Based on specified parameters,
K_leaf creates a spatially explicit model of a leaf with to six vein orders represented as a
square grid of xylem resistors and outside-xylesisters (“mesophyll” resistors) branching
orthogonally from each junction of the vein grid. inodeled leaves, water exits through the
mesophyll resistor located at each vein junctiord the bulk of the water thus exits from the
numerous minor veins. The model determines threanpetersKy (leaf xylem conductance per

leaf area)Kox (outside-xylem conductance per leaf area),langd where:
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Kiear= (Kx " + Kox ) ™) eqn 1
for leaves given specified size, densities andsesestional conductivities for each vein order,
and mesophyll conductance. Simulations were modesaty an elliptical leaf with 12 pairs of
second-order veins {/eins) and with vein densities and conductivitiesed on those for a
Juglans regia terminal leaflet (Cochard et al. 2004). Our findirghould be applicable to other
leaves with hierarchical, reticulate venation (MeWo et al., 2010). Individual vein
conductivities k,) were based on estimations from xylem conduit ludignensions irduglans

vein cross-sections using the formula:

ma3b3
kV - Z (64n(a2+b2)) eqn 2

wherea andb are the major and minor axes of ellipses, ansl the viscosity of water at 25°C
(units are mmol m'$ MPa"; Lewis and Boose, 1995; Cochard et al., 2004bk $axi Frole,
2006). TheKy calculated by the model depends on the individe&d order conductivities and
densities, and,x depends on the specified mesophyll conductancetfandotal vein density,
which determines the number of junctions and tHusesophyll resistors in parallel.

Values ofKy, Kox, andKpear Wwere determined in typical units, normalized bgflarea
(mmol m? s* MPa?). The relative responses K, Kox andKies to alteration of venation features
in our simulations are expected to accurately m@icrelative trends and principles of leaf
venation design; however, the empirical valuesnarteto be taken as meaningful, and units are
not presented in our simulation results. For ingtathe simulations based on thuglans leaflet
anatomical data set produceda of 462 mmol rif s> MPa®, which is very high relative to
experimentally measurdg, and many times greater than measufgd(Cochard et al., 2004b).
Cochard et al. (2004b) introduced the “xylem hyticaefficiency” parameter irk_leaf (XHE;

modeledKy divided by measurely) to calibrate the modeleag, with measured values and thus
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to account for other factors than xylem conduit bers and diameters that cannot currently be
modeled, such as pit membrane resistance (Speaty, @005) or conduit blockage by embolism
or tyloses (Salleo et al., 2002; Choat et al., 200bour simulations, XHE was set to 1. While
not significant for this study, future work shouldetter reconcile modeleKy with
experimentally measured values (McKown et al., 2010

For this study, we focused on the impacts of sitedlaavitation orKy values, which
would result in a reduction &fea, by a degree that depends on the valuk,afelative toKox.
The ratio ofKyx and Ky depends on species and on environmental varidbésaffect these
compartments differently, but the available datggest thatK.,x and Ky are of similar
magnitudes on average (Sack and Holbrook, 200@)jrathat case, a given declinekyf would
reduceKeqr by approximately half that amount. We also not ttehydration could also impact
on the extra-xylem pathways, e.g., due to cellndtage and/or aquaporin deactivation (Kim and
Steudle, 2007), which would lead to stronger oVenmgbacts orKeas.

The program generates leaves of a specified sidenamber and arrangement of 2
veins, from which it determines thé Zein density. Thus, designating leaves of giveesieads
to the 2 veins being spaced further apart, just as obsdrveeal leaves (Sack et al., 2008; see
Results). The density of the minor veins (in this modélafd higher) depends on the areole size,
which is specified independently, and thus is malaiigd independently of major vein density.
We altered leaf size (and thus the density bhnd 2 veins) and also minor vein densities,
simulating a total of 42 leaves of six differerzes (4.8 to 65.4 cm?), associated with a 3.5-fold
range of major vein densities (0.15-0.53 mm finx seven different minor vein densities
(spanning a 3.5-fold range; 2.8-8.7 mm WFor each leaf, we additionally applied cavitatio
“treatments” to determine the impact g (1) To test the impact of cavitating the majoimge

we reduced the cross-sectional conductivities efifrand 2 veins by 90%, to simulate the great
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majority of vessels being cavitated; and (2) Ta tkee impact of cavitating the minor veins, we
reduced the cross-sectional conductivities of tAe43, 5° and 6° veins by 90%. For the
simulated leaves of contrasting venation architestwe present the percent loss of conductance

of K, that resulted from these treatments, i.e., thérdepelative to a control, uncavitated leaf.

Plant material and leaf hydraulic vulnerability
Leaf hydraulic vulnerability was determined for sgrecies sampled in and around the campus of
University of California, Los Angeles and Will RageState Park, Los Angeles, California in
May-September 2008 (Table 3.1). Leaves were celieéiom mature trees and shrubs of nine
species. Leaves from sunflowersielianthus annuus, var. Sunspot; Botanical Interests,
Colorado, USA) were collected from greenhouse plgnbwn from seeds in 3.6 L pots (average
minimum, mean and maximum values for temperatutet,23.2 and 26°C; for humidity: 44,
51 and 59%). Sunflowers were irrigated every twgsdavith 200-250 ppm of 20:20:20 N:P:K;
the light availability measured at mid-day on arsuday was up to 550 umol photon *ms?,
and on average 300 pmol photon # ms® (LI-250 light meter; LI-COR Biosciences, Lincoln,
Nebraska, USA). Species spanning a wide rangeanigit sensitivity were selected across nine
families to include phylogenetic diversity. Fiveespes were native to dry habitats and five
species to moist habitats (Table 3.2).

Mature, healthy leaves were excised from sun-eeghdsanches rehydrated overnight.
We used the evaporative flux method (EFM) to deteemleaf vulnerability curves. We
measuree,f as the light-acclimated steady-state transpiratiiow rate for excised leaveg,(
mmol - m? - s% divided by the water potential driving forcA¥.es;, MPa; Sack et al., 2002;
Scoffoni et al., 2008). The EFM was modified toalldetermination oKes at lowWiear. Shoots

were cut into segments of three or more leavesrunttapure water, and dehydrated with a fan
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for different periods of time to achieve a rangé’gf; values. Shoots were allowed to equilibrate
for at least 30 min and then two leaves were ercisel measured for initi&fear (¥o) Using a
pressure chamber (Plant Moisture Stress Model 1BMS Instrument Co, Albany, OR, USA).
The third leaf (typically the middle leaf) was useml determineKos with the EFM. The
vulnerability curve was obtained by plottinge.r against whichever was lowest, or Winal
(“Wiowest), @assuming this to be th#e,s associated with the strongest dehydration expeztEnc
during the experiment (bench-drying akdss measurement). Species show different shapes in
their vulnerability curve trajectories, as expectggen variation in the importance of multiple
mechanisms for the decline Kfeas with dehydration (Brodribb and Holbrook, 2006).ushwe
determined each species’ vulnerability curve, dglgcamong four functions used in the
previous literature using maximum likelihood (Buani and Anderson, 2002), using thaim
function in R 2.9.2 (http://www.r-project.org; Buram and Anderson, 2004; Sack et al., 2006;

our scripts are available on request): linedfio6 = a Wiear +,), Sigmoidal Kjear =

a
_< Yleaf -xo)
1+e b

We used the best fit function for each speciestonate the maximure,s for the hydrated leaf

), logistic Kjear = a/(1+ (W;—Z“)b)) and exponential jear = vy + ae™?%iear),

(Kmax), and theP|eas at 50% and 80% loss Bfear (Pso andPgg respectively).

Quantification of leaf form and venation architecture

We determined venation traits for leaves from oeaf lfrom an exposed branch for three
individuals per species, from the same individumésasured for hydraulic vulnerability. Leaves
were collected in May-September 2007 and fixecdbmmlin-acetic-acid solution (37% aqueous
formaldehyde solution, 50% ethanol and 13% glacektic acid solution). Leaves were

chemically cleared with 5% NaOH in ethanol, staiméith safranin and counterstained with fast-
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green (Berlyn and Miksche, 1976). Leaves were nemurwith water in transparency film
(CG5000, 3M Visual Systems Division, Austin, TX, A)Sand scanned (flatbed scanner; Canon
Scan Lide 90; 1200 pixels/inch). The leaf areagtlenwidth, perimeter, and numbers and
lengths of 2 and 2 veins were measured using Image J software, 2q1(%. S. National
Institutes of Health, Bethesda, Maryland, USA). Twdices of leaf shape were calculated: the
length: width ratio and the perimeter2: area rd#icsize-independent index of edge relative to
size; Sack et al., 2003b). Th&&in lengths were measured for three rectanglesepé (10 to
300 mmz, depending on leaf size), located centiallhe top, middle and bottom thirds of the
leaf. For each vein order, the vein density wasutated as length divided by leaf area; fér 3
veins, the vein densities were averaged acrosthtee subsampled rectangles. Vein diameters,
excluding the bundle sheath, were measured for e@ichorder by averaging six measurements
(two made centrally in veins in the top, middle dadtom thirds of the leaf).

Measurements of the minor vein system were maderuadight microscope (DMRB
Leica Microsystems, Germany) with a 5% or 10x ofiyecand digital camera (14.2 Color
Mosaic, DIAGNOSTIC Instruments Inc., ENG0950, USAhree rectangles were imaged (areas
of 1.5 mm?2 or 6 mm?) centrally in the top, middiedabottom thirds of the leaf, and the number
of vein orders, density of minor veins (length pega) and the number of free vein endings per
area, and vein diameters measured centrally isegpments were averaged across the rectangles.
The major vein density was determined as the sufif, & and 3 vein densities and the minor
vein density as the sum for 4° and higher ordens/eThe ratio of major to minor vein density

was calculated for each leaf for every species.

Quantifying other key traits related to leaf drought tolerance
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Morphological and physiological traits related &afl drought tolerance were measured for six
leaves from each of three to six individuals pezcsgs. Measurements were made of leaf area
and of dry mass after oven-drying at least 48h @0°€ to allow calculation of leaf mass per
area (LMA, g - rif). Leaf thickness was determined using digitalpgat (Fowler, Chicago, IL),
and leaf density was calculated as LMA divided bgflthickness (Witkowski and Lamont,
1991). Cuticular conductancggf,), the minimum conductance to vapor diffusion asrtdse
epidermis when the stomata are closed, was meabyr&kighing leaves as they dehydrated
(Sack et al., 2003b; Sack et al., 2010). Parameters determined from pressure-volume curves
constructed by measuring leaf water potential aldtive water content as leaves dehydrated
(Tyree and Hammel, 1972; Sack et al., 2003b), dioly osmotic potential at full turgord,
MPa) and at turgor loss point{(p, MPa), saturated water conte®AC, g - "), modulus of
elasticity €, MPa), and capacitances at full turgor and atautgss point Cer andCrip, MPat;

Sack and PrometheusWiki, 2010).

Satistical analysis of trait differences and correlations across species
To test trait differences between moist and dryithalspecies (Table 3.2 and Table S3.1), we
performed ANOVAs with species nested within habiyge (Minitab Release 15). Prior to tests,
data were log-transformed to improve normality &eteroscedasticity (Sokal and Rohlf, 1995).
We performedt-tests for leaf density, maximuiea;, Pso and Pgg where only species mean
values were available (Table S3.1).

A correlation matrix was determined to reveal thieri-correlative structure of hydraulic
parameters, leaf size, venation architecture, atierotraits putatively related to drought

tolerance. For a conservative estimation, cori@tatiwere considered significant onlyrik 0.05
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for both Spearman and Pearson coefficientsurfdr, respectively). Because many relationships

were non-linear, we determined Pearson correlafmmisoth raw and log-transformed data.
When three variables of interest were inter-coteglaacross species, we performed

partial correlation analysis (Sokal and Rohlf, 199testing the relationship between two

variables holding the third variable constastr pcor package; R; Schaefer et al., 2007).

RESULTS

Impacts of vein cavitation depend on venation architecture: computer simulations

Simulations implemented in the progratnleaf showed that the impacts of vein cavitation
depended on vein density and leaf size (Fig. 3BLAnd C; Table 3.1). Leaves were simulated of
different sizes but with the same number of secomui@y (2) veins, and thus larger leaves had
their 2 veins spaced further apart, and major vein dewlitjined geometrically with increasing
leaf size (major vein density = 1.194 x |eaf é’rierp = 0.999;P < 0.001). By contrast, across the
simulated leaves, minor vein density was varie@pahdently of leaf size= 0.02;P = 0.89).

Kx for uncavitated leaves correlated positively witbth major vein density and minor vein
density (, = 0.75;P < 0.001 and, = 0.15;P = 0.01 respectively).

When major veins were reduced by 90% in cross<aaiticonductivity to simulate
dysfunction of conduits due to embolism, the smdlkaves with greater major vein density
showed a lesser impact on total xylem and wholéHgdraulic conductance per leaf ardg (
andKya), i.€., a lower percentage loss of conductancé&(Htig. 3.1A). Thus, across simulated
leaves, the PLC df resulting from major vein cavitation correlatedyagvely with major vein
density (, = -0.85,P < 0.001). For the simulated leaves with cavitategor veins, thé, itself
correlated strongly with major vein density, dughbto the increase of maximulg by higher

major vein density, and the protective role of leigimajor vein densityrg = 0.97;P < 0.001).
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The importance of minor vein density was oppositenf that of major vein density. Aigher
minor vein density increased the impact of cawtatbf the major veins on th&, (Fig. 3.1A).
Thus, across the simulated leaves, the PLE aEsulting from major vein cavitation correlated
positively with minor vein densityr{ = 0.42,P = 0.001). For these simulated leaves with
cavitated major veins, th&, was not related to minor vein density £ 0.08;P = 0.57), because
the greateK, conferred by higher minor vein density was cowattexd by a greater sensitivity to
major vein cavitation. Overall, because of the m@siing effect of major and minor vein density,
the PLC ofKy due to the cavitation of major veins was leastléaves with highest major vein
density and lowest minor vein density, and coreglategatively with the ratio of major to minor
vein density (Fig. 3.10; = -0.97P < 0.001).

When the minor veins rather than the major veinseweavitated Ky and Kieos had a
different dependency on venation architecture. Wharor veins were reduced by 90% in cross-
sectional conductivity to simulate cavitation, #$maaller leaves with greater major vein density
showedhigher PLC of K, (Fig. 3.1B). Thus, across simulated leaves, th€ BLK, resulting
from minor vein cavitation was positively relat@dmajor vein densityrf = 0.77,P < 0.001). By
contrast, a higher minor vein density reduced theaict of cavitation of the minor veins on the
Kx (Fig. 3.1B). Thus, across the simulated leaves,RhC of K resulting from minor vein
cavitation was negatively correlated with minorrnvelensity , = -0.48,P = 0.001). For the
simulated leaves with cavitated minor veins, iydtself correlated positively with minor vein
density, due both to the increase of maximKm by higher minor vein density, and the
protective role of high minor vein density, & 0.66;P < 0.001). For these simulated leaves with
cavitated minor veins, th€ also positively correlated with major vein denshiut more weakly
than for uncavitated leaves, because the increhseagimum Ky due to higher major vein

density was counteracted by the greater PLC drlwemminor vein cavitation in leaves with
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higher major vein densityr{ = 0.35 rather than 0.7% < 0.001). Overall, the PLC df
resulting from cavitation of the minor veins wasoagly positively correlated with the ratio of
major to minor vein density (Fig. 3.16€,= 0.92;P < 0.001).

Notably, in the model simulations, the PLC Kf resulting from major vein cavitation
varied widely across the entire range of testeddgawith different major and minor vein
densities (22-87%; Fig. 3.1A and C). By contrake PLC ofKy resulting from minor vein
cavitation was very strong across the entire rarfgested leaves (62-90%, and > 80% for most

simulated leaves; Fig. 3.1B and C).

Diversity in leaf venation and drought tolerance traits across species of moist and dry habitat
Across the ten species diverse in drought tolertimere were strong differences in leaf hydraulic
conductance at full hydration, and in their vulielity to dehydration. The species varied in
Kmax Pso @andPgg by 12- to 32-fold. TheéKmay varied from 2.96 to 34.1 mmol frs* MPa’ for
Comarostaphylos diversifolia and Platanus racemosa, in Psg from -0.09 to -2.85 MPa foP.
racemosa and C. diversifolia; and in Pg from -0.35 to -5.25 MPa foP. racemosa and
Cercocarpus betuloides (Table S3.1).

The species differed strongly in leaf venation @edture and gross morphology, with
substantial variation between moist and dry halsfzcies (Table 3.2; Table S3.1). Species
varied fourfold in major vein density, threefoldnmnor vein density, and sevenfold in the ratio
of major to minor vein density. Species of moistl @iny habitats did not differ significantly in
minor and total vein densitieB € 0.11-0.74), but dry habitat species had 18%édighajor vein
density (with 14-18% higher midrib, 2° and 3° veiensities) and 50% higher ratio of major to
minor vein density. Moist habitat species had 24#renfree ending veinlets per area, 13%

higher minor vein diameters and 14% higher numlbe2°oveins than dry habitat specid3 €
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0.001). Moist and dry habitat species did not diffethe diameters of their major veins (Table
S3.1). Species varied 18-fold in leaf area, witly Habitat species having on average 30%
smaller leaves than moist habitat species. Legieshadices (length: width and perimétairea)
did not differ between habitat® £ 0.35-0.46).

Several venation traits correlated with leaf sizhe densities of °L 2° and 3 veins
declined with increasing leaf sizg @ndrs = -0.70 to -0.92P < 0.05), as did the total major vein
density (,=-0.95;rs = -0.89,P < 0.001; Figs 3.2A and 3.3), and the ratio of m&ominor vein
density (, = -0.67;rs = -0.70; P = 0.03). Major vein density declined geometricaliyth
increasing leaf size (i.e., with an exponent ob-@ig. 3.2A). By contrast, minor vein density
was independent of leaf sizg, @ndrs = -0.10 to -0.20P > 0.05; Figs 3.2B and 3.3), as were
total vein density (as minor vein density accounted 73-95% of total vein density), vein
diameters and the number of free ending veinletaiea (.| and fjs| = 0.02-0.43P > 0.05; Fig.
3.3; Table S3.2).

Species of dry habitats also had greater expresdid@af drought tolerance traits than
species from moist habitats, with 14% higher leaflssper area (LMA), 11% thicker leaves,
18% higher modulus of elasticity, 15%-16% more tiggavalues for osmotic potential at full
turgor and at turgor loss point, and 30% lower awléir conductance. By contrast, species of
moist habitats had on average two- to threefolthdrigaturated water content and capacitances

before and after turgor loss point (Table S®.% 0.001).

Relationships among hydraulic vulnerability, venation, and other drought tolerance and
mor phological traits
Across specie$)spo andPgy were strongly correlated and more negative vabteesirred in leaves

with higher major vein density and smaller leaksfg,| and 1is] = 0.78-0.90P < 0.01; Figs 3.3,
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4A and 4B; Table S3.2). These relationships forrttagor vein system also held for component
vein orders; the densities of, 2° and 3 veins, all inter-correlated, were greater in lesawgth
more negativéPsg andPgo (|rp| and fs] = 0.64-0.9CP < 0.01). Because leaf size and major vein
densities were themselves negatively correlategl @RA), no correlation could be observed of
leaf hydraulic vulnerability with leaf size or withajor vein density independently of the other.
Thus, in a partial correlation analysis, the relaships ofPso and Pgp with leaf area were not
significant after partialing out major vein densignd their relationships with major vein density
were not significant after partialing out leaf af§garial = 0.08-0.29P > 0.05). By contrast with
major vein densities, other vein traits, includitige minor vein density, total vein density,
number of secondary veins, vein diameters, and pumbfree-ending veinlets per area did not
correlate withPso or Pg (Jrp] and fs] = 0.01-0.57P > 0.05). The ratio of major: minor vein
density was positively correlated wilgo andPgo(rp andrs = 0.77-0.67P < 0.05; Table S3.2)

Leaf hydraulic vulnerability also correlated witbveral other drought tolerance traits.
The osmotic potentials at full and zero turgor, etwvere inter-correlatea(andr, = 0.95-0.98,
P < 0.001), both correlated witPso andPgo (rp andrs = 0.85-0.71P < 0.05; Table S3.2). Leaves
with higher LMA values tended to have more negaltye(r, = 0.71,rs = 0.73,P < 0.05; Table
S3.2) but LMA was not correlated witRso (P > 0.05). However, bothPso and Pgg were
independent of other aspects of venation architectnd leaf morphology and physiology,
including leaf shape indices (length: width andimpeter2: area), the modulus of elasticity,
capacitances at full and zero turgor, saturatecemedntent, leaf thickness and density, and
cuticular conductancd>(> 0.05; Table S3.2).

The linkage of hydraulic vulnerabilityP§, and Pgg) with major vein density was
independent from the relationships of hydraulicneudbility to other leaf drought tolerance

traits. The linkage oPsp or Pgo with major vein density was apparently more fundatal. Thus,
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partialing out LMA, or osmotic potentials at fulhé zero turgor did not remove the correlation
of Psg or Pgo with major vein densityrfaria = 0.68 — 0.78P < 0.05). However, when partialing
out the effect of major vein density &3y or Pgo, their correlations with LMA and with osmotic
potentials at full and zero turgor were lo8tatal= 0.04— 0.29P > 0.05). Notably, the maximum
leaf hydraulic conductance at full hydration did ©orrelate with any venation architecture or
morphological trait including leaf size, or leabdght tolerance, for this set of diverse lears (

> 0.05).

DISCUSSION

The importance of major vein density and leaf size in resistance to drought

We found novel, strong correlations Bf, and Pgo with major vein density and leaf size, across
ten species with diverse leaves, consistent wittirigs from the computer model simulations.
All else being equal, leaf and whole-plant drougdgistance would be conferred by a higher
major vein density, which is generally associateth wmall leaf size (Dunbar-Co et al., 2009;
McKown et al., 2010).

Such a role for venation and leaf size in detemgnhydraulic vulnerability has
important potential ecological and biogeographiplioations. A link between leaf size aRg,
andPg, provides a new additional mechanism for the ecoddglistribution of leaf sizes. Leaf
size evolves relatively quickly via several indepent genetic pathways (Ackerly, 2009;
Gonzalez et al., 2010). Small leaves are more cammalry and exposed habitats, and larger
leaves in moister and/or shaded habitats (DolphQalether, 1980; Givnish, 1987; Fonseca et al.,
2000), and fossil leaf size is thus used as arcatdi of past climate (Wilf, 1997). A direct
hydraulic benefit of small leaves in drought totez@, and the greater risk associated with large

leaves under dry conditions, should thus be corsitlen addition to other demonstrated roles
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for leaf size in determining drought tolerance. éxywwell-established benefit of smaller leaves
in warmer environments is their thinner boundaryetaand more rapid convective cooling
(Nobel, 1976; Nicotra et al., 2008; Vogel, 2009té&et al., 2010). Another advantage of small
leaves in exposed conditions is that more leavasbeapacked into a smaller space to capture
irradiance, though this benefit carries a greatst e support mass; more branch allocation is
needed to support many small leaves than for féavger leaves, and this outweighs the lower
requirement for petiole and midrib support of serlleaves (Bragg and Westoby, 2002;
Niinemets et al., 2006, 2007). Future work needsetse apart the importance of the direct
hydraulic mechanism in providing an advantage ioudht tolerance for smaller leaves from
these other benefits across different species sets.

Is the relationship of hydraulic tolerance of detayibn to leaf size and higher major vein
density necessarily causal? We considered the Iplitysithat these relationships could be
coincidental, i.e., that small leaf size and highjon vein density on one hand, and more
negativePso andPg on the other might be independently selected augint-tolerant species. In
our study, two lines of evidence supported a causationship. First, the relationship was
established by the computer simulations of leaviels altered sizes and venation architecture, all
else being held fixed. In these simulations, céwiteof the major veins as often observed during
dehydration (see below), was better tolerated bgllsmleaves with higher major vein density.
Second, the partial correlation analyses of ouegrental data showed that the relationship of
venation architecture to leaf hydraulic vulnerdbilvas independent of other drought tolerance
traits, including turgor loss pointif p). Indeed,nrp is the most reliable single predictor of
species’ drought tolerance to our knowledge (Auga.e1998; Sack et al., 2003b; Baltzer et al.,
2008), and thus, if selection for drought tolerame®e to result in a coincidental correlation of

vulnerability and venation architecture, both skdosthow underlying correlations witty p. For
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our ten speciesso and Pgo were strongly correlated withr p (see also Crombie et al., 1985;
Blackman et al., 2010), but venation architectues wnrelated tar p. Further,Pso andPgg lost
their relationship withmrp after partialing out major vein density, whereagyt remained
correlated with major vein densigyen after partialing outr p , indicating that the relationships
of Psp andPgo to major vein density are more directly causahthay relationships withr p
(Shipley, 2000).

We propose that the relationship between leaf s hydraulic vulnerability in both
simulated and real leaves supports a general mischato be tested in other species sets,
including closely-related species within lineagaesai phylogenetic context, because smaller
leaves have evolved reliably in drier habitats (@&tk et al., 2002; McDonald et al., 2003;
Dunbar-Co et al., 2009; Santiago and Kim, 2009)olm modeled leaves and experimental
species set, as across species in general, leadistzmajor vein density were linked (Dunbar-Co
et al., 2009; McKown et al., 2010). Future stucdéspecies similar in leaf size but different in
major vein densities are necessary to establishrdlee of venation independently of size in
determiningPso and Pgo. A similar test could be conducted usiAgabidopsis vein mutants of

similar leaf size, with variation in major vein dsgires.

The potential roles of venation in determining Kea¢decline

The linkage of hydraulic vulnerability with venati@rchitecture shown here would be expected
because of the reduction of xylem conductivity, tueavitation or collapse of conduits in the

vein xylem, as previously shown by dye experimemtyo scanning electron microscopy

(cryoSEM), and acoustic methods (e.g., Kikuta et H97; Salleo et al., 2000; Nardini and

Salleo, 2003; Cochard et al., 2004a; Brodribb amdbtdok, 2005; Johnson et al., 2009a).

Notably, other factors besides vein density caerd@he leaf hydraulic vulnerability, which is a
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higher-level trait influenced by multiple lower-kvtraits (cf. Marks and Lechowicz, 2006;
McKown et al., 2010). Thus, species may additigndiffer in the air-seeding thresholds of
xylem conduits, and in the responses of extra-yastissues to dehydration. Some small-leaved
species in moist habitats might not have the lowenability suggested by their leaf size, if
other factors were to over-ride the benefit of highjor vein density. However, our findings
from simulated leaves and from our ten speciesrsiévén drought tolerance indicated a strong
potential role of major vein density and leaf simedeterminingPso and Pgy across diverse
species.

Model simulations showed that the vulnerability Kof due to cavitation of major and
minor veins were associated differently with veomatarchitecture. Thus, loss & resulting
from cavitation in the major veins correlated wiktigher major vein density, the same
relationship found in our experiments. HoweverslosK, resulting from cavitation in the major
veins correlated withower minor vein density. Further, the opposite pattevese found for loss
of Ky when cavitation was simulated in the minor veifisese various model results can be
understood according to the simple principle ofridative leverage of the major or minor veins
in the overall vein system (cf. McKown et al., 2D10he hydraulic leverage of one vein system
depends inversely on its density, i.e., its reduggarelative to the other vein system, and
cavitation has a stronger impact on the overallesgswhen the leverage of that vein system is
strongest. Thus, when the major vein density isdngit has less leverage relative to the minor
vein system, and cavitation of the major veins wdlse a lower decreasekip andK,s (Table
3.1). By contrast, when the minor vein density ighkr, the major vein system gains leverage
relative to the minor vein system, and thus cawatabf the major veins would cause a greater
decrease il andKe4t(Table 3.1). The model indicated that a higher megin density is more

effective for reducing hydraulic vulnerability dde major vein cavitation than a lower minor
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vein density. The model showed that reducing mugan density only led to a strong reduction
in PLC (i.e., to a strong gain in tolerance) athhigajor vein density. Further, a higher major
vein density also increases maximum leaf hydrazdimductance for well-hydrated leavés,g),
both in absolute terms, and relative to vein cammsion cost, all else being equal, whereas a
lower minor vein density leads to losseskafax (McKown et al., 2010). Thus, for leaves with
high major vein density, a low minor vein densitight be a mechanism to achieve additional
drought tolerance all else being equal, but at dbst of maximum hydraulic capacity and
providing no gain in absolute conductance whenntlagor veins are cavitated. The mechanism
of achieving higher major vein density with smafi sizes was found in the model simulations
and experimental study to provide a strong bemefieducing vulnerability and thus for drought
tolerance.

Notably, the model findings indicated that leavethviigher major vein density, though
less sensitive to cavitation of the major veinsrenaore sensitive to cavitation of the minor vein
system. Thus, our empirical findings, of reducetherability in leaves with higher major vein
density suggested that major vein cavitation wasemimportant than minor vein cavitation in
driving loss ofKyx andKeat. There are four lines of evidence that supportgieater probability
of cavitation in the major than minor veins. Firfite major veins have wide and long xylem
conduits especially vulnerable to air seeding (Clebal., 2005). Second, in naturally dehydrated
leaves, embolism is readily observed by cryo-seameiectron microscopy (cryoSEM) of major
veins (Ball et al., 2004, 2006; Marenco et al., 0bhnson et al., 2009a), and acoustic studies
have indicated cavitation in the major veinstatsvalues as high as -0.3 MPa (Crombie et al.,
1985; Kikuta et al., 1997; Salleo et al., 2000;nkgn et al., 2009a). By contrast, the cryoSEM
studies published thus far have not shown cavitatib minor vein conduits (Canny, 2001).

Studies of dye uptake into transpiring leaves tiovsless staining of minor veins in dehydrated
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leaves (Salleo et al., 2001; Nardini et al., 2008&filo et al., 2003b); these findings are
consistent with cavitation occurring principally major veins, blocking uptake to the minor
veins. Third, leaves that did not render their miv@in system resistant to cavitation would tend
to be extremely sensitive to decline during drougigardless of their venation architecture. The
model simulations showed that cavitation of mineing led to drastic decline iy across
leaves of all venation architectures. As previowsigued by Brodribb & Holbrook (2006), it
seems improbable that leaves would invest in a Vi@ network that becomes embolized at
high water potentials and thus decline strongly fumction. Fourth, a study of diverse
angiosperms found that the |d&f was more negative in species with thicker-walledduits in
their minor veins (Blackman et al., 2010). Thatfirg suggested that conduits are built to resist
collapse at the tensions experienced during stdmigydration. In wood, such investment to
avoid collapse signifies that the xylem can withdtaavitation to close to that degree of tension,
as cavitation precedes collapse (Hacke and Sp20B/1; Hacke et al., 2001; Blackman et al.,
2010). Thus, minor vein conduits too should relsath cavitation and collapse at high levels of
dehydration.

The collapse of xylem conduits during leaf dehyidratcannot be entirely excluded.
Collapse of conduits in the major or minor veins haver yet been shown for angiosperms but
has been found in conifer needles dehydrated t@erwabtentials ranging -1.5 to -3.5 MPa
(Cochard et al., 2004a; Brodribb and Holbrook, 200iture studies are needed to analyze in
detail the progression of cavitation and collapseveins of different orders during leaf
dehydration. Such work will also need to considdérep aspects of the structure of the vein
system, e.g, vessel widths, lengths and the degeteonduits span across vein orders, as these
factors have been found to have great importancteim vulnerability (Sperry, 2003; Sperry et

al., 2005), and vary greatly across species (SadkFeole, 2006). These aspects may contribute
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to the correlation of vulnerability with low majoein density, because the major veins have
especially long and wide vessels that span multiplders. Other aspects of leaf vein

arrangement, in addition to vein density, suchoapihg in the major veins might also influence

resistance to hydraulic decline (Corson, 2010; fatet al., 2010).

While this discussion has focused on the declinkgf with dehydration that is driven
by declines in the xylem pathway conductivity, ,i.; Ky, there is also a potential role for
declines inKq in the correlation oPgy with major vein density and leaf size. THgx may
decline in dehydrating leaves due to changes inpirneability of membranes (Sack and
Holbrook, 2006). Notably, given that a high majairv density would entail a large bundle
sheath area by which water exits the major vefrthei lamina near the major veins accounts for
a large part of transpiration (Fricke, 2002; Satlale 2002; Nardini et al., 2010) then leaves
with high major vein density would likely maintaingreater bundle sheath area, and a greater
Kox When cells lose turgor in dehydrating leaves (l&imal Steudle, 2007). Additionally, we note
that as leaves dehydrate, it is possible Kuat, the bulk leaf parameter, may not well describe
the water transport pathways, if sectors or “patloé lamina become isolated, each with their
own hydraulic supply (cf. Barbour and Farquhar, £0Qeaves with high major vein density
may better provide for access of isolated leaf@edb the lower-order vein distribution system.
Future studies are needed of the impact of dehpdrain the bundle sheath and mesophyll
tissues, and on the potential heterogeneity of matgply in dehydrating leaves. Detailed
characterization of the causes Kf.s decline and its dependence on xylem and mesophyll
characters will contribute to an ability to predretriation in species’ drought responses from cell

and tissue-level properties.

Relationship of leaf vulnerability to leaf and whole-plant drought tolerance
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Our results also highlighted the importance of petiperties and leaf morphology in drought
tolerance. Species from dry habitats had highefr heass per area (LMA) and modulus of
elasticity, more negative osmotic potentials at &rd zero turgoraf p) and lower cuticular
conductance than species from moist habitats, whicltontrast had higher saturated water
content (SWC) and capacitance. Further,the correlated withPso and Pgo as shown in two
previous studies (Crombie et al., 1985; Blackmaal €t2010). Given that stomata tend to close
near therrp (Hao et al., 2010), this linkage points to a cointf stomatal aperture during
drought by hydraulic vulnerability. The linkage ritgarise mechanistically, if a low osmotic
potential in leaf tissues, reflected by p, acted to reduce turgor loss and decline in membrane
permeability (Canny and Huang, 2006). Alternatiyéiyer p might be co-selected withspand

Pgo in drought tolerant leaves such that stomataluckogrecedes hydraulic dysfunction. Our
results were most consistent with this second podigi In the partial correlation analysisr p
had no impact oiPso and Pgo when major vein density was partialed out. Thgsfoand in the
model simulations, leaf size and major vein denaity putative causes of higto and Pgp,
whereastr pis apparently a structurally independent but cowthid trait that modulates the leaf
and plant response to drought.

The finding that major vein density and small Isiak reduce leaf hydraulic vulnerability
points to potential roles in determining whole-plaltought tolerance. These traits may be
especially important because the leaf is a keydanuwhole-plant vulnerability, with typically
greater hydraulic sensitivity than stems and réldeso et al., 2008; Brodribb and Cochard, 2009;
Domec et al., 2009). Thus, for three of the founpzrral species in this study, the 1&g was
2.7 to 4.7 MPa lower than that previously repoftadstems (Jacobsen et al., 2007), with dly
arbutifolia having stemspparently similar to leaves in their vulnerabil{2 versus -2.4 MPa

respectively). The importance of leaf hydraulicnerability in whole-plant drought tolerance
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was further supported in this study both by the enwegativePs, andPgo values for species of
dry than moist habitats, and by the general caioglaof these traits with others related to leaf
drought tolerance. It is important to recognizeybeer, that there can be other possible routes to
leaf drought tolerance than a low hydraulic vulbdity and thus being able to maintain
hydraulic and photosynthetic function during drougfhus, some species can achieve
substantial drought tolerance via a lgw, and water storage, with an extreme development of
this mechanism in succulent plants (Ogburn and Edisya2009). In this studyiHedera
canariensis showed these mechanisms (Sack et al., 2003c; Met@805) possibly explaining
its relatively highKe4s vulnerability. Other species can achieve drouglerance via an ability to
tolerate low tissue water potentials via dehydmpression that prevents mechanical failure of
the cell walls (e.g., the resurrection fé&tolypodium polypodioide; Layton et al., 2010).Species
with these alternative mechanisms to maintainingdrdwylic function can achieve large leaf sizes
even given dry conditions (Nobel and Jordan, 19&8yther, we note that drought tolerance
achieved at the level of the whole plant may notags correspond to leaf-level drought
tolerance. Some species with drought-sensitiveeleaan tolerate dry soil by shedding leaves or
achieving deep roots, as is the case lfantana camara (Castillo et al., 2007), which had
relatively highKeasvulnerability. By contrast, some species with dituuigplerant leaves may be
sensitive to drought in the field, due to relatwshallow roots (e.gMagnolia grandiflora; Klos

et al., 2009). Future work will establish the degtkat even despite such complexity, key leaf
traits such as major vein density, leaf size, BagandPgy contribute to drought tolerance. This
work has strong potential to explain leaf functiduring drought from cell, tissue and organ-
level physiological properties, and to predict tth®ught tolerance of diverse species and

landscapes in current and extinct vegetation frioair feaf traits.
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Table 3.1. Results of computer model simulations of the paamm loss of whole-leaf xylem
hydraulic conductance (PLC &) after reducing (a) major and (b) minor vein coctddties to

simulate cavitation, in realistic leaves varyingnajor or minor vein density.

Leaf simulation (a) Cavitation in major (b) Cavitation in minor
veins veins

Higher major vein density Lowet, decline GreateKy decline

Higher minor vein density Greatéd, decline LoweKy decline

Higher major : minor vein density LowHy decline GreateiK, decline

Note: Contrasting impacts were found for the impactsigher major and minor vein densities
on the PLC ofK« due to vein cavitation, and contrasting impactsemeund when cavitating
major or minor veins. These effects can be undedsio terms of the relative leverage of major
or minor veins on the overall vein system. Whenrtigor vein density is increased, its greater
redundancy gives the minor vein system a greaterdge; thus, the leaf is less sensitive to
cavitation in the major veins and more sensitivedsitation in the minor veins. By contrast,
when the minor vein density is increased, its greegdundancy gives the major vein system a
greater leverage; thus, the leaf is more sendibivavitation in the major veins and less sensitive
to cavitation in the minor veins.
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Table 3.2. Species, family, native range, and mean valudandard error for morphological and physiologicalts, and
results of analyses of variance for the differene®veen moist and dry habitat species and amorgespeested within
those categories. *P < 0.001; NSP > 0.05

Species Family Native Leafarea Leaf mass Major vein  Minor vein Ratio Cuticular

range per area density density major : minor conductance
(cm?) (9.m?) (mm?) (mmi?) vein density  (mmol - n?¥ - sY)

Dry habitat species :

Cercocarpus betuloides Rosaceae California. 7.04+1.73 156+19.9 140+0.14 7.74+0.76 0.19+0.03 3.99+041
Mexico

Comarostaphylis diversifolia Ericaceae California. 7.93+1.89 254+7.73 157 +0.18 4.17+£0.18 0.38+0.04 2.87+0.35
Mexico

Hedera canariensis Araliacaeae Canary 53.2+144 78.1+6.32 0.53+0.06 3.00 +0.10 0.18 £0.01 0.44 +0.03
Islands

Heteromeles arbutifolia Rosaceae California. 14.6+2.89 146+13.2 0.88%0.04 4.63+0.11 0.19 +0.005 421 +1.22
Mexico

Quercus agrifolia Fagaceae California. 13.5+1.32 166+7.64 1.07+0.07 7.30+0.23 0.15+0.02 1.72 £0.23
Mexico

Moist habitat species :

Camellia sasanqua Theaceae Japan 11.1+0.45 144+134 0.78+0.04 3.31+0.26 0.24+0.03 1.77 £0.13

Helianthus annuus Asteraceae AcrossN. 44.3+164 56.2+6.98 0.48+0.03 9.32+0.44 0.05%0.002 18.3+£1.92
America

Lantana camara Verbenaceae Pantropical 12.8+3.09 79.0+ 448 0.97+0.12 9.75+0.40 0.11+0.02 12.0+0.85

Magnolia grandiflora Magnoliaceae Southern 69.5+5.51 180+17.3 0.48+0.02 5.16 £0.29 0.09 +0.003 3.88+0.41
u.s.

Platanus racemosa Platanaceae California, 80.9+2.79 109+6.54 0.40+0.06 4.97 £0.14 0.08+0.01 6.61 +0.41
Mexico

Average trait values Dry area species 19.2+4.44 162+11 1.09+0.09 5.18+0.35 0.22+0.04 2.65+0.45

Moist area species 43.7+143 113+9.75 0.62+0.05 6.23+0.33 0.12+0.03 8.44 +0.82
ANOVA Dry /mo'st *k% *k%k *k%k NS *%k%k *%k%k
Spec'es *k%k *k%k *k%k *k%k *%k%k *%k%k
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FIGURE CAPTIONS

Figure 3.1. Results of computer model simulations of the petage loss of whole-leaf xylem
hydraulic conductance (PLC &) after reducing by 90% (A) major and (B) minoirve
conductivities to simulate cavitation for realidgaves varying in major or minor vein densiy (
= 42 simulated leaves; sbtaterials and Methods). (C) The dependence of PLCK{f due to

cavitation of major (grey) and minor (black) vemsthe ratio of major: minor vein density.

Figure 3.2. The scaling of vein density with leaf size for tgpmecies varying strongly drought
tolerance. (A) Major vein density versus leaf aif@). The independence of minor vein density
with leaf size. Symbols: grey, dry habitat specieite, moist habitat species. Fitted regression

in (A): Major vein density = 0.32 x Leaf ar&&’. *** P< 0.001;Y°P > 0.05.

Figure 3.3. Relation of the vulnerability of leaf hydraulicraductance to major and minor vein
densities for ten species varying strongly drouglgrance. Vulnerability curves are plotted in
the left column; each point represents a differeeasured leaf (n = 26-74 per curve). For each
vulnerability curve the fitted line is the maximdikelihood function for given species (linear

for C. sasanqua, C. diversifolia, Q. agrifolia, andH. arbutifolia, logistic forM. grandiflora, P.
racemosa, H. annuus, H. canariensis andL. camara and sigmoidal for C. betuloide® = 0.39-
0.89;P < 0.001; seMaterials and Methods) and the vertical line represents the water pa@kent

at 80% loss of conductivityPgg). Leaf schematics are drawn to scale, with maginy (first-

and second-order veins). Micrographs of the mirgan architecture are represented on the right,

indicating the independence of minor vein densityrf leaf size; in each image, the largest vein
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at the top is a second-order vein, with third-ongsins branching off, and the minor veins make

up the rest of the network.

Figure 3.4. Dependence of leaf hydraulic vulnerability, quieti as the water potential at 80%
loss of conductivity Rgg) on (A) major vein density and (B) leaf area. Spisbgrey, dry habitat
species; white, moist habitat species. Fitted ssgoas: (A)Pgo = 4.2 x Major vein density —

0.92; (B)Pgo= 28.2 x Leaf are%®*
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SUPPLEMENTAL MATERIAL
Table S3.1. Species means * standard errors for 24 morphzdhginatomical and physiological
traits and results of analyses of variance testorgspecies differences, and for differences

between moist and dry habitat species. P4 0.001; **P < 0.01; *P < 0.05; NSP > 0.05.

Table S3.2. Correlation matrix for the relationship of leagdnaulic vulnerability traits with
venation architecture and other traits relatece&d morphology and drought tolerance. For each
correlation the Spearman coefficient is presenéed, the Pearson coefficient calculated with
untransformed data and log-transformed data. Groels are highlighted as significant only
when Spearman and Pearson coefficients are batifisat. *** P < 0.001; **P < 0.01; *P <

0.05.
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CHAPTER 4
LEAF SHRINKAGE WITH DEHYDRATION: COORDINATION WITH

HYDRAULIC VULNERABILITY AND DROUGHT TOLERANCE

ABSTRACT
Leaf shrinkage with dehydration has attracted #tenfor over 100 years, especially as it
becomes visibly extreme during drought. Howevétiglihas been known of its correlation with
physiology. Computer simulations of the leaf hydiasystem showed that a reduction of
hydraulic conductance of the mesophyll pathwayssidat the xylem would cause a strong
decline of leaf hydraulic conductand€gfy). For 14 diverse species, we tested the hypothiesis
shrinkage during dehydration (i.e., in whole le=gil and airspace thickness, and in leaf area) is
associated with reduction Keas at declining leaf water potential¥ (). We tested hypotheses
for the linkage of leaf shrinkage with structuraldaphysiological water relations parameters
including modulus of elasticity) and osmotic pressures at full turgeg)(and turgor loss point
(TLP) and cuticular conductance. Species origigatmom moist habitats showed substantial
shrinkage during dehydration before reaching TLEantrast with species originating from dry
habitats. Across species, the decline&kgf; with mild dehydration (i.e., the initial slope tife
Kiear VersusWieas curve) correlated with the decline of leaf thicksgthe slope of the leaf
thickness versu¥.4f curve), as expected based on predictions from atengimulations. Leaf
thickness shrinkage before TLP correlated negativalh ¢ and positively withr,, as did leaf
area shrinkage between full turgor and oven-des@talhese findings point to a role for leaf
shrinkage in hydraulic decline during mild dehydat with potential impacts on drought

adaptation for cells and leaves, influencing pkodlogical distributions.
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INTRODUCTION

As leaves open their stomata to capture, @D photosynthesis, water is lost to transpiration
which needs to be replaced by flow through the aytic system. The leaf hydraulic system has
two components which act essentially in series:paaways for water movement through the
xylem from the petiole to leaf minor veins, and gaahrough the living bundle sheath and
mesophyll cells to the sites of evaporation (Tyaeel Zimmermann, 2002; Sack et al., 2004;
Sack and Holbrook, 2006). The decline in leaf hyticaconductanceWea) with dehydration
may thus depend on both components. The importaficthe xylem component is well
established. Vein xylem embolism and cell collapage been observed in dehydrating leaves
(e.g., Salleo et al., 2001; Cochard et al., 2004ndon et al., 2009; Blackman et al., 2010), and
computer modeling and experimental work showedispesith high major vein length per leaf
area (major VLA; i.e., for the first three vein bching orders) were more resistant to hydraulic
decline, providing more pathways around embolis@soffoni et al., 2011). However, the
physical impacts of dehydration on the extra-xyf@thways have not been studied, even though
in turgid leaves these pathways account for 26988% of leaf hydraulic resistance (i.e., of
1/Keaf), depending on species (Sack et al., 2003; Codttamtl, 2004). The aim of this study was
to determine whether leaf shrinkage during dehyainatelates to the decline #fica;, and the
structural determinants of leaf shrinkage.

The shrinkage of leaves with dehydration has dratiention for over 100 years. Leaves
shrink in their area (Bogue, 1892; Gardner andd;z965; Jones, 1973; Tang and Boyer, 2007,
Blonder et al., 2013) and, considered in relatarens, even more strongly in their thickness (Fig.
4.1; Meidner, 1952; Gardner and Ehlig, 1965; Dowaay Miller, 1971; Syvertsen and Levy,
1982; Saini and Rathore, 1983; Burquez, 1987; MaoBwyr 1992; Sancho-Knapik et al., 2010;

Sancho-Knapik et al., 2011). Leaves fluctuate ickiess daily and seasonally according to
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transpiration (Kadoya et al.,, 1975; Tyree and Camerl977; Fensom and Donald, 1982;
Rozema et al., 1987; Ogaya and Pefiuelas, 2006g®eell., 2012). Indeed, the relation of leaf
thickness to water status is so tight that usimd tkickness to guide irrigation has led to water
savings of up to 45% (Seelig et al., 2012).

Previous studies of leaf shrinkage with progressigkydration have tended to focus on
single or few species. These studies showed thekriss declines with water status in two
phases. Before the bulk leaf turgor loss pointf(keater potential at turgor loss point, TLP) is
reached, the slope of leaf thickness versus le&trnwamtential Yiear) Or relative water content
(RWC) is typically shallower than past TLP (Meidner,559 Kennedy and Booth, 1958,
Burquez, 1987, McBurney, 1992, Sancho-Knapik ¢t28l10; Sancho-Knapik et al., 2011). This
is because before TLP, declinib@4s is strongly driven by declines in turgor pressut@ch
have a relatively low impact on cell and airspaokime, whereas past the TLP, declintigy
depends only on solute concentration, which in@gas inverse proportion as cell water volume
declines and cells and airspaces shrink (TyreeHammel, 1972, Sancho-Knapik et al., 2011).
However, the steepness of the slope of leaf thekneersusV.os before TLP seems to vary
strongly across species (Meidner, 1955; KennedyBowth, 1958; Fellows and Boyer, 1978;
Burquez, 1987; Colpitts and Coleman, 1997; Sanchapik et al., 2010; Sancho-Knapik et al.,
2011).

A high leaf cell volume and turgor is crucial toyglological processes (Boyer, 1968;
Lawlor and Cornic, 2002). Shrinkage may affect celhnectivity and water transport (Sancho-
Knapik et al., 2011). However, no studies haveetefdr a possible relationship of leaf shrinkage
with the decline oK, during dehydration. Such an association wouldeaffi@cross species,
shrinkage occurred simultaneously with vein xylembelism, or if tissue shrinkage led to

declines in the extra-xylem hydraulic conductance.
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To refine our hypotheses, we modified a computedehof the leaf hydraulic system
(Cochard et al., 2004; McKown et al., 2010; Scofietmal., 2011) to predict the impact of losses
of xylem and extra-xylem conductance on the respai&,to dehydration. We characterized
the degree of leaf shrinkage in thickness, in tiekhess of cells and airspaces within the leaf,
and in leaf area for 14 species diverse in phylggéeaf traits and drought tolerance. We
hypothesized that loss of extra-xylem hydraulic digtance should have a greater impact on
Kiear at less negative water potentials, when xylemidassare too weak to trigger embolism and
induce dramatic declines Kear We hypothesized that species with greater degfresérinkage
before TLP would experience greater losK@f:. Further, we hypothesized that species from
moist habitats would have greater degree of shgeka

For insight into the mechanisms and consequenclembshrinkage, we also investigated
the relationships of 18 indices of leaf shrinkagha wide range of aspects of leaf structure and
composition, including gross morphology, leaf vematarchitecture, parameters of pressure-
volume curves, and leaf water storage. We hypathddihat across species, shrinkage in whole
leaf, cell, and intercellular airspace thicknessildde lower for species with greater allocation
to structural rigidity and osmotic concentratiomdathus shrinkage would be positively
correlated with a lower modulus of elasticity, leglosmotic pressure at full turgor, lower leaf
mass per area and lower leaf density. Additionallg,tested the long standing hypothesis that
species with higher major VLA and/or minor vein dém per leaf area (minor VLA; i.e., the
fourth and higher vein branching orders) would rghriess in area and/or thickness with
dehydration (Gardner and Ehlig, 1965). Finally, @sted the ability of dehydrated leaves to
recover in size with rehydration. We hypothesiz®at tecovery would be greater for mildly than
for strongly dehydrated leaves, and that specidls greater leaf shrinkage would be better able

to recover from shrinkage.
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MATERIAL AND METHODS

Computer modeling of the theoretical importance of the xylem and extra-xylem water transport
pathways for leaf hydraulic vulnerability

To refine our hypothesis that leaf shrinkage shanftlence leaf hydraulic vulnerability, we
improved theK_leaf program (written by H. Cochard, INRA Clermont-Ferd, France; Cochard
et al., 2004; McKown et al., 2010; Scoffoni et aRP11; available on request to
Herve.Cochard@clermont.inra.fr) to generate leafr&ylic vulnerability curve_leaf creates

a spatially explicit model of a leaf with up to siein orders represented as a square grid of
xylem resistors and outside-xylem resistors (“mégtpresistors) branching orthogonally from
each junction of the vein grid. In modeled leawsater exits through the mesophyll resistor
located at each vein junction, with the bulk of thater exiting from the junctions of the minor
veins. The model determines the hydraulic condwetmnof the xylem and outside xylem
pathways, and of the whole leaf (i.K,, Kok, andKas respectively) for leaves simulated with a
given leaf size, length and cross-sectional condtytof each vein order, and mesophyll
hydraulic conductanceK leaf 6.1 (developed for this study from the previous6\)) can
simulate loss of hydraulic conductance in each weder and the mesophyll, corresponding to
the effects of embolism and shrinkage, according tgpical vulnerability curve (Pammenter
and Vander Willigen, 1998):

PLG= 100/(1+&525C P )y (eqn 4)
where PLG is the percent loss of hydraulic conductance igiven vein order or in the
mesophyll, Py is the pressure at that specific location, aaddPso are specified parameters, i.e.,
the slope of the vulnerability curve and feat PLC = 50%. Having specified these component
PLC responses, one can uSdeaf 6.1 to generate leaf hydraulic vulnerability cun(ee.,Kieas

versusWea) by imposing different transpiration rates, obitainleaves with a range of different
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Wiear cOrresponding to different tensions across vettei and mesophyll. Simulations were run
using a realistic elliptical leaf with an area of @m?, with 12 pairs of second-order veins, and a
total vein length per area of 6.9 mm Mnand maximum vein cross-sectional conductivifigk
based on estimations from measured xylem conduénsions induglansregia (as described by
Scoffoni et al., 2011). The findings would be apalile to other leaves with hierarchical
reticulate venation (McKown et al., 2010).

We ran four types of simulations to test the reatmpacts of differences in vulnerability
between the vein xylem and extra-xylem mesophgli:All the vein orders and the mesophyll
were assigned the same vulnerability, Wit of -1 MPa. (2) All the vein orders were assigned
the same vulnerability, withPs; of -1 MPa, while the mesophyll was assigned greate
vulnerability, with aPsg of -0.25 MPa. (3) All the vein orders were assigrteéd same
vulnerability, withPsg of -0.25 MPa, while the mesophyll was assignecdelovulnerability, with
aPsoof -1 MPa. (4) All the vein orders and the mesoptwdre assigned the same vulnerability,
with Pso of -0.25 MPa. We used a slope parameter of 200" MPRaqn 1 for all simulations,
which is in the range of previously reported valammenter and Vander Willigen, 1998).
Because species also vary in the proportion ostaste distributed between xylem and outside-
xylem pathways even when leaves are well hydreadK et al., 2004; Sack et al., 2005), we ran
each of the four simulations with two different gaueterizations: (a) for well hydrated leaves,
most hydraulic resistance was outside the xylem [ftydraulic resistance outside the xyld=g,
= 71-76% of leaf resistance), or (b) for well hyhleaves, most resistance was inside the
xylem Rox= 36-42% of leaf resistance). To achieve thesetipes of leaves we modified the
conductivities of the first and second vein ordarsl the mesophyll (because of their high
impacts orkKy andK,y respectively), such that th&.,s at full hydration had a similar value (7.54-

8.95 mmol nf s* MPa?).
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For each simulation, we constructed vulnerabilityves by plottingKear against leaf
water potential Wiea), Which was determined as equal to the mesophgigure. We fitted five
types of functions to the curves, as previouslydusethe literature (Pammenter and Vander
Willigen, 1998; Scoffoni et al., 2012) selecting tmaximum likelihood model using tloptim

function in R 2.9.2 ittp://www.r-project.org Burnham and Anderson, 2002, 2004; Sack et al.,

190 ) (Pammenter

2006): linear Kjear = aWiear + Vo, tWo-parameter sigmoidak{.,s = @@ reart)
e ea

and Vander Willigen, 1998), three-parameter Sigiofffje.¢ = W) logistic Kjear =
(—

1+e

W) and exponentiall,s = y, + ae~?%1eaf). From the maximum likelihood function for
1+(—22

each simulated whole-leaf vulnerability curve wareated theKear at Wiear = 0 MPa Kmay), the
Wiear at WhichKiear = 0.5Kmax and 0.2Kmax (Pso andPgo respectively) and the initial slope of the
vulnerability curve aWe4s = -0.1 MPa.

Experimental plant material

Leaf shrinkage and its relationship to other phiggical traits were determined for 14 species
from 12 plant families selected for diversity iralesize, shape and drought tolerance. Species
were sampled within and around the campus of Usityeof California, Los Angeles and Will
Rogers State Park, Los Angeles, California in Ndven2009-May 2011 (Table 4.2). Leaves
from sunflowers Kelianthus annuus, var. Sunspot; Botanical Interests, Colorado, US&)ye
collected from greenhouse plants grown from seed6 L pots (average minimum, mean and
maximum values for temperature: 21.1, 23.2 and °@6.@or humidity: 44, 51 and 59%).
Sunflowers were irrigated every two days, with 28D ppm solution of 20:20:20 N:P:K, and
the photosynthetically active radiation measurenhigtday on a sunny day was up to 5800l
photon - rif - $', and on average 3Q@mol photon - rif - $' (LI-250 light meter; LI-COR

Biosciences, Lincoln, Nebraska, USA).
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Shoots with mature leaves were collected from theexposed part of three individuals
of each species (the entire stem for sunflowers),ra-cut and rehydrated overnight in ultrapure
water (0.22 mm Thornton 200 CR; MilliPore, Molsheifnance).

Leaf shrinkage experiments: testing |leaf responses to dehydration

Leaf shrinkage experiments were conducted on lede&sched from the rehydrated shoots of
each speciesn(= 5 leaves per species), placed in sealed bagsrl{®dk; Nasco, Fort
Atkinson,WI, USA) that had previously been exhaletb prevent water loss. The parameters of
shrinkage and hydraulics measured for excised eaeee assumed to be representative of those
for leaves dehydrating on the plant (see Supplemh&fdterials and Methods).

To quantify leaf shrinkage, each leaf was meastoedrea, thickness, mass and volume
at full hydration and during progressive dehydmatisee Supplemental Materials and Methods
for additional details). Leaves were taped by tlpatioles to a metal bar in front of a fan to
dehydrate, and repeatedly removed for measurerheaf. area was measured using a flatbed
scanner (Canon Scan Lide 90; Canon USA Inc., NYpvieed by image analysis (ImageJ
software version 1.42q; National Institutes of Haal Leaf thickness was determined by
averaging values taken in the centers of the bgtioiddle and top thirds of the leaf, using
digital calipers (x 0.01 mm; Fowler, Chicago, ILpaf mass was determined using an analytical
balance (x 0.01 mg; XS205; Mettler Toledo, OH). Mok was determined as the product of leaf
thickness and area. Once leaves had dehydrateddbéyaor loss point, or became too brittle to
handle, they were placed in an oven for at leastetidays at 70°C before the dry leaf area,
thickness and mass were determined.

We partitioned the leaf thickness (i.e., the volupgg area) into that of the cells and
airspace (cf. Roderick et al., 1999). The “thiclgiesf the cells [¢;), and of intercellular

airspace Ta;) at each level of dehydration were calculated:
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Te; = =t (eqn 5),

Tpi=Ti— Tg; (egn 6),
wherev; is the volume of water at levelof dehydration (i.e., fresh leaf mass minus dryssna
divided by 1.0 g cil), andLA andT; are the leaf area and thickness at dehydratiosl levn
this calculation, we assumed based on observatibasatomical cross-sections (John et al., in
press) that the volume of the protoplasts andrgpace would each be much greater than that of
the solid component of the cell wall. In our caltidn, the volume of cell walls would be
counted with that of the airspace. However, oucwdation of shrinkage parameters involved
changes in the dimensions of each component widngds in leaf water status, and these
parameters would not be affected by the volume af wall, which would be effectively
unchanged during leaf dehydration.

To plot leaf shrinkage responses, for leaf afagnd the thickness of the ledi)( cells
(Te) and airspacel(); and leaf volume\(); we calculated the absolute percentage losgaen

level of dehydration:
PLX; (%) = (1 ——1) x 100 (eqn 7),
XFT
where X;, and Xgr represent the leaf area, leaf thickness, leaf wetlkness, leaf airspace
thickness, and leaf volume at dehydration leyahd for a fully turgid leaf respectively.

The relative water contenR{VC, unitless) in the leaf at each dehydration lavelas

calculated as:

RWCI — Mleaf,i~ Mleaf,dry (eqn 8),

Mleaf FT— mieaf dry
wheremear IS the mass of the leaf at dehydration leiyehearris the mass of the leaf at full
hydration andnearqary IS the mass of the dry leaf (in g).

Leaf shrinkage experiments: estimation of |eaf water potential for dehydrating leaves
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For high resolution of the shrinkage responseseaf Himensions, we plotted leaf shrinkage
against leaf water potentialga). We determine®eas by summing the turgor pressulgy), and
solute potential ¥s) estimated from theRWC using the fundamental leaf pressure-volume

relationships (Bartlett et al., 2012):

¥, = —m, — (¢ (1 - RWG)) (eqn 9)
Y, =1, + (%) (RWC; — 1) (eqn 10)
l-I—Jleaf — LIJp + l-IJS: (e X RWCtLp+ TTLP— € — TZOV?/}ZZ‘VL?:S:LX RWCTLp— TtTLp+ € + TTo (eqn 11)

where n, and ot p are the osmotic potentials at full turgor and wagor loss point (TLP)
respectively (the negative of osmotic pressurdlia), < is the modulus of elasticity (MPa) and
RWCq.p is the relative water content at TLP (%). Values these parameters were species
means obtained from pressure-volume curves (Taldg previously published for the same
plants for nine species (Scoffoni et al., 2008; fiéecw et al., 2011) and using additional data
collected in this study foBauhinia galpinii, Platanus racemosa, Romneya coulteri and Salvia
canariensis by measuringleas and RWC during progressive dehydration of initially rehyich
leaves (n = 5 leaves per species; Sack and Prousdthki, 2010). We assumed a constaim
eqn 9, i.e, a linear decline ¥, with RWC, though a nonlinear decline has been reported in a
number of species (Robichaux, 1984), indicatingaaable ¢ according to leaf water status.
However, a linear approximation &f, with RWC between full turgor and TLP often fits
experimental data (including for our species), sncbmmon in the literature (Koide et al., 2000;
Bartlett et al., 2012). Moreover, simulations shdwbat even declines of by several-fold
between full turgor and TLP would in any case rghly affect our calculations 0¥ .5 Using
egn 11 and the shrinkage traits calculated frofaata not shown).

Leaf shrinkage experiments: determination of the parameters of leaf shrinkage
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To fully characterize leaf shrinkage with dehydrative calculated 18 traits for each species (see
Table 4.3 for derivations and Table S4.5 for datapst of them relating to shrinkage in
thickness rather than area since we found areakstye to be much smaller before TitRan
thickness shrinkage. The 9 indices that we foundetanost representative and useful included
the percent loss of whole leaf thickness, leaf tetkness, leaf airspace thickness and leaf area
at turgor loss pointRLTiear e PLTc1ip, PLTATLp @ndPLARas TLR), the percent loss of thickness
and area for the dry leaf compared with the tutgaf, and the slopes of percent cel{/d¥),
intercellular airspaced(»/d¥) and total leaf thicknessTieaf/d¥) againstWeas between full
turgor and TLP. These 9 key indices were stronglyetated with 9 additional parameters of
leaf shrinkage which we determined for a comprelwvensapproach (Table S4.4; see
Supplemental Methods).

Leaf rehydration experiments

We determined the recovery of leaf thickness fonydeated leaves after rehydration using
experiments on leaf discs (after Milburn, 1966)o&8 with healthy, mature sun-exposed leaves
were collected from three individuals of ten spegciee-cut under pure water in the lab, and
rehydrated overnight. The next day, leaves wereedlaunderwater, and discs of 2 - 5 cm?
depending on leaf size, were cut centrally betwaehib and laminari= 5 per species), toweled
dry and measured for thickness and mass at fuliatigsh. Next, shoot segments containing four
leaves were re-cut under water and left to dehgdvatthe bench or over a fan, such that leaves
could be sampled either (1) between full turgor &ndjor loss point, or (2) dehydrated past
turgor loss point. Then, each individual leaf oe #$hoot was sealed, still on the shoot, in a
plastic sealable bag (Whirl-Pak; Nasco, Fort Atkm&VI, USA) which was previously exhaled
in. The shoot was then placed in a sealed plagiez bag with wet paper towels, and left to

equilibrate for at least 15 minutes and up to 2rédas necessary for more dehydrated shoots),
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after which theWe.ss was measured for the top and bottom leaf of theotshsing a pressure
chamber (Plant Moisture Stress, Model 1000, Alb&@i#, USA), and if these differed by more
than 0.2 MPa, the shoot was discarded. Leaf digre wut from the two remaining leaves. As
one treatment, leaf discs were cut under water itonmze the effect of embolism of the leaf
xylem in dehydrated leaves in delaying or preventnehydration and recovery of tissue
dimensions. As a second treatment, using diffegiots, leaf discs were cut in air to test
whether embolism of xylem and mesophyll cell walisuld affect disc rehydration; these discs
were then dipped in water to achieve a similaridhitondition as those that were cut under
water. Leaf discs were immediately placed in séalalastic bags which had been previously
exhaled in. Initial thickness and mass was meastoedach disc using digital calipers and
balances described above. Discs were then submengkt ultrapure water with a height of 2- 4
mm in a petri dish to rehydrate for 1 h after whitickness and mass were measured. The
percent recovery in thickness was measured by idiyithickness after 1 h rehydration by the
average thickness at full hydration. If discs eutir and under water did not differ significantly
in their recovery, values were pooled.

Leaf hydraulic traits

We tested correlation of leaf shrinkage parameteth leaf hydraulics traits and cuticular
conductance. Values for leaf hydraulics traits wergtained from vulnerability curves
determined using the evaporative flux method for g¢pecies (Scoffoni et al., 2011; Sack and
Scoffoni, 2012; Scoffoni et al., 201 X4t at full turgor Kmay) and at turgor loss poink{y); the
percent decline dKearat turgor loss point (¥up), theWiear at 50 and 80% loss finax (Pso and
Pso), and the slope of the hydraulic vulnerability \eirat Wiear = -0.5 MPa @Keafd¥). For
cuticular conductancein) we used values previously published for the splaets (Scoffoni et

al., 2011).
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Leaf structural and compositional traits

We tested the correlation of shrinkage parametétts tnaits related to gross leaf morphology
and composition determined from five leaves percigse (sampled from at least three
individuals). For the leaves used in the shrinkegeeriments, we measured fully hydrated leaf
area (cr) and thickness (mm), leaf mass per area (LMA, m3g dry mass / turgid leaf area),
and leaf density (in g cfh LMA / turgid leaf thickness). The fraction of Feair, water and solid
were measured for 4 to 10 leaves per species bgrwiafiltration into the airspaces (after
Roderick et al., 1999; Sack et al., 2003). Thepaics “thickness” in a dry leaf was obtained by
multiplying the thickness of the dry leaf by (1 elid fraction), and the percent airspace in a dry
leaf by dividing its airspace thickness by the khiess of the dry leaf.

Leaf water storagetraits

Saturated water conterW/C), and leaf water storage capacitances at fullotuagd turgor loss
point (Cer andCqp) were obtained for each species from the pressultene curves described
above (Sack et al. 2003; Sack and Prometheus\WIkQ) Leaf area specific capacitances at full
turgor and turgor loss poin€ter andC*rp in mol m? MPa) were then calculated:

Cpr = Cpr X SWC X LMA (eqgn 20),

Crp = Crpp XSWC X LMA X RWCrpp (egn 21)
Leaf venation traits

We tested the relationship of leaf shrinkage witlblighed vein traits for the study plants
(Scoffoni et al., 2011): major vein length per aiiea, that of the first three branching orders of
veins; the minor vein length per area, i.e., thghér vein branching orders; the total vein length
per areaVLA, also known as “vein density”); the ratio of majorminor vein length per area
and free vein endings per area.

Satistics
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We tested priori hypotheses for the coordination of shrinkage patars with pressure-volume
parameters, hydraulic traits and leaf structure emmposition across species. As in previous
studies using this approach (Brodribb et al., 200@jte and Sack, 2010; Scoffoni et al., 2011;
Nardini et al.,, 2012), we thus did not correct uidiial correlations for multiple tests, and
present a correlation matrix of all traits only itlustrate the inter-correlative structure of all
measured traits (Table S4.3). We advise correctimn multiple statistical tests before
considering trait correlations that were not hypstheda priori. Pearson coefficients were
determined for both untransformed and log-transéatata, given that many relationships were
nonlinear (Sokal and Rohlf, 1995). Spearman ramketations were also determined, given that
these are more robust to cases in which one orowtkers might drive a significant Pearson
correlation (Sokal and Rohlf, 1995). For a consiveaapproach, we typically recognized
relationships as significant only whén< 0.05 for both Spearman rank and Pearson cowakati
(rs andrp, respectively).

Partial correlation analyses (Sokal and Rohlf, 198&re conducted when three variables
of interest were intercorrelated across speciegsdtanalyses tested the relationship between
two variables when the third is statistically heddnstant (implemented using tlerpcor

package irR; Schaefer et al., 2007).

RESULTS

Computer simulations demonstrate potential importance of extra-xylem hydraulic decline

We used computer simulation modeling withleaf v. 6.1 (Cochard et al., 2004; McKown et al.,
2010; Scoffoni et al.,, 2011) to determine the intpat vulnerability of the outside-xylem
mesophyll pathways in driving decline s with dehydration (Fig 4.2; Table 4.1; Table S4.1).

We generated eight leaf hydraulic vulnerabilityvas based on different assumptions about the
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distribution of hydraulic resistance and vulnerf#pitharacteristics of various components of the
flow pathway. We considered two general casesm@dt hydraulic resistance was within the
outside-xylem component, i.e., the outside xylendrhylic resistanceR,) > the xylem
hydraulic resistanceR), or conversely, (bR > Rox. For each of these two general cases, we
considered four vulnerability scenarios: (1) lowlnarability for xylem and outside-xylem
components, (2) high vulnerability for only the side-xylem component, (3) high vulnerability
for only the xylem component, and (4) high vulndigbfor the xylem and outside-xylem
components (sedethods for additional details and parameterization ofrescenario). Although
the vulnerability of the xylem in given vein ordeaad in the mesophyll was specified in the
K_leaf model by a two-parameter sigmoidal function (Pameeand Vander Willigen, 1998;
see Methods), in all modeled scenarios a three-parameter tiogisinction was selected by
maximum likelihood for the leaf vulnerability curvihe emergent whole leaf response differed
in structure from that specified for its compongitable S4.1).

Consistent with expectations, the simulations shibweat whole leaves were more
vulnerable when both xylem and outside-xylem megtbpfomponents were vulnerable. The
outside-xylem vulnerability had a substantial intpaie K\ear Vulnerability. Simulating a greater
vulnerability to dehydration in only the outsideleasn component or only the xylem led to
substantially less negative water potential at Z0%b 80% loss OKear (Pso andPgp) and steeper
initial slopes than when simulating a low xylem andside-xylem vulnerability (compare grey
dashed or light grey dashed with black solid linég. 4.2; Table 4.1). Further, because the
outside-xylem mesophyll component is a terminal raytic bottleneck, it is critical for
protection of the xylem component. Across simulaidPso was always considerably more
negative than the pressure inside the xylerRsat(2 to 8-fold more negative; Table 4.1). At

given input values for the within-xylem and outsidéem vulnerability, the leaf was less
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vulnerable when more hydraulic resistance was fooundide the xylem (i.e., whelRox > Ry
rather thanR; > Ry, with more negativePsy and Pgo values and vulnerability curves with
shallower slopes (Table 4.1; compare panel A ameld in Fig. 4.2).

Further, the outside-xylem vulnerability played thesatest role in driving the initial
vulnerability at mild water deficits. The initialope of the vulnerability curve (before cavitation
occurs) was steeper when the outside-xylem compowes vulnerable than when only the
xylem component was vulnerable (compare grey dasinedlight grey dashed lines; Fig. 4.2;
Table 4.1), and similar to that found when botheryland outside-xylem components were
vulnerable (compare grey dashed with grey soli@difrig. 4.2; Table 4.1). By contrast, the
behavior of the leaf vulnerability curve at strongeater deficits was strongly influenced by the
xylem component; thus, thegy values when both xylem and outside-xylem componesise
vulnerable were similar to that found in the sintiola when only the xylem was vulnerable,
substantially less negative than when only theidetsylem was vulnerable (Fig. 4.2; Table
4.1). There was less difference across simulaiiotise Pso values (Table 4.1).

These findings indicated a strong impact of redunctin mesophyll hydraulic
conductance orKeear Vulnerability especially at high water potentialgith more pronounced
effects of xylem embolism 0Oikeas Vulnerability under stronger dehydration (Fig.;4lable 4.1).
Leaf shrinkage with dehydration: variation across diverse species
Species varied significantly in their leaf shrinkagith dehydration (Fig. 4.3) and in all 9 key
leaf shrinkage parameters (one-way ANOVRss 0.001; Tables 4.2, 4.3, 4.4 and 4.5 and Table
S4.2; see Tables S4.2, S4.3 and S4.4 and Suppkni®edults for additional parameters that
were correlated with the 9 key parameters). Specied 18-fold in the slope of thickness
againstWes before turgor loss pointd{iea/d¥), from -31 %-MPd for Platanus racemosa,

which had slopes of cell and airspace thicknesgasstW.o; before turgor loss pointd{c/d¥
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and dTa/d¥ respectively) of -10 and -60 %- MPaespectively, to -1.7 %- MPafor Quercus
agrifolia (dT¢/d¥Y anddTa/d¥ of -4.9 and -3.9 respectively). ThiE/d¥ varied 3-fold across
species from -4.1 fo€ercocarpus betuloides to -13 %- MP# for Bauhinia galpinii, anddTa/d¥
was even more variable, ranging from an increasgrapace of 3.9 %- MPdor Q. agrifolia to

a reduction of airspace of 60 %-MP#r P. racemosa. The maximum shrinkage in thickness
(PLTan), i.e., that observed in a dry leaf relative toiléy turgid leaf, varied 4-fold across species
from 23% forQ. agrifolia to 83% forB. galpinii (Table 4.5). Notably, the proportion of the leaf
thickness constituted of cell versus air did naftgignificantly between full turgor and turgor
loss point. Across species, the mean = SE for #regmt cell and air thickness at full turgor
(PTcrrandPTa rr) Were respectively 67 + 4% and 33 £ 4%, veryilsinto those at turgor loss
point PTc e andPTa1ip), 69 = 5% and 31 + 5% respectively (paired tgeBt= 0.44-0.49;
data in Table S4.2).

The coordination of leaf thickness shrinkage withgor loss point also varied strongly
across species. The percent loss of leaf thickatfsrgor loss pointRLTeas1ip) varied 8-fold
among species from 4.6% f&aphiolepis indica to 38% forLantana camara (Table 4.5). The
cell shrinkage at turgor loss poirel(Tc 1.p) varied 2-fold among species from 11% fOr
betuloides to 21 % forCamellia sasanqua, and the intercellular airspace shrinkage at tulggs
point (PLTa1p) ranged from a gain in airspace in the leaf of 1f#2%Q. agrifolia to a loss of
airspace of up to 77% fdr. camara (Table 4.5). Species differencesRiTear 7Lp Were driven
by changes irPLTat.p rather thanPLTc 11 p; there was a tight correlation &L Tear e With
PLTa e (rs=0.94,r, = 0.96;P < 0.001) but not withPLTc . (P > 0.05).

Percentage shrinkage in leaf area was much loveer ttiat for thickness. Loss of area at

turgor loss pointRLAeas TP ranged from 0.5% foB. galpinii to 14% forH. annuus (Table 4.5).
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The maximum shrinkage in areBLAq4y), i.e., that for a dry leaf, ranged 14-fold acrepscies
from 4.9% forHeteromeles arbutifolia to 69% forH. annuus (Table 4.5).

Species native to moist habitats experienced morekage in thickness and area than

species from dry habitats (see Supplemental Refsultaore details).

Coordination of leaf shrinkage responses and |leaf hydraulic vulnerability

Across species, the slopes of the shrinkage cuorethe whole leaf qTieo/d¥) and the cells
above turgor loss poind{c/d¥) correlated with the slope of the leaf hydraulidnerability
curve at¥.or =-0.5 MPa (Keaf/d¥), and withPso andPgo (Fig. 4.4; Table S4.3). No significant
correlations were found between the slope of thinlsiige curve for the intercellular airspaces
(dTa/d¥) and dKieafd¥, Pso or Pgo (Fig. 4.4; Table S4.3). Species with greater maxmmu
shrinkage in leaf thicknes®l(Tq4y) tended to have higher maximum leaf hydraulic cmtance
(Kmay (rp andrs = 0.65, 0.68P < 0.05; Table S4.3), and also experienced stediogs/d¥ (rp
andrs = 0.76-0.88P < 0.05; Table S4.3). No correlations were fountveenK e at turgor loss
point and leaf shrinkage traitsy{|andfs| = 0.02-0.42P > 0.05; Table S4.3).

Recovery from shrinkage in thickness for leavdsydeated before turgor loss point was
high but not complete, ranging from 60%Ntagnolia grandiflora to 99% inRomneya coulterii
(Table S4.5). For 8/10 species tested, a simileowery was found for leaves that had been
dehydrated to before or past turgor loss point (@ &4.5 and supplemental results).

Correlation of leaf shrinkage with leaf pressure-volume parameters, water storage, structure,
venation architecture and cuticular conductance

Across species, thickness shrinkage correlated widssure-volume curve parameters (Fig.
4.5A-C), which themselves were strongly inter-clated (Fig. 4.5F-O, Table S4.3). Species
with more negative osmotic pressures at full tuua turgor loss pointtg andmy, respectively)

and higher modulus of elasticity) (shrank less in thickness before turgor loss pana tended
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to have shallower shrinkage slop#Ee./d¥, dTc/d¥, anddTa/d¥ (r, andrs= 0.62-0.86,P <
0.05; Table S4.3). Leaf area shrinkage also relaébeg@ressure-volume parameters. A high
PLAasTLp COrrelated with lowe (r, andrs = -0.62 to -0.68P < 0.05; Table S4.3). Maximum leaf
shrinkage PLAqy) correlated with high, andmy, and lowe (|rp| ands| = 0.80-0.83P < 0.001,
Fig. 4.6A-D, Table S4.3).

Notably, due to the strong relationship betwegiMPa) andPLA4y (%), a fitted power
law equation could be used to estimateom PLAgy (R°= 0.66;P < 0.001):

£ =414 X PLAg, "% (eqn 1)

Leaf shrinkage traits also correlated with waterage traits. With few exceptions, the
dTeafd¥, dTc/d¥, anddTa/d¥ correlated with leaf capacitances (amount of wsitgrage) at full
turgor and turgor loss point, and with saturatedewaontent Crr, Crp, andSWC respectively,
defined in Table 4.4)rf andrs values up to 0.93P < 0.05; Table S4.3). ThBLAqy was
positively correlated wittCer, Crip, SWC and C 1ip (rp andrs = 0.55-0.86,P < 0.05; Table
S4.3).

Across species, leaf shrinkage also related to deafcture. ThePLTeq¢ 1 p COrrelated
negatively with leaf mass per area and leaf der{Bity. 4.5 D-E), as didT,.o/d¥, dT/d¥, and
PLA4ry (Irpl andlird = 0.70 to 0.87P < 0.05; Table S4.3). Species with thinner hydraésdes
tended to have highé&tLAqgy (rp andrs= -0.57 to -0.62P < 0.05; Table S4.3). Leaf shrinkage
tended to be independent of leaf area across spemy V150 showed a positive correlation
with mean leaf area{andrs= 0.55-0.58P < 0.05; Table S4.3).

Leaf shrinkage was independent of most leaf veaitstr No correlation was found
betweerdTe/d¥ and major, minor or total vein length per amggafidrs= 0.25-0.57P > 0.05;
Table S4.3). The few correlations observed betwesn and shrinkage traits did not suggest

causal dependency (Table S4.3).
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Cuticular conductanceggin) was positively correlated with a number of lehfigskage
parameters, i.e., theL TieartLp, PLTATLP, OTieadd¥, dTa/d¥Y andPLAgy (Irpl andlird = 0.65-0.91,
P < 0.05; Fig. 4.7, Table S4.3).
Separating the drivers of leaf shrinkage
Most leaf pressure-volume parameters and structeaélires that correlated with leaf shrinkage
were themselves inter-correlated (Fig. 4.5 F-O,1&3.3). To test for effects of single traits,
holding others constant, partial correlation analygas applied to (1PLTiear1ip, € @andmo, (2)
dTeadd¥, dKieafd¥, € andmo, (3) PLTieasTip, € @NdQmin, (4) PLTearp, LMA, leaf density,e and
To, (5) PLAGry, Omin € andm, (Table S4.6). These analyses enabled us to geeetnodel of the
influences of given traits on leaf shrinkage and ktydraulic vulnerability of the xylem and
outside-xylem pathways (Fig. 4.8). Briefly, a higiajor VLA provides lower xylem hydraulic
vulnerability independently of leaf shrinkage, whinfluences the outside-xylem vulnerability.
A low degree of shrinkage in thickness is achieaethe cellular level through both lowand
more negativer, and linked to structural traits such as LMA andf ldensity through. Thee
also controls the maximum shrinkage in leaf ardaclwvacts directly on cuticular conductance.
Consistent with this model for trait influences, feend that the effects of, ande on
leaf shrinkage were too inter-correlated to beimtystished. Thus, when accounting for the effect
of eitherr, or ¢, the correlation between the other trait andRh&e.r, 11 disappeared rfarial =
0.42-0.01P > 0.05; Fig. 4.8; Table S4.6). Similarly, LMA alehf density were strongly related
to p-v parameters, and separate relationships shitimkage could not be resolved (Figs 4.5 and
4.8); when removing the effect of LMA or leaf degsthe correlation betwed?LTiear 1p and p-
v parameters disappeared, and when removing teetasf p-v parameters, the correlation of

leaf shrinkage with LMA or leaf density disappeaf§giial = 0.06-0.47P > 0.05). However,
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when removing the effect L Tiear 7L, the correlation between p-v parameters and LMAeaf
density remained aria = 0.70-0.82P < 0.01).

Also consistent with our model for structural irdhces, we found that the linkages of
leaf hydraulic vulnerability with the degree of feshrinkage were mediated by the p-v
parameters, andzr p (Fig. 4.8). Accounting for the effect dife,/d¥ the correlation between
dKieafd¥ andmn, or nrp disappeared r{faial = 0.04-0.16P > 0.05). However, the correlation
betweendTeo/d¥ anddKea/d¥ remained even when accounting for the effects,ofr p Or ¢,
and the correlations betweéll.o/d¥ andn, ntp ande remained even when accounting for
dKieaf d¥ (|rpartial = 0.61-0.74P < 0.05; Table S4.6), indicating that the linkadeslorinkage to
p-v parameters was more proximal than that of hyldraulnerability to p-v parameters.

Leaf shrinkage in thickness was apparently indiyesirrelated withgmin. The correlation
of PLTear TLp @aNdQgmin Se€mMed to be driven by their separate correlatatiise; when accounting
for the effect o, the correlation betweaghi, andPLTieat 11p disappeared fartia = 0.09P > 0.05;
Table S4.6), but and PLTes, TLp remained correlated after accounting for the éftdcgmin
(rpartial = -0.66 P < 0.05). By contrast, maximum shrinkage in ared stmained tightly
correlated withgmin after accounting for the effect efor ny (rpariial = 0.90-0.91P < 0.001; Fig.
4.8). The correlation between maximum shrinkagaregma and: or 7, lost its significance after
accounting for the effect @in (Irpartial = 0.42-0.43 > 0.05; Table S4.6).

Predicting leaf hydraulic vulnerability from thickness shrinkage and major vein density

Given the correlations d?so andPgowith both majorVLA and thickness shrinkage, and because
according to our structural model these lattetdraiere related to the xylem and outside-xylem
pathways, respectively, we tested whether theyigeava strong prediction d?sp and Pso.
Indeed, multiple regression analysis showed a lgréaprovedr2 when using both thickness

shrinkage and majovLA when predictindg®sp or Pgo (1> = 0.87 for bothPso or Pgo when using
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both shrinkage and major VL¥ersusr2 = 0.74-0.72 foPsg or Pgorespectively usingnly major
VLA, and 0.52-0.55 folPso or Pgo respectively usingnly dT./d¥). The fitted models for
predictingPso andPgowere:

P, predicted = 0.465 + 0.041 X dTeqe/d¥Y + 1.79 X major VLA (eqgn 2)
Pgo predicted = 1.20 + 0.070 X dTjeas/d¥ + 2.70 X major VLA (eqn 3)
The observetsy, andPgp were strongly correlated with values predictedrfithese models, with

the slope close to 1 (0.96-0.97) add 0.87 (Fig. 4.9).

DISCUSSION

The results from computer modeling and experime@®sionstrated that leaf shrinkage is a
strong correlate and potential driver of leaf hytdiavulnerability alongside other drivers such
as xylem embolism and collapse, and aquaporin a#ioh. Our detailed examination of leaf
shrinkage provides new insight into its mechanismg variation across species. Moreover, our
results have strong ecological implications, gittesm great variation in shrinkage across species,
with species native to dry habitat more resistarghrinkage due to their more negative osmotic
pressures at full turgomq or turgor loss pointfy, = leaf water potential at turgor loss point,
TLP) and higher modulus of elasticity) (

Impact of the mesophyll on leaf hydraulic vulnerability: insights from the computer model

Results from model simulations confirmed the hypeth that decline in extra-xylem
conductance should have strong impacts on leafamidr conductanceK(es) vulnerability,
especially at high leaf water potentifldy). The initial slope 0Kear against¥eas Was as steep
when only the extra-xylem component was vulnerableydraulic decline as when both xylem
and extra-xylem components were vulnerable. Sitgiléne impact of extra-xylem vulnerability

on the leaf water potential at 50% and 80% lossydiraulic conductanced?é, andPgp) pointed
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to a particular influence of the extra-xylem comgoinon the early decline ¢fea. The model
simulations were consistent with a more vulneraskea-xylem component protecting the xylem
from tensions that would cause embolisms and/onatal closure. Along the hydraulic pathway,
the tension generated by transpiration is dissipbtefrictional losses proportional to hydraulic
resistance. As expected, simulations showed tHatiwves where the extra-xylem resistarikg)(

> the xylem resistancd(), and thus the extra-xylem bottleneck was moraquaced, negative
pressures would build up less strongly in the xyfema given bulk leaf water potentiaV{as)
than if Ry > Rox. Substantial extra-xylem resistance protects tylenx water pressure from
declining to values that would trigger air seeditigis leading to the S-shaped curve seen in the
simulation where only the xylem is vulnerable (F&§2, panel A, light-grey dashed line).
Additionally, an Ryx > R¢ scenario allows cavitation to occur at more negalwaf water
potentials than iR > R,x (Table 4.1). Further, regardless of the relatiskigs ofR,x andRy in

the turgid leaf, extra-xylem vulnerability alwayacha strong impact on the declinekafy at
highWeat. (Fig. 4.2, panel A and B, grey dashed lines).nd that this model assumed a steady
state transpiration rate. The dynamics of mesophgler potential could act directly on stomatal
aperture and thus feedback on stomatal conductamtéranspiration, but the principles shown
here would act when steady state was established.

These model results are analogous to the hydraelignentation theory proposed for
whole-tree architecture (Zimmermann, 1978). Acaagdio that theory, high resistances are
found in the most distal parts of the trees (leatlesn lateral branches) so that tensions will be
disproportionately large there, and reduced in jnak parts, thus delaying the onset of
embolisms in the main trunk xylem, crucial for tinee’s survival. We found that resistance in
the extra-xylem component and its increase duresj behydration would prevent stronger

tensions in the leaf vein xylem and delay the owr$etylem embolism or collapse. In essence,
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vulnerability in the xylem- and extra-xylem pathwayartitions the low water potential caused
by a given transpiration rate; greater vulnerapiiih extra-xylem pathways preferentially
partitions low potentials to the mesophyll, posgillelaying xylem embolism or stomatal
closure.

Thus, in sum, decline in the extra-xylem condutgivwwhich would likely occur during
leaf shrinkage, leads to strokg..s reductions, and protects the xylem from embolisuming
ongoing transpiration, which would lead to yet sger Kiar reductions, and potentially
necessitate energy for refilling xylem conduits (@Nai et al., 2011).

Impact of leaf shrinkage on leaf hydraulic vulnerability

Previous studies showed th&t.s decline in dehydrating leaves was correlated mby avith
xylem embolism but also with biochemical processasside the xylem, such as aquaporin
deactivation (Johansson et al., 1998, Kim and $#e@®07; Scoffoni et al., 2012). Our study is
the first to implicate a physical influence of leahrinkage in the decline oKy With
dehydration, using the same correlational approdblese results support our model findings
that extra-xylem hydraulic decline would in prineigmpact onKear. Further, consistent with
our hypotheses, and the results of the model sttons our experiments using diverse species
confirmed the hypothesis thiie,s declines were correlated across species withtleekness
shrinkage, especially at highear. Species that experienced most severe shrinkamee dbrgor
loss point had steeper initilless declines and less negatiRg, values. The linkage of shrinkage
with initial Ke4r decline was consistent with our hypothesis andehsidhulations.

Is there an adaptive hydraulic function for greditdckness shrinkage? Such a potentially
adaptive mechanism was suggested by Zimmermaniaesggtion theory and results from our
model simulations. Thickness shrinkage redu¢ggwhen the mesophyll, but not yet the xylem

itself, experiences more negative water poterttigd; would amplify any water status signal that
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causes stomatal closure, thus preventing furthelindein Weas and sparing the xylem from
embolism. Thus, species with xylem especially semsito air seeding would benefit from
shrinkage that would reduce the conductance outbelexylem. Such “sacrifice” of mesophyll
hydraulic conductance during dehydration would dsoexpected to delay intense cavitation
during daily transpiration. This mechanism would particularly useful given the partial
reversibility of even strong leaf shrinkage showrolir rehydration experiments. After one-hour
of rehydration, leaf discs had regained more thahtheir initial thickness, regardless of their
level of dehydration (see Supplemental ResultsRRiadussion).

Indeed, although shrinkage has not been previoumskgstigated in this way, previous
studies have pointed to a role of extra-xylem patsvnK,s decline (reviewed in Scoffoni et
al., 2012). A recent study dirabidopsis suggested that bundle sheath cells acted as valves
during drought by converting chemical signals fritra vein xylem such as ABA into a decrease
in Kiear by deactivating aquaporins (Shatil-Cohen et #1113. Our modeling and experimental
work were consistent in implicating reductions e Eextra-xylem pathways, whether caused by
aquaporin deactivation, cell shrinkage or boththe decline ofK.5s with dehydration. Future
work is needed to fully resolve the roles of xyleand extra-xylem pathways, and their
interaction in determining the responsek@f to dehydration.

Drivers of leaf shrinkage and its relation to leaf vulnerability

Our experiments provided insight into processesuoiy within specific leaf tissues during
shrinkage, especially at the epidermal cell laysee Supplemental Discussion, “Mechanisms of
leaf shrinkage”). What are the structural factdrat influence leaf shrinkage and thus hydraulic
vulnerability? Previous studies have reported datien of hydraulic vulnerability with
pressure-volume parametersandnrp (Crombie et al., 1985; Blackman et al., 2010; &oof

et al.,, 2012). This linkage could arise becauseceemegativerr p enables cells to maintain
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structural integrity, i.e., a highd®\WC at lower Weos (Blackman et al., 2010; Scoffoni et al.,
2012). That hypothesis was supported in our sttlty;percent loss of thickness at turgor loss
point (PLTear 1) Was lower in species with more negatiyyeand highek. Our findings for the
linkage of shrinkage with p-v parameters confirmad expanded those of studies of fewer
species. In one study of six species, leaves ofdywgants shrank less than those of herbs,
potentially due to their more negatixg (Kennedy and Booth, 1958). In another study, §geci
with low ¢ shrank more strongly in thickness (Syvertsen aedy| 1982). In our study, partial
correlation analysis could not tease apart thecteffefn, ande on PLTe4r 1ip, due to their strong
association, and their combined impacts on detenguioell shrinkage at turgor loss point and
thus RWCr.p (Bartlett et al., 2012). These results suppoet hiypothesis that cell shrinkage
depends on cell structural integrity, i.e., the parameters, and shrinkage influences leaf
hydraulic vulnerability.

Tissue shrinkage may affeki.os decline by altering the pathways for water movement
The precise pathways of mesophyll water movemenhtiadeed, the identity of the cells that are
the sites of water evaporation, have remained puygzjuestions for decades (Meidner, 1983).
Three main pathways for water movement outsidexyfem have been proposed: 1) water flows
from the xylem to the bundle sheath cells and jgadty evaporates there (Boyer, 1985), 2)
water flows mainly through or around epidermal elivhich have their walls better
interconnected than mesophyll and palisade, andogates near stomata (Wylie, 1943; Sheriff
and Meidner, 1974; Meidner, 1975) and 3) water exates from the mesophyll cells but an
appreciable part evaporates as well from the epidecells (Farquhar and Raschke, 1978). Cell
shrinkage can reduce connections for water to fl@ancho-Knapik et al.,, 2011) and
additionally would reduce evaporative surface; keftects would reducK,r. Tissue shrinkage

during transpiration might in fact highlight wheneater principally evaporates within the leaf,
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and how it varies among species (Canny et al., R0NRile eucalyptus showed equal shrinkage
throughout the mesophyll, suggesting that transpimal water evaporates throughout the leaf,
cotton showed strongest shrinkage and potentiathatgr evaporation in the spongy mesophyll
and in palisade cells surrounding the substomateities (Canny et al., 2012). Whether the
shrinkage of given leaf tissues or populationseasischave more effect than others kg (e.g.,
bundle sheath cells; see Scoffoni et al., 2012)amesnto be elucidated. Further, it is unknown
whetherKess decline is due to the direct effect of the physsicapact of leaf shrinkage on
hydraulic pathways, to an indirect effect of céltiskage on aquaporin activity (Johansson et al.,
1998; Kim and Steudle, 2007), or both. The shmgekaf airspaces may reflect structural
changes, i.e., cell wall buckling, that would reeluextra-xylem water flow, by reducing cell
contact and/or the conductance of cell walls.

The strength of the correlation Kfas vulnerability with leaf shrinkage, together withet
model simulation results, and the clear physicéddge of the pathways of water movement with
cellular structure and tissue integrity, supporn@chanistic linkage between vulnerability and
shrinkage. An alternative argument, that the lirkkagKear Vulnerability with leaf shrinkage is
only circumstantial—i.e., that these responsesirlependently linked across species due to
their association with moist habitat — remains gmesHowever, it is common to use physical
principles to postulate a mechanistic basis foretations. For example, this was used to
establish connections between maximi,s and leaf hydraulic vulnerability with xylem
structure (i.e., with midrib conduit dimensions arein length per area; Sack and Frole, 2006;
Brodribb et al., 2007; Blackman et al., 2010; Seoifet al., 2011; Nardini et al., 2012), and here
we have extended this approach to the extra-xylathways. Further validation of this
hypothesis will require tests using mutant phenesyin model species and/or mechanistic

manipulations to establish absolute causality.
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Coupling the effects of leaf shrinkage and leaf veins to better predict hydraulic vulnerability

Previous researchers hypothesized that leaf veinasaa “skeleton” that reduces leaf shrinkage
during dehydration (Gardner and Ehlig, 1965). Wenfib no relationship across species of the
degree of shrinkage with major or total vein lengér area. Instead, we found shrinkage to be
closely related to leaf properties principally detaed by mesophyll cells, ande. Notably, in
some species, bundle sheath extensions (espestadly fibrous) could play an important role in
reducing shrinkage (Cutler, 2005; Pivovaroff et ial press).

Previous work showed that the major vein lengthgrea (major VLA) reduces the leaf
hydraulic vulnerability, providing more pathwaysr fthe water to flow around embolisms
(Scoffoni et al., 2011). Thus, leaf shrinkage amel\tenation architecture are independent factors
that both influence the vulnerability #fiar, factors representing the xylem and outside-xylem
components respectivelye found that including both major VLA and shrinkated to a
stronger ability to predidPso andPgpthan either factor alone, and eqns 2 and 3 provideery
strong prediction (Fig. 4.9), the strongest to knowledge of leaf hydraulic vulnerability based
on structural measurements. Previous work hassilean thatPso and/orPgy can be predicted
across species by the dimensions of minor veinmxydenduits (Blackman et al., 2010) and that
hydraulic decline oKa and/or cell permeability can be related to prapsrof aquaporins and
the effects of abscisic acid (Kim and Steudle, 2@&lvatil-Cohen et al., 2011). Our egns 2 and 3
should be validated and extended with measurenienidditional species, as they point to a
great potential value for estimating hydraulic \arkbility from easily measurable traits.
Applications of leaf shrinkage for drought monitoring and drought tolerance assessment
Our findings support previous studies showing tkesuof shrinkage for monitoring drought
responses, i.e., for estimatiRyVC or W\eos from leaf thickness and area for given leaves.(e.g

Meidner, 1952; Jones, 1973; Tyree and Cameron, )199dr study further points to the
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importance of resistance to shrinkage as a traiitribmting to drought tolerance (see
Supplemental Discussion). Leaf shrinkage may haxelnapplications for rapid estimation of
drought tolerance parameters. In addition to thktybf shrinkage to predicKeos Vulnerability
described above, the very strong relationship betwthe percent loss of area in a dry leaf
(PLA4y) and e highlights the potential for estimation ef using eqn 1, and easy, rapid
measurements ¢LAqy. This equation should be validated and extendeadditional species,
for rapid estimation o, which typically is obtained from pressure-volug@ves, which can
take 1-2 days of measurements per species. Suah megasurement of a key p-v parameter
complements the recently described osmometer neasmt ofr, and nr p (Bartlett et al.,
2012).

Because species from drier habitat experienceddesskage in thickness, the percent
loss of thickness in a dry lead®l(T4,) may be a good proxy trait for evaluating drouigitrance
rapidly. By contrasPLAyy may be of limited value as a drought tolerance ipted though a
good proxy fore. Notably, € is not a general predictor of drought tolerancesutih it may
contribute to tolerance ofcipient drought by preventing earl¥eor decline, and/or contribute
indirectly to drought tolerance by preventing cgfirinkage to lethal levels. Indeed, a recent
study quantifiedPLAqy in 380 diverse species (Blonder et al., 2013), fanohd PLAyy to be
slightly higher for dry habitat species, though that trend mayehassen due to error in their
measurements. In that studLAqy Was determined without first rehydrating the lesate full
turgidity, and erroneous negatiP&Aq,y data were included in that study. Such errors edud
avoided for accurate species comparisons, espediaklues are to be used as proxies for more
intensive physiological or ecological parameters.

Summary
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Leaf shrinkage was tightly correlated with hydraulesponses, leaf and cell structure and
composition, and drought adaptation. Leaf shrinkpgeameters can be used as proxies for
estimating hydraulic vulnerability, modulus of dlagy and potentially drought adaptation.

Future research on the anatomical basis of shrekiig precise mechanisms of leaf hydraulic
decline, and the role of shrinkage-related traitsliought tolerance for a wide range of species

can capitalize on these discoveries and improvéutheange of their applications.
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Table 4.1.Results from model simulations testing the impactdeaf hydraulic vulnerability of declines in caradivity in
the xylem and outside-xylem pathways. For eaclofssimulations, we present the percent of the hgalraulic resistance
outside the xylem for simulated leavé,j, the input values for water potential at 50% ltmsthe within-xylem (xylem
Pso) and outside-xylem components (outside-xylesg), and the results for maximum leaf hydraulic castdoce Kmay),
leaf water potentiaf¥, ) at 50% and 80% loss of leaf hydraulic conductaieedndPgo) and the initial slope of the leaf

hydraulic vulnerability curve (at -0.1MPa), obtainiom the logistic functionk|..s = ——;) which was selected as the
1+4(—eat)
X0
maximum likelihood model in all simulations (cf.Ala S4.1).
Input conditions Output of leaf-level responses
Scenario  Simulations Rox  Xylem Extra- Kinax Pso Pso Pxylem Initial slope
Pso xylemPsg,  (mmol m? atPs,  (mmol m?s?!
(%) (MPa) (MPa) s MPa?) (MPa) (MPa) (MPa) MPa?)
() Ryx > (1) Low vulnerability for xylem 74  -1.00 -1.00 8.62 -5.50 -11.6 -0.74 -0.09
Ry and outside-xylem components
(2) high vulnerability for only 76  -1.00 -0.25 7.56 -2.37 -7.78 -0.28 -2.08
the outside-xylem component
(3) high vulnerability for only 71  -0.25 -1.00 8.18 -1.53 -2.72 -0.32 -0.28
the xylem component
(4) high vulnerability for xylem 74  -0.25 -0.25 7.26 -1.48 -3.83 -0.25 -1.97
and outside-xylem components
(b) Ry > (1) Low vulnerability for xylem 39  -1.00 -1.00 9.03 -2.49 -5.03 -0.78 -0.32
Rox and outside-xylem components
(2) high vulnerability for only 42  -1.00 -0.25 8.32 -1.23 -3.92 -0.35 -4.50
the outside-xylem component
(3) high vulnerability for only 36  -0.25 -1.00 8.02 -0.83 -1.78 -0.39 -3.06
the xylem component
(4) high vulnerability for xylem 39  -0.25 -0.25 7.65 -0.68 -1.75 -0.30 -6.02
and outside-xylem components
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Table 4.2.Study species, family, mean + standard error faf leickness, area, mass per area and pressune@@arameters.

Species Family Plant habit  Leaf thickneslseaf area Leaf mass Osmotic pressure Osmotic pressure atModulus of Relative water content
at full turgor per area at full turgor turgor loss point elasticity at turgor loss point
(mm) (cm2) (g m'z) (MPa) (MPa) (MPa) (%)

Moist habitat

Bauhinia Fabaceae Shrub 0.17 £ 0.007 22.2+1.44 45.0+1.60 -1.1608 -1.41 +0.07 7.81+1.61 81.4 +£3.39
galpinii

Camellia Theaceae Shrub 0.40 £0.01 12.8 +0.98 178 £9.08.61+0.13 -2.12 +0.18 798 +1.11 76.7 £3.35
sasanqua’

HelianthLTJs Asteraceae Herb 0.20 £0.01 101 +6.61 31.2 £1.0687 +0.12 -1.09 +0.12 5.49 £0.79 84.4 +1.50
annuus

Lantana . Verbenaceae Shrub 0.29 £0.01 16.8 +1.22 61.484-1.10 £0.04 -1.37 +£0.04 4,85 +0.33 78.0 2.3
camara

Magnolia Magnoliaceae Tree 0.63+0.04 77.2+7.12 220411:-1.42 £0.02 -2.06 £0.05 13.3+1.31 89.3+1.20
grandiflora’

Platanus Platanaceae Tree 0.17 £0.01 130+14.4 56.3 + 2:8493 + 0.08 -1.19 + 0.09 7.09 £0.25 87.0+1.44
racemosa

Raphiolepis Rosaceae Shrub 0.52+£0.01 28.5+2.55 211 +8.26.37+ 0.07 -2.07 £0.11 11.5+0.81 88.3 £0.55
indica’

Dry habitat

Cercocarpu§ Rosaceae Tree 0.22 £0.02 8.57+1.58 121 +£23.36440.04 -2.59 +0.03 10.1 £0.70 85.1+£0.80
betuloides

Comarostaphylis Ericaceae Tree 0.49 £0.04 12.8 £0.61 253 +16.2.51-+ 0.34 -3.45+0.34 17.3+2.23 85.5+1.85
diversifolia

Hedera Araliaceae Shrub 0.27 £0.02 67.2 +7.68 84.1 £11-1.49 +0.07 -1.98 +0.09 12.8 +0.49 88.4 +1.40
canariensis’

HeteromelesT Rosaceae Shrub 0.38 £0.01 21.5+2.06 185 +122.08+ 0.09 -2.53 +0.10 16.4 +0.49 87.4£0.53
arbutifolia

Quercus ) Fagaceae Tree 0.30+0.01 14.2 £0.70 188 £ 7.533120.12 -3.00 £0.12 17.9+1.28 87.5+1.59
agrifolia

Romneya Papaveraceae Herb 0.36 £0.01 23.9+0.67 78.6°4 3-:1.01 £ 0.08 -1.40 £ 0.07 6.78 £ 0.33 87.2 10.6
coulteri

Salvia Lamiaceae Herb 0.26 £0.01 54,5 +8.28 41.4 +6.0.92 +£0.05 -1.18 + 0.07 5.49+0.21 83.1+0.95
canariensis

"Pressure-volume parameters from Scoffoni et al820@ Scoffoni et al. 2011
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Table 4.3.Symbols, terms, unit, derivation and biologicalngigance of the 9 key leaf thickness and areankhge traits in
this study. An additional 9 traits were quantifiehd their calculation and correlations with thé&sg traits are described in the
Supplementary Information (Supplementary Methodgpfementary Results; Table S4.2, S4.3 and S4BBcduse thickness of the
leaf or tissues precisely at turgor loss point dodt be determined, we interpolated the valuaéuaor loss point by assuming a linear
decline of leaf dimensions with.,; between the two surrounding measurements.

Symbol Parameters Units Derivation Significance

Thickness shrinkage

PLTeat L Percent loss of thickness at turgor loss point % From plot ofPLT versus W * Estimate of leaf thickness shrinkage at turdgss point
PLTc1ip Percent loss of cell thickness at turgor lo$% From plot ofPLTc 11p versus Wiess * Estimate of the amount of cell thickness lostewhcells
point become flaccid
PLTATLP Proportion of intercellular airspace thicknesg lo$o From plot ofPLTa 11p VersusWeas * Estimate of the amount of airspace thickness (msgained)
at turgor loss point when cells become flaccid
dTjeafd¥ Degree of shrinkage of leaf thickness %-MPa’ PLTjeasTLP Steepness of the decline of whole leaf thicknesh Wi,
TirLp before cells become flaccid
dT/d¥ Degree of shrinkage of leaf cells %-MPat PLTc t1p Steepness of the decline of cell thickness Wit before
BrLp cells become flaccid
dTA/d¥Y Degree of shrinkage of leaf intercellular airspac&-MPa* PLTrLP Steepness of the decline of air thickness Wik before
BrLp cells become flaccid
PLTqy Percent loss of thickness in a dry leaf % 1 Tieaf,dry Maximum amount of thickness shrinkage
Tleaf,FT
Area shrinkage
PLAcasTLP Percent loss of area at turgor loss point % From plot ofPLA versus e, * Estimate of leaf area shrinkage at turgor lozisip
PLAy Percent loss of area in a dry leaf % 1 Aleat,dry Maximum amount of area shrinkage
Aleaf,FT

Symbols: PLT, percent loss of thickness.., leaf water potential, and the slopes of percetlt @Tc/d¥), intercellular airspace
(dTA/d¥) and total leaf thicknesslTea/d¥) against¥ieas between full turgor and turgor loss point.
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Table 4.4.Symbols, terms, unit, derivation and biologicalhsiigance of the 28 leaf traits relating to compiosi, hydraulics, p-v curves, water storage and

venation.

Symbol Parameters Units Derivation Significance

L eaf composition

PTeenrr Percent cell thickness at full turt % T pr OF Tppr Amount of cell thickness at full hydrati

PTarr Percent air thickness at full turgor % TieatFr Amount of air thickness at full hydration

PTeenrip Percent cell thickness at turgor loss point % Terip O Tamip Amount of cell thickness at turgor loss point

PTate Percent air thickness at turgor loss point % Tieat TLP Amount of air thickness at turgor loss point

LMA Leaf mass per area gm Leaf dry mass/ leaf area -

Leaf densit - gen? Leaf dry mass/ leaf volur -

FA Fraction air - leaf mass before — leaf massraftater Estimate of the amount of airspace in the leaf
infiltration of the airspaces

FW Fraction water - leaf mass before water infiina of the Estimate of the amount of water in the leaf
airspaces — leaf dry mass

FS Fraction solid - Leaf volume — FA - FW Estimattehe amount of solid in the leaf

%Air in a dry leaf - % Leaf dry thickness x (1- FS) Estimate of the am@f airspace in a dry leaf

Leaf hydraulics

Kimax Maximum leaf hydraulic conductance mmof st MPa* y-intercept of the maximum likelihood Efficiency of water movement through a fully hydrdteaf

Krip

Psc

Pegc
dKieaf d¥

gmin

Leaf hydraulic conductanceatp
Yieat at 50% loss 0fKjea
Yieat at 80% loss 0fKjea

mmol m? s* MPa?
MPa
MPa

Slope of the leaf hydraulic vulnerability curve ammol m? s* MPa*

Weat = -0.5 MPa
Cuticular conductance

Pressure-volume curve parameters

TP
To

&
F\’V\C‘r LP

Water storage
Cer

Cnp

SWC

Crer

Crrip

Leaf venation
Major VLA

Minor VLA

VLA

Ratio major: minor
FEV

Osmotic pressure at turgor loss point
Osmotic pressure at full turgor
Modulus of elasticit

Relative water content at.p

Capacitance at full turgor
Capacitance atr.p
Saturated water content
Leaf area specifiCqr

Leaf area specifiCr.p

Major vein length per area
Minor vein length per area
Vein length per area

Ratio of major to minor VLA
Free ending veins per area

mmolg?

MPa
MPa
MPe
%

MPa
MPa*

g
mol m? MPa
mol m? MPa*

mm rifm
mm mm
mm mifn

Number pef mm

function of the vulnerability curve

Paimtach turgor pressure = 0

A TurgorpressureA RWC

A(lOO- RWC)/A Weat befOFEﬂTLp

A(lOO- RWC)/A Wieat paStT[TLp

Fresh mass — dry mass / Leaf dry mass
Crr X SWC X LMA

Crip X SWC X LMA X RWCrpp

Major vein length/ leaf area
Minor vein length/ leaf area
Vein length/ leaf area

Ntat VLA/ Minor VLA
Number of FEV/ area

Efficiency of water movement at.p

Vulnerability of Kiearto dehydration

Minimal epidermal conductance after stomatal clesur

Water potential at Whiells become flaccid
Concentration of solutes in cells
Wall stiffnes:
Leaf hydration when cells become flaccid

Amount of water storage befone
Amount of water storage aftef.r
Water standgx

Sum of 1°, 2° andd&ovein lengths per leaf area

Sum of 4° and higbeeter vein lengths per leaf area

Sum of major and minonvengths per leaf area
Leaf venation composition index
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Table 4.5.Percent loss of thicknesses and area at turgoptmas and for oven-dried leaves.

Species PLTiearrp  PLTagry PLTc 1ir PLTa TP PLAear 1LF PLAGy
Bauhinia galpinii 16 +2.3 83+1.5 19+0.31 14 +5.1 0.48+£0.16 2194
Camellia sasanqua 15+1.2 43+1.1 21+£0.30 3.3+5.2 29+038 0522
Cercocar pus betul oides 18+ 3.6 33+5.0 11+1.2 39+16 48 +0.51 2.3
Comarostaphylisdiversifolia 12+1.4 44+1.9 16 +£0.32 6.8+3.4 1.2+0.79 +1M88
Hedera canariensis 11+1.3 62 + 3.8 11+0.18 -5.9+8.7 0.96 £0.2516 £ 0.93
Helianthus annuus 22+1.2 36+1.6 - - 14 +0.62 69+14
Heteromeles arbutifolia 12+2.1 53+1.1 14 +0.51 7.8+6.5 0.74+£0.27 9420
Lantana camara 38+2.0 80+1.9 16 +0.54 77 £5.3 9.4+£0.43 A1
Magnolia grandiflora 22+1.8 42 +3.3 11 +£0.52 3019 - 82+1.1
Platanus racemosa 36 4.0 70+2.7 12 £0.48 72 0.0 1.3+£0.47 261
Quercus agrifolia 51+092 23+1.7 15+0.15 -12+3.4 1.6+0.13 7.0+0.14
Raphiolepisindica 46+038 47122 12+0.14 -1.8+4.9 0.61310. 14+0.45
Romneya coulteri 16+1.6 50+ 1.5 12 +0.29 25+5.3 3.9+0.28 +2R4
Salvia canariensis 28+7.2 66 £ 1.5 - - 84+1.1 57+27
*k*k *k%k *k%k *kk *kk *k%

One-way ANOVA
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FIGURE CAPTIONS
Figure 4.1: Sketch of (A) a fully turgid leaf versus (B) a stgby dehydrated leaf (drawing

based on leaf cross-sectionsHdlianthus annuus in Fellows and Boyer, 1978). Note the strong
reduction in leaf thickness, cell thickness anceriegllular airspaces in the dehydrated leaf.
Epidermal cells are shrunk in the dehydrated ledticing whole leaf area shrinkage. Note that
this sketch represents shrinkage for a typical ghosensitive species. Many species such as
oaks will experience less thickness shrinkage ogusistead an increase in intercellular airspace
(seeDiscussion).

Figure 4.2. Computer simulated leaf hydraulic vulnerability wes indicating the theoretical
impact of reducing hydraulic conductance in thehimitxylem and outside-xylem components,
for leaves with high and low resistance outside xglem (panels A and B respectively).
Simulations were run for leaves with (1) low vulmeitity for xylem and outside-xylem
components Kso for the vulnerability of each component = -1 MRdack line), (2) high
vulnerability for only the outside-xylem compongRt,= -1 MPa and -0.25 MPa for the within-
xylem and outside-xylem components respectivelgygtashed line), (3) high vulnerability for
only the xylem componenP§,= -0.25 MPa and -1 MPa for the within-xylem andsde-xylem
components respectively; light-grey dashed linaj] @) high vulnerability for both the xylem
and outside-xylem componen®s{ for the vulnerability of each component = -0.25 &l1@rey
solid line).

Figure 4.3.Plots of leaf thickness shrinkage versus leaf mabéential for 14 species of diverse
leaf form and texture and drought tolerance; acgipgplot is presented for each species. The blue
shaded areas represent the thickness of the celltha white shaded areas the thickness of the
intercellular airspace. The grey horizontal lin@resents the maximum shrinkage in leaf
thickness, i.e., for an oven-dried leaf. The rediwal line represents turgor loss point and the
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red horizontal line represents the thickness ofl¢la¢ at turgor loss point. Species are ordered
top left to bottom right from lowest to highest nubus of elasticity. Due to area wrinkling with
dehydration oHelianthus annuus and Salvia canariensis, the cell and airspace thickness could
not be estimated and only the whole leaf shrinkag&own in light blue (sedethods).

Figure 4.4. Coordination of leaf shrinkage and leaf hydrawlidnerability in ten species of
diverse leaf form and texture and drought toleratepe of leaf hydraulic vulnerability 8feas

= -0.5 MPa (A) andVear at 80% loss of hydraulic conductance (B) plottgdiast slope of total
leaf thickness shrinkage before turgor loss p@pecies from moist habitat are represented in
white and woody species from dry habitat are reprees] in black. Fitted standardized major
axes in AidTjear/dY = 3.0 X dKjear/d¥ — 0.22 ; B: dTjea/d¥Y = 18 X Pgy ™. * P < 0.05; **
P<0.01

Figure 4.5. Relationship with loss of leaf thickness at tur¢mss point with pressure-volume
curve parameters and leaf structural traits forsfidcies of diverse leaf form and texture and
drought tolerance. Panels (A) to (E) show traitttpt against the % loss of leaf thickness at
turgor loss point: (A) Leaf osmotic potential atlfiurgor, (B) leaf osmotic potential at turgor
loss point, (C) modulus of elasticity, (D) leaf mamer area, and (E) leaf density. Plots F-O show
the inter-correlation of those five traits. Specregtive from moist habitat are represented in
white, woody species from dry habitat in black dmetbs from dry habitat in grey. Fitted
standardized major axes in AL jeaprip = —28 X T~ +8; B: PLTjeaprip = —44 X myp~'7; C:
PLTieasrip = 357 X e7%*,  D:  PLTjeaprip = 906 X LMA™%88;  E:  PLTieu¢rip = 3.3 X
Leaf density™'* F. my = —=0.78 x my,~*%; G: my = —0.11 X £ — 0.27; H:m, = —0.09 x
LMA~%%% I:m, = =3.5 x Leaf density —0.20; Jimy, = —0.16 x ¢ —0.31; K: 8yp =

—0.09 x LMA™%% L: my, = —4.9 x Leaf density —0.20 M: &= 0.25x LMA®77; N:
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& = 28 X Leaf density®°%; 0:LMA = 581 X Leaf density'®. * P < 0.05; ** P < 0.01; ***P

< 0.001

Figure 4.6. Coordination of maximum leaf area and thicknessnkhge with modulus of
elasticity and leaf density for 14 species of ddecleaf form and texture and drought tolerance.
A: PLAgry =757 x&Y7; B: PLAgy = 2.96 X Leaf density™*%; C: PLT4y, = —118 X
Leaf density + 94.7.NP > 0.05; *P < 0.05; **P < 0.001

Figure 4.7.Relationship between cuticular conductance and maxi leaf area shrinkage for 14
species of diverse leaf form and texture and drotadaranceg,,i, = 0.27 X PLAgy — 0.08* P

< 0.05; ** P <0.001

Figure 4.8: Synthetic conceptual hypothesis for trait assamiatand impacts of leaf shrinkage
and structural traits on leaf hydraulic vulnerabiliLeaf hydraulic vulnerability is determined
independently by major vein length per area aabinghe xylem pathways and leaf shrinkage in
thickness acting on the outside-xylem pathways atewmovement through the leaf. Thickness
shrinkage is determined by cell properties, ilee, pressure-volume curves parameters modulus
of elasticity €) and the osmotic pressure at full turges) (@nd at turgor loss pointt{ p). The
dotted lines signify the and osmotic pressures are not directly linked,dtdngly associated,;
saltier cells need a higheito maintainRWC at turgor loss point above lethal levedse(Bartlett

et al., 2012). The, being related to cell wall thickness, is correthtvith leaf density and leaf
mass per area, which are also related to celltwikness, and thus all these variables influence
thickness shrinkage. Thealso influences maximum leaf area shrinke@jeAgy). PLAqGy and not

g acts directly on cuticular conductance, possibtpiigh enhanced leaky stomagee(text). Red

arrows indicate significanbegative correlations between traits while black arrowsicate
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significantpositive correlations between traits. Double-headed ariogdate the traits are too
intrinsically linked to tease apart.

Figure 4.9: Ability of a model to predicPgo from an equation based on leaf shrinkage and major
vein length per area (egn 3). The plot of observersus predicted values, with line fitted
through the origin showed low bias (slope closel®) and very high®>. Similar predictive

power was found foPso, see text. **P < 0.001.
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SUPPLEMENTAL MATERIAL

Table S4.1 Parameters for simulated vulnerability

Table S4.2 Mean = standard error of shrinkage, rehydratit¥, hydraulic, water storage, leaf

structure and leaf venation traits

Table S4.3.Correlation matrix of 51 traits related to shrigkarehydration, pressure-volume

curves, hydraulics, water storage, leaf structace\eenation across 14 species

Table S4.4.Symbols, terms, unit, derivation and biologicgnsiicance of 9 additional leaf

thickness, area and volume shrinkage traits thigyst

Table S4.5.Percent recovery in thickness after 1 hour rehyaivdor leaves of 10 species

dehydrated before and past their turgor loss point.

Table S4.6.Partial correlation analysis results.

Supplemental Results 4.1Leaf shrinkage with dehydration: variation acrdsgerse species of
other shrinkage parameters and correlation witrsgune volume parameters and cuticular

conductance

Supplemental Results 4.2Leaf shrinkage with dehydration: variation betwespecies of wet

and dry habitats
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Supplemental Results 4.3Recovery of leaf shrinkage in thickness

Supplemental Discussion 4.1The impact of leaf shrinkage on leaf hydraulic nerhbility:

studies based on rehydration kinetics

Supplemental Discussion 4.2Mlechanisms of leaf shrinkage: the role of the epids

Supplemental Discussion 4.3Resistance to leaf shrinkage: an important trattrgbuting to

drought tolerance?

Supplemental Material and Methods S4.1Leaf shrinkage experiments: testing leaf responses

to dehydration/ determination of the other paransetd leaf shrinkage/ Leaf structural and

compositional traits.
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CHAPTER 5
ARE LEAVES “FREEWHEELIN™? TESTING FOR A

WHEELER-TYPE EFFECT IN LEAF XYLEM HYDRAULIC DECLINE

ABSTRACT
A recent study found that cutting shoots undeewathile xylem was under tension (which has
been the standard protocol for the past few de¢adesd produce artifactual embolisms inside
the xylem, overestimating hydraulic vulnerabiligtative to shoots cut under water after relaxing
xylem tension (Wheelest al 2013). That study also raised the possibility tueh a “Wheeler
effect” might occur in studies of leaf hydrauliclvarability. We tested for such an effect for
four species by applying a modified vacuum pumphoeto leaves with minor veins severed, to
construct leaf xylem hydraulic vulnerability curv&¥e tested for an impact on leaf xylem
hydraulic conductance() of cutting the petiole and minor veins under wébe dehydrated
leaves with xylem under tension compared to deligdrizaves on previously relaxed xylem
tension in shoots. Our results showed no signifiteutting artifact” for leaf xylem. The lack of
an effect for leaves could not be explained byawaer or shorter xylem conduits, and may be
due to lesser mechanical stress imposed when glgtf petioles, and/or to rapid refilling of
emboli in petioles. These findings provide thetfiralidation of previous measurements of leaf
hydraulic vulnerability against this potential &atit.

Key words: Cavitation, evaporative flux method, hydrauliciseance, xylem anatomy
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INTRODUCTION

The bulk of water movement through the plant octoireplace the water lost through stomata
during transpiration: stomata open to capture @Dphotosynthesis, and water is lost by
diffusion to the dry atmosphere. When soil watgypdy becomes scarce, large tensions build up
in the xylem, and cavitation may occur by air segdsmall air bubbles are pulled into xylem
conduits, embolizing them, thus making them nontional (Tyree & Zimmermann, 2002). For
the past several decades, scientists have qudntiieer movement through the plant under
different water statuses by measuring hydraulidaotance in the lab. To do so, branches are
typically dehydrated on the lab bench, sampleshame cut under water (with xylem still under
tension) before being measured for hydraulic cotathee which avoids opening conduits to
further embolism and thus maintaining the origixyéem hydraulic integrity. However, a recent
study challenged this methodological approach,iaggtihat even cutting the sample under water
while xylem is under tension can lead to additierabolism in the xylem conduits (Wheeégr

al., 2013). Indeed, microbubbles had been hypothesizadse a century ago from the cut end
of the knife (either because it is not completegtted when the cut is made, or because of small
particles that could be found on a not perfectiaal knife) (Dixon, 1914), and/or could be
released from the apoplast when the cut is made@®@het al, 2013), especially if the stem is
subjected to strong mechanical pressure or berdatgould compress xylem conduits or
deform pits even transiently (Lopetal, 2014; Mayret al, 2014). Wheeler et al. (2013) tested
for this artifact using stem samples on up to teanperate tree species depending on their
treatments, by measuring stem hydraulic conductahsamples recut under water in the
standard way (under tension) vs. samples recutrumaker after the tension inside the xylem

was relaxed, and found a significant impact ofingtunder tension underwater, which they
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hypothesized to arise from bubbles entering theend{ with their entry depending on the degree
of tension and the xylem anatomy, though these argsims were not directly tested (Wheeder
al., 2013).

While Wheelert al. focused their study on the presence and impatioartifact on
stem hydraulic conductance measurements, they tiatedould equally apply to hydraulic
measurements for leaves and urged further tesiifiggéleret al, 2013). The aim of our paper
was to test for this “cutting artifact” in leaves.

Unlike in stems, water movement in leaves folldws pathways in series: xylem water
transport in the leaf petioles and veins, and exytary transport through the living bundle
sheath and mesophyll cells to the sites of evajporat the leaf. Thus, the leaf hydraulic
conductancelea1) is dependent on the hydraulic conductance okythem (Ky) and extraxylem
pathways Kox):

Kiear= (Kx '+ Kox ') ™* eqn 1

The resistance to water movement in each pathwapéan shown to vary across species, from
12% to 89% in the xylem (Cochaed al, 2004; Saclet al, 2004; Saclet al, 2005). Thus,
because the “cutting artifact” theory would onlyeat the leaf xylem, the impact &&eas would
depend on the amount of hydraulic resistance akac® the xylem, and further whether the
embolism generated by the “cutting artifact” woulaticeably impact measurementskqf

Testing for such an artifact on whole leaves wdagdmpossible, since rehydrating shoots prior
to cutting to relax the xylem tension would mokely also rehydrate mesophyll cells, which
would increas&x (Scoffoniet al.2012, 2014), and create the impression that timgght be a
“cutting artifact”. Thus, to test for a cutting iéact on the hydraulic conductance of dehydrated

leaves, it is necessary to test the impadKpdirectly. Methods used to measttgehave all
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involved measuring the flow of water through veimsler high or low positive pressures
(Cochardet al, 2004; Saclet al, 2004; Nardiniet al, 2008). Here, we directly tested this
hypothesis on the leaf xylem by developing a newhoekto calculat&y under vacuum

conditions, with attention to simulating naturalvil of water though the veins, and avoiding
positive pressure that could lead to artifactuillireg of embolized conduits during the
measurement. We constructed leaf xylem vulnerghilitves for four diverse species varying in
leaf texture, allocation to xylem vs. outside-xyleonductance and drought tolerance, and tested

whether measurements differed in treatments theted the xylem tension in dehydated leaves.

MATERIAL AND METHODS

Plant Material

Four species with a wide diversity in phylogenywth form and drought tolerance traits were
selected in and around the campus of Universi@aifornia, Los Angeles and Will Rogers
State Park, Los Angeles, California (Table 5.1 )pé&xments were conducted from November
2013 to April 2014. Light exposed shoots from thmesture individuals per species were
collected the night prior to the start of measunets@nd placed in a double layer of plastic bags
filled with wet paper towels. They were directlgrisported to the lab where they were recut at
least two nodes distal to the original cut undéagbure water (Millipore, 0.2gm Thornton
200CR, Molshem, France) and rehydrated overniglastbatratory temperature (20-23°C),
covered in double layer of plastic bags filled witht paper towels to halt transpiration.
Measuring leaf xylem hydraulic decline using thewam pump method

The vacuum pump method was first developed to nmeagliole shoots and roots hydraulic

conductance (Kollet al, 1996) and later modified to measure leaf hydcacdinductance
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(Martreet al, 2001; Nardinket al, 2001; Saclet al, 2002; Brodribb & Holbrook, 2003; Lo
Gullo et al, 2003). In this method, the hydraulic conductasatetermined as the slope of the
change in flow rate over the change in vacuum leévete, we modified this technique to
measurey.

Shoots of at least three leaves were cut undemirata the larger rehydrated shoots and
were allowed to dehydrate on the bench (or on atéaachieve a wide range of water potentials.
Then, the leaves on the shoots were individuayeskin bags (Whirl-Pak; Nasco, Fort
Atkinson, WI, USA), which had been previously exdtain, and then the entire shoot with
bagged leaves was placed inside a larger sealaglevith wet paper towel, to equilibrate for at
least 30 minutes. For the maximugnvalues, rehydrated shoots were immediately bagged
this way. After equilibration was reached, the #oypl bottom leaf from each shoot were excised
and measured for leaf water potentlL{;= leaf xylem potential since leaves were equilidat
using the pressure chamber (Plant Moisture Sthkdsdel 1000, Albany, OR, USA). If the
values differed by more than 0.2 MPa (or 0.3 MPegry dehydrated leaves), the shoot was
discarded.

The lamina of a third leaf (still connected to #ot) was then placed under ultra-pure
water over a white-light transilluminator table (43 TW, UVP, Upland, CA, USA), allowing
visualization of minor veins {Horder and higher). Cuts were made to open uputeds the
minor vein network using a scalpel with cuts betvapproximately 95% of tertiary veins
throughout the leaf, so that the number of cutdgmerarea ranged 7.3-34 cuts/’aiepending
on species, enough such that water would movettireat of the cut minor veins, “shorting”
out the resistance outside the xylem (Seic&l, 2004). Because species with larger leaves have

their tertiary veins spaced apart further (Sechl, 2012) than smaller leaves, fewer, longer cuts
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were made in larger leaves (length of cuts rang@dad4 mm depending on leaf size). Special
care was taken that no major veins (first, secamnttithird orders) were severed in the process.
Cuts were rapidly made within 5-15 min. Once adl tuts were made, the leaf was excised from
the shoot at the base of the petiole under ultra-piater, and stretched parafilm was quickly
wrapped around it before it was re-cut at the eridnim) under water using a fresh razor blade,
and connected under ultrapure water to siliconegufCole-Parmer, Vernon Hills, IL, USA) or
compression fitting (Omnifit A2227 bore adaptor; Qifit, Cambridge, UK) connected to hard
tubing running to a water source on a balance (808205 and AB265, + 1(0g sensitivity;
Mettler Toledo, Colombus, OH, USA). The water wagakssed overnight using a vacuum pump
(Gast, Benton Harbor, MI, USA) and refiltered (Qr; Syringe filter; Cole-Parmer). For
species with smaller petioles for which siliconbitig was preferredd. diversifoliaandQ.
agrifolia), vacuum tight seals between the petiole and gubiere obtained by tightening the
tubing around the petiole with zipties and seabiffghe exposed end of the tubing to the petiole
using super glue (Loctite 409 Glue; McMaster-Chos Angeles, CA, USA) with accelerator
(Loctite 712 accelerator). Leaves were then platedg with a thermocouple (Cole-Parmer) in
vacuum flasks connected by a four-way valve toauen pump (Gast) and a pressure gauge (£
0.002 MPa; J4605 Marsh/Bellofram; Marshall Instratsdnc., Anaheim, CA, USA).

Five vacuum levels were applied, starting at apjpnately 0.06 MPa and then reducing
by 0.01 MPa intervals until 0.02 MPa was reachétt imass of water on the balance was logged
to a computer every 30s for the calculation of fiate through the leaf xylem. Leaves were left
under a given vacuum until stable flow rate waseaad, with a coefficient of variation <5% for
at least 5 min. It took about 30 min to 2 h for tlosv rate under the first vacuum level to

achieve stability depending on the species andsieaf(the larger the leaf, the longer the
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equilibration times). For the subsequent vacuurel&\stabilization time ranged from about 10
min to 1 h. Once the flow was stable, the vacuurellmside the flask was recorded from the
pressure gauge, as well as the leaf temperaturetfre thermocouple (20-25°C for all
experiments). Once all five points of flow rates wvacuum pressure were measured, we tested
for possible leaks from the system by cutting g lamina off under water, and sealing the
petiole end with superglue. Leak flow rate foregiwacuum levels were measured in the same
way as described above. Leaf xylem hydraulic cotahee Ky) was calculated as the slope of
the flow rate against vacuum pressures, normafizelgaf area, and for the effect of
temperature on the viscosity of water (Weast, 1,97dng & Tyree, 1993; Sacddt al, 2002).

The leak hydraulic conductance was calculatedersdme way as described above. Only 11%
(18/161) of measurements across all leaves andespsere found to have small leaks during
the measurement. Because flow through the leakdumeiin parallel with that of the leaf, the
leak hydraulic conductance values were subtracted K. To construct leaf xylem

vulnerability curves, we plotteld, values against the average of the Wygsvalues determined
at the start of the experiment for a given shoat. Wite that, with this method, leaf xylem
hydraulic vulnerability curves can take two weakstmonth to construct, depending on the

species.

Testing for a “cutting artifact” on leaf xylem hyalualic conductance

We designed a “standard protocol” for measuKydor vulnerability curves, reducing the time
the petiole is in contact with water. We cut thaf ieEom the shoot under water after having
previously made the cuts to the minor veins with ldmina under water (Fig. 5.1A). According

to Wheeleret al (2013), this standard protocol could potentialigate artifactual embolims in
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the leaf minor veins since minor veins are cut uneger while the leaf is under tension.
Alternatively, because conduit sizes in the minging are very small, and thus potentially less
prone to be affected by artifactual bubble format the cut ends, this standard protocol might
instead be simply relaxing the tension in the lgdém before the leaf is cut from the shoot, thus
acting to prevent the “cutting artifact” from ocoag. Thus, we applied two additional
treatments to determine whether a “cutting artifaaght influence leaf xylem conductande,j
(Fig. 5.2).

We first tested a “petiole cut under tension” tneait: i.e., whether excising the leaf
under water while the shoot xylem is still undersien could induce an embolism artifact in the
petiole that would impad{, (Fig. 5.1B). This treatment parallels most clogbk scenario
experienced by the leaf xylem for leaves measurel{§,; during the construction of typical
whole leaf hydraulic vulnerability curves. Here, prepared 5-6 shoots per species of at least
three leaves dehydrated to approximately the xyleter potential values corresponding to 50%
loss ofK, (see Result sectidiheaf xylem hydraulic vulnerability curves: ressiffrom maximum
likelihood analysis} Table 5.1); as assessed from ‘thg; of the top and bottom leaf on the
shoot. For this treatment, the measurement lealeweised under water while shoot xylem was
under tension, prior to making the minor vein awuith the leaf under water. Here, we might
have expected the “cutting artifact” to occur a getiole, which was cut under strong negative
pressures (Fig. 5.2). Once all the minor vein etgee made, the leaf was connected to the
system, an&, determined in the same way as described for Hrelatd protocol.

We then tested a “relaxed tension” treatn{Eig. 5.1C). To do so, we prepared 5-6
shoots per species of at least four leaves deleditatapproximately the xylem water potential

values corresponding 50% losskafbased on th&, vulnerability curves (see Result section
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“Leaf xylem hydraulic vulnerability curves: resufi®m maximum likelihood analysisTable
5.1); as assessed from tHg,rof the top and bottom leaf on the shoot. Then, feefieaking cuts
to the leaf veins under water, we first cut a défe leaf from the shoot under water, relaxing
xylem tension throughout the whole shoot, and th&mmin later we performed the cuts to the
veins of the leaf to be measured Kar Once the cuts were made, the leaf was excisedwnd
under water an#yx was measured as described by the standard proidusltreatment was
designed to prevent any “cutting artifacts” frontoing either when making the cuts to the

veins or when excising the leaf petiole under whedore it is connected to the system (Fig. 5.2).

Construction of whole-leaf hydraulic vulnerabilityrves and calculation of the percent
resistance in the xylem

For three of the four species, we used values afrmam leaf hydraulic conductanck s may

and the water potential at 80% loss of hydraulicdutance reported in a previous paper for the
same species and individuals (Scoffenal, 2012). A leaf hydraulic vulnerability curve was
constructed foBalvia canariensisising the Evaporative Flux Method following thewipusly
described and filmed protocol (Sack & Scoffoni, 2DJAn exponential functionK{e,r =

—0.82 + 53.7 x e~263%1eaf) was found to best fit the data using maximumililiied (Fig.

S5.1).

Measurement of maximum xylem conduit length
To test whether maximum xylem conduit length waexglain our findings for the “cutting
artifact”, we selected three to 10 leaves from shobthree individuals per species that had been

rehydrated overnight as described above. Leaves egemected by silicone tubing to a four way

170



valve connected to a syringe. Zipties were apmiedind the tubing and petiole to ensure a tight
seal. Air pressure was applied using a caulkingwhite the leaf was placed under water, over
the transilluminator table. Using a scalpel, cuesevmade throughout the leaf beginning with the
highest order veins, and progressively to loweeokeins, and finally along the midrib toward
the leaf base, until air bubbles first emerged fthmxylem, indicating maximum conduit

length.

Statistics
Maximum likelihood was used to select the bedufiiction for each species’ leaf xylem
hydraulic conductance using thptimfunction in R 3.0.0 as previously described in the

literature http://www.r-project.orgBurnham & Anderson, 2002; Burnham & Anderson,4£200

Scoffoniet al, 2012). Five functions were tested (Scoffenhal, 2012; Scoffonet al, 2014):

100
5), three-parameter

linear Ky = a¥; + y,), two-parameter sigmoidak{ = T

sigmoidal (x = %), logistic Ky = @), and exponential, = y, + ae ?%x).
1+e b Xo

For each data set, functions were compared witKagke Information Criterion (AIC)
corrected for lown, and the function with the lowest AIC score anghleistr® value was chosen.
From the best fit function, we calculated the maxmKy (K« may for each species. The %
resistance in the xylem was then obtained as therse oKy max/ Kiearmax (Since hydraulic
resistance = 1/hydraulic conductance).

To test whetheKy values differed across treatments, we calculdtedverage and
standard deviation dfx and leaf xylem water potential for the leavesantetreatment and
compared them using a one-sample two-taHbt to theK, obtained from the speciesi

vulnerability curve at that same water potentiair(itdb Release 16).
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RESULTS

Leaf xylem hydraulic vulnerability curves: resuitsm maximum likelihood analysis

The vacuum pump method was effective for constoaabf leafK, vulnerability curves (Fig.

5.3). Species differed in the shape of th&ivulnerability curves (Fig. 5.3, Table S5.8):
canariensisshowed a linear decline whereas the other threeiespshowed a non-linear decline
(sigmoidal functions were selected by maximum Ih@bd forC. diversifoliaandH. canariensis
and logistic function fof. agrifolia). Species also differed in their % leaf hydrauéisistance in
the xylem at full hydration, ranging from 8.4% hetCalifornia chapparal speci€sdiversifolia

to 77% in the herl$. canariensi¢Table 5.1). Xylem water potential at 50% losKefanged

from -0.89MPa inS. canariensiso -5.59 MPa irC. diversifolia(Table 5.1).

Testing for a “cutting artifact” in leaf xylem hydulic conductance

No significant differences in th€, of dehydrated leaves were observed when applyieghree
cutting treatments for any of the four species (@&h2, Fig. 5.3). Indeed, neither mdgn

values from leaves of shoots with relaxed tensidmté triangles in Fig. 5.3) or from leaves with
petioles cut under tension (grey squares in FR). &iffered statistically from the predict&g
value from the best fit function through data psiabtained from the “standard protocol” in
which minor veins were cut under tension beforéimgthe petiole from the stem under water (p
= 0.097-0.56 across treatments and species; TahI&ig. 5.3).

Species variation in maximum xylem conduit length

Vein orders in which the longest xylem conduitsrirthe petiole ended differed across

individuals even for given species (Table 5.1). &bleaves of all species, the longest xylem
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conduits from the petiole had ended by the secioeslar tertiaries, i.e., before the minor vein
network.
DISCUSSION

“Don’t think twice, it's alright” —, Bob Dylan,“The Freewheelin’ Bob Dylan” (1963)

This study demonstrated that the “cutting artifd@d no impact on leaf xylem hydraulic
conductance measured for dehydrated leaves. Timebegs provide the first validation of
previous measurements of leaf hydraulic vulnergbégainst this potential artifact. Indeed, our
results showed no significant differences in ledém hydraulic conductanc&y) of leaves cut
off shoots after relaxing the xylem tension relatio shoots with high xylem tensions, for four
diverse species differing in their initial % alldca to xylem vs. outside-xylem conductance.

This finding for leaves contrasted strongly witle #ffect shown to occur for the stem
xylem for some species (Wheekdral, 2013). Indeed, for two maple species, Wheelex.
found that stem percent loss of hydraulic condwggRLC) was 43 to 71% lower when shoot
xylem tension was relaxed prior to cutting afteoatls were dehydrated to around water
potentials at 50% loss of hydraulic conductances thdicating that these species were slightly
less vulnerable to cavitation than previously tHaduglowever, no significant difference was
found inBetula papyriferastem vulnerability curves for relaxed vs. nonxelhshoots,
suggesting that for stem tissue this “cutting adif is dependent on species and potentially
depends on xylem anatomical traits, such as couddnteter, length and/or presence of
perforation plates (Wheelet al, 2013; Rockwelkt al, 2014).

Why should leaf xylem show no sensitivity to a Wlee-type effect? Although no

mechanistic explanation has been tested to exilareffect in stems, several hypotheses have
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been raised. The main goal of our paper was tpdsst has been done in stems, whether this
artifact has an effect in leaf hydraulics measurgm@ince no effect was found, we discuss the
possible explanation as to why leaves were fourdifter from stems. A first possibility is that
the difference arises because xylem conduits iilolpstare narrower than those in stems, given
that air bubbles may form more rapidly or enter eneasily in wider conduits (Wheelet al,
2013; Rockwelkt al, 2014). We do not have data on petiole xylem carddlameters, but
values are available for mean midrib xylem condiameters for the same plants of these
species, and these midrib conduit diameters woellgeth narrower than those in the petiole:
27.8, 59.5, 27.2 and 198n for C. diversifolia, H. canariensis, Q.agrifol@endS. canariensis
respectively (Johet al, 2013). This range of diameters encompasseddhatédm mean vessel
diameters previously reported facer rubrum andBetula papyriferaused in the study by
Wheeleret al. (45.3 and 34.Qm respectively; Jacobsem al, 2012). If xylem conduit diameter
was an important factor in determining the “cuttargifact”, then we would have expectsd
canariensigo show a strong effect, given its midrib condli#meter over 4-fold greater than
that ofA. rubrum which had showed the strongest “cutting artif§e¥heeleret al, 2013).

A second possibility for the lack of a “cuttingifatt” in leaves is that it could be due to
shorter xylem conduit lengths in leaves. Indeedhorter conduits, any embolism created
artifactually by cutting under tensions would b@ested to be stopped at end walls close to the
cut, and thus these might have been trimmed offmiienming the petiole with a clean cut
before it is placed on the system (Wheeleal, 2013; Rockwelkt al, 2014). Maximum conduit
lengths have been reported to be of 0.14 rA.irubrum and mean vessel lengths of 0.03, 0.03
and 0.02 m irA. rubrum A. saccharunandB. papyrifera(Jacobsemt al, 2012). Although not

as long as vessel lengths in stems, xylem congtulesaves of our study species showed
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continuity up to third order veins (Table 5.1). €@furse, mean conduit length might play a more
important role than maximum conduit length; howevtas unlikely that xylem conduits in the
petiole are on averagel mm long (the length of the final cut we makedoefconnecting the

leaf on the system), enabling the removal of atifeatual embolism that might have formed in
these small enclosed conduits. Further studieylefrxconduit distributions in petioles and leaf
veins are needed to fully verify our rejection o idea that conduits are so short that trimming
the petiole would remove embolisms that enterechdwgutting.

If neither conduit diameters nor lengths play @ lial explaining the lack of a “cutting
artifact” in leaves, we posit three other posséiplanations for consideration. First, it is
possible that if this effect arises from bubbleésaduced from the blade itself (Dixon, 1914), our
use of a fresh razor blade and partially degassgdrunight both reduce the bubbles and draw
any small bubbles out of the cut petiole on attaghi to the tubing. Second, it is possible that
the Wheeler effect is in part or entirely causeainyentering from airspaces within the stem
aggravated by the mechanical disturbance genebpgtdte act of cutting stems, especially as this
would generate high and low pulses of pressuredfyrohing conduits (Lopeet al, 2014; Mayr
et al, 2014). Such pressure pulses within the xylemldvbe expected to cause transient
expansion of vapor spaces within xylem conduitshasonduits shrink and stretch and/or might
cause air seeding across pit membranes. Any stmttetiue to physical disturbances during
cutting would be much reduced in a petiole relatovéhe stem given their reduced diameters,
densities and mechanical strength. Indeed, thenxglenduits and their pit membranes within
leaves might be adapted to cope with the effectsaoient pressures in the xylem caused by
mechanical disturbances of the magnitude as thadsed by cutting the petiole with a sharp

blade, whereas stems might not be adapted to thet®bf disturbances as severe as those
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imposed when cutting them for hydraulics measureésaéndeed, leaves suffer major
mechanical stresses such as when they are blowiting iwind, or if a hard rain is to fall on
them.

A third possible explanation for the lack of a ‘g artifact” in leaves is that this
artifact arises itself from an artifact of hastenkylem refilling in a stem with its xylem tension
relaxed (Trifiloet al, 2014). Indeed, the “cutting artifact” disappeairetivo Mediterranean tree
specieslaurus nobilisandOlea europaeawhen stems were girdled or exposed to Sodium
orthovanadate (N®O,) prior to measurements, both of which treatmerdald/impede xylem
refilling. The authors concluded that relaxing ghem xylem tension before cutting, as proposed
by Wheeler et al., could in fact be inducing xylesfilling before the sample is placed on the
system, and thus under estimating PLC values.ch suscenario were true, we would expect to
find a Wheeler effect only in those species in \Wwhiglem refilling occurs. In leaves, recovery of
KiearWith rehydration was found for four species withiples under water for up to 1 h including
C. diversifoliawhich recovered completely Kearafter 1h (Trifiloet al, 2003; Scoffonkt al,
2012). However, this could be due to recoveridnrather tharKy (Scoffoniet al, 2014). Only
one study to our knowledge, fhlielianthus annuysusing dye experiments has showed that after
rehydration vein staining after infiltration witth®xine B, an apoplastic dye, was greater than
for dehydrated ones, suggesting embolism refillind occured in the leaf veins, though the time
scale of the process was not clear (Triétcal, 2003). More studies are needed to confirm
embolism recovery in leaves after rapid rehydration

More study will be needed of stem xylem tissueultyfunderstand the mechanism(s)

underlying the “cutting artifact”. For leaves, bdsmn this first detailed study, until an artifast i
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shown, one may consider the previous literaturkeahhydraulic vulnerability to be validated
against this effect.
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Table 5.1.Study species, family and mean * standard erradrmught tolerance leaf traits and hydraullos, leaf areaTLP, turgor
loss pointLMA, leaf mass per unit leaf ard&;,y leaf hydraulic conductance at full turgetR;, percent hydraulic resistance in the
xylem; LeafPgo, water potential at which 80% of leaf hydrauliedactance is lost; Xylelso, xylem water potential at which 50%
of the xylem hydraulic conductance is lost. DatalfbP, LMA, Knax and leaPgpare from previous papers (Scoffatial, 2012,

Scoffoniet al, 2014), except foKmax and leafPgoof S. canariensisvhich were obtained in this study.

Species Family Growth LA TLP LMA Kmax (Mmol %R, Maximum LeafPgy,  Xylem Pxso
form (cnP) (MPa) (gm? m? s MPa?) vessel length  (MPa) (MPa)
Comarostaphyllos diversifolia Ericaceae Tree 9.64+0.42 345+0.34 253+16.9.962 8.4 20(2/5leaves) -4.56 -5.59
Hedera canariensis Araliaceae Shrub 81.0+452 198+0.09 84.1$€115.73 23 30 (3/10) -1.18 -1.89
Quercus agrifolia Fagaceae Tree 9.41+0.42 3.00+0.12 188+7.5396 3. 14 20 (3/3) -3.83 -5.43
Salvia canariensis Lamiacaeae Herb 20.7+2.28 1.18+0.07 414+6.(829 77 20 (2/5) -0.59 -0.89
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Table 5.2.Testing the “cutting artifact”: number of samp(a¥y xylem water potential = standard deviation, et xylem

hydraulic conductance() for leaves of the three treatments depicted gn &il, based on the mean xylem water potentialiodd
from the leaf xylem vulnerability curve using the&t&ndard protocol treatment”, along with the expe&ind resulting trends apd
value from one-sampletest. Ap > 0.05 is considered non-significant. Accordingie framework depicted in Fig. 5.2, one would
expect the “standard protocol” treatment to eithere relaxed the xylem tension by cutting the Vesfis under water or to introduce
embolism into minor veins during that cutting; thkig should either be the same or lower than thatfer‘telaxed tension
treatment”. By contrast, leaves of “petioles cudemtension treatment” should show significanthyéo K, due to embolism in their
petioles.

Treatment “Relaxed tension treatment” “Petmlé under tension treatment”
Species n Y, +SD Predicted, from the = MeanK,+ SD (p-value n Y, + SD Predicted, from the  MeanK,+ SD (p-value
“standard protocol” for comparison with “standard protocol” for comparison with
“standard protocol” “standard protocol”
C. diversifolia 6 -5.41+0.35 18.8 20.5 +1.13 (0.25) 6 -4.38+0.23 25.7 27.7 +£1.73 (0.30)
H. canariensis 5 -2.72+0.16 3.21 4.13 + 1.46 (0.56) 6 -1.82+0.09 13.6 15.7 +1.26 (0.16)
Q. agrifolia 6 -5.63+0.07 12.0 8.70 £ 2.15 (0.19) 5 -5.24+0.09 16.9 15.4 +1.18 (0.27)
S. canariensis 6 -1.17 £0.05 23.4 18.4 + 3.89 (0.26) 5 -1.10+0.16 26.1 35.5 +4.35 (0.097)
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FIGURE CAPTIONS

Figure 5.1.Experimental design: (A) “Standard treatment”: mmiaein cuts were applied on
leaves with xylem under tension before the petieds cut under water, for measurement of
xylem hydraulic conductanc&y). (B) “Petiole cut under tension treatment”: thegiple was cut
under water for a leaf with xylem under tensionobbefminor vein cuts were applied and the leaf
measured foKy. (C) “Relaxed tension treatment”: Another leaftba shoot was cut under water
releasing the xylem tension, before minor vein eugdse made for the measurement leaf, and the
petiole was cut under water for measurement,oRed asterisk indicates when the xylem is cut
under tension: in treatments A and B, cuts coulemtgally cause an artifact in petioles and

minor veins; in treatment C, no “cutting artifagtbuld be observed.

Figure 5.2.Flowchart presenting the interpretation of differves between the “Standard
protocol treatment” and the two other treatmenfsaled in Fig. 5.1 (“Relaxed tension” and

“Petiole cut under tension”).

Figure 5.3.Leaf xylem hydraulic vulnerability curves for fodiverse species in phylogeny,
growth form, drought tolerance and xylem anatomgteced from most vulnerable on top to least
on bottom. The line fitted through the black daist&ained using the standard protocol) was
selected as best fit function using maximum liketid (see Methods and Table S5.1). A linear

function was selectefdr S. canariensisky = —38.6 X W, + 68.6), a three-parameter sigmoidal

function was selected fét. canariensisandC. diversifolia (K, = %) and K, =

1+e C=0aa )

+‘f_5.54)) respectively. Finally, a logistic function wadesged forQ. agrifolia: (K, =

1+e_( —1.42
28.8 )

.
1+($)9.67
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protocol”

A.“Standard //

1. Cutting minor veins 2. Petiole is cut, re-trimmed
with a fresh razor blade
and measured for Kx

<

B.“Petiole cut
under tension

treatment”
1. Petiole is cut 2. Cutting minor veins 3. Petiole is re-trimmed
with a fresh razor blade
and measured for Kx
*
C.”Relaxed
tension
treatment”
1. Relaxing the xylem tension 2. Cutting minor veins 3. Petiole is cut, re-trimmed
by cutting an extra leaf off with a fresh razor blade
the shoot under water and measured for Kx
Figure 5.1
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SUPPLEMENTAL MATERIAL

Table S5.1.Parameters (and standard errors) for the declimglefn hydraulic conductance
with dehydration for four species fitted with fidéferent functions. Values in bold indicate the
best-fit model for each specieéfor observed values plotted against predicted \salaed

values for the Akaike Information Criterion (AICdreected for lown.

Figure S1.Leaf hydraulic vulnerability oSalvia canariensisbtained using the Evaporative
Flux Method. Best-fit function selected by maximtkelihood is fitted through the points:

(Kleaf = —0.82+53.7 X 8_2'63W1eaf)_
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CHAPTER 6
THE INTEGRATED LIGHT-INDUCED PLASTICITY OF LEAF HYD RAULICS, GAS
EXCHANGE AND ANATOMY: TESTING HYPOTHESES IN HAWAIIA N LOBELIADS

DIVERSE IN LIGHT ADAPTATION

ABSTRACT
The leaf hydraulic conductancK ) quantifies the capacity of a leaf to transpaytiid water
and is a major constraint on light-saturated stamebnductancegf) and photosynthetic rate
(Amay. Few studies have considered the plasticity Kafyy and anatomy across growth
environments. The Hawaiian lobeliads are an exaefigstem to examine plasticity, given their
striking diversity in light regime occupied, andeth correspondingly wide range ®fnax
allowing maximal carbon gain for success in givenimnments. We measurd€eas, Amax, Js
and leaf anatomy, structure and composition forsgigcies of lobeliads grown in a common
garden under two irradiances (300 and $®ol-photonsm?®s?). We tested hypotheses for
light-induced plasticity based on expectations frgutimality. Kieas, Amax andgs differed strongly
among these closely related species. Sun-shadicpjawas observed iieas andAnax and in
numerous traits relating to leaf lamina and xylemtamy, venation and composition lgdtwas
conservative across growth irradiances. Specieptedlao higher irradiance showed greater
hydraulic supply relative to demand, i.e., a highegs /gs. Similarly, within species, plants
grown under higher irradiance had high&s.s/gs. This work suggests a hidheas/gs as a key
mechanism for additional tolerance of environmemstaésses such as heat load and drought
during adaptation and plasticity.
Key words: Adaptive radiation, evolution, gas exchange, leadtamy, LMA, sun/shade

plasticity
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INTRODUCTION
Leaf hydraulic conductanc&,), the efficiency of liquid water transport throutte leaf, is an
important constraint on rates of transpiration, tphgnthesis and growth (Sack & Holbrook,
2006). Water first moves through the petiole themwylem, then traverses the bundle sheath
and mesophyll before evaporating and diffusing dgfostomata. Because water moves through
both xylem and living cellsKeas responds to many environmental factors includeef water
status, temperature and irradiance (Setchkl, 2004; Sack & Holbrook, 2006; Scoffost al,
2008; Scoffoniet al, 2012). Several studies have examined the basigpbnd its dynamics in
the structure and anatomy of the leaf, such asti@nand mesophyll internal anatomy, and their
correlation with stomatal anatomy and rates of@ahange across species (e.g., Sack & Frole,
2006; Sack & Holbrook, 2006; Brodribbt al, 2007; Sack & Scoffoni, 2013); indeed, the
coordination of hydraulics and gas exchange isadte strong that it can be shown even among
4-6 species (Aasamaa & Sober, 2001; Nardinal, 2012a). However, very few studies have
examined this coordination among closely-relategcss within a genus, or for given species
after acclimation to sun vs. shade, though thesaildvayive strong insight into the
correspondence of these traits to ecological speai@n. Only one study to our knowledge
guantified the plastic responseskafys and anatomy in relation to growth irradiance,daingle
species (Murphet al, 2012). The aim of this study was to determinedégree to which sun-
shade plasticity in hydraulics, structure and fiorctare integrated for leaves within a model
adaptive radiation, the Hawaiian lobeliads.

The endemic Hawaiian lobeliads (Campanulaceaeldeckix genera and 141 species,
and arose from a single ancestor about 13 Myr &jon{sh 2009). They are a spectacular

example of adaptive radiation, given their excemlorapid diversification into a variety of
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ecological niches (Losos & Miles, 2002). In partarylobeliads have radiated into a wide range
of light regimes, particularly diversifying in themaximum photosynthetic ratéAfay) to
optimize the carbon gain of each species in its emrironment (Givnislet al, 2004; Givnish &
Montgomery, 2014). High sun-shade plasticity in giblpgical and anatomical traits might have
contributed to the establishment of Hawaiian lddmsi in such strikingly different light
environments. To test the adaptation of leaf hyllrawand gas exchange and their sun-shade
plasticity in closely related lobeliads, we addess®ur main questions:

1) Is Kieat higher in plants grown in sun vs. shade, and hoesdt relate to anatomy?
Although many studies have foukg,s to be higher in sun rather than shade expose@deav
diverse species (Table 6.1), to our knowledge only study focusing on one species tesigd
plasticity to growth irradiance and found highelues in high irradiance, which corresponded to
higher vein length per area (VLA) (Murplet al, 2012). Here we tested and extended these
findings to hydraulic and anatomical variables imiategrated way within a rapidly diversified
lineage. We hypothesized thkf.as would be higher for plants grown under high irradie.
Moreover, several studies have proposed differeatamical traits as “drivers” dfear, SUCh as
major and minor VLA (Brodribket al, 2007; McKownet al, 2010), higher mesophyll surface
area per leaf area (Sack & Scoffoni, 2013), andhdrigtheoretical midrib conductance
corresponding to wider and/or more numerous coadd@ack & Frole, 2006; McKowet al,
2010; Sommervilleet al, 2012). Here we tested these different potentiakds for the first time
within a rapidly evolved lineage.

2) How does sun/shade plasticity affect the coordimatof K, and gas exchange?
Previous work has showiKeas Wwas higher for sun leaves than shade leaves wihtanopy,

consistent with a matching of hydraulic supply witydraulic demandgg) (Sacket al, 2003a;
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Sellin & Kupper, 2007; Brodribb & Jordan, 2011). Mehthis direct coordination dfjess andgs
has not been shown across plants of a given spg@as in sun versus shade, it is consistent
with the correlation of stomata and xylem traitpaed in studies across diverse species and
across species within lineages (Edwards, 2006; BuGlo et al, 2009; Zhanget al, 2012,
Brodribb et al, 2013). Here, we aimed to directly test these tygses within the Hawaiian
lobeliads across light treatments. We hypothesthatl individuals grown in higher irradiance
would achieve higher CQOassimilation ratesAmay and stomatal conductancgs)( with Kieat
either matchinggs, or, a highelKeas / gs ratio in high irradiance, representing a greatgpsy
over demand. Indeed, a high&i..s / gs has been observed in leavesTobna ciliatagrown in
higher vapor pressure deficit treatments (Murgtyal, 2014), and for sun leaves of given
species acclimating rapidly to high versus lowdramce during simulated transpiration (Guyot
et al, 2012) and would indicate a possible mechanismadafitional environmental tolerances
such as drought or heat load.

3) To what extent do species differ in the sun-shathsticity of leaf hydraulics and
associated physiological and anatomical traitsthén 11 previous studies compariKgas for
leaves within canopies or across growth irradian€ggwas higher in sun than shade leaves for
12/14 species, from 18% iBetula papyriferato 238% inPrunus dulcis but no significant
differences were found i@lea europegTable 6.1). Previous studies have argued thatispe
tend to show a narrow range in leaf traits duaute shade plasticity within canopies (Satlal,
2003b; Sacket al, 2006). However, species may differ strongly ie #un-shade plasticity of
leaf traits when plants are grown in different dtinds (Walters & Reich, 1999), with species of
higher irradiance, or faster-growing species inegally, often showing greater plasticity. We

tested for the first time the differences in thegmtude of shifts in leaf hydraulic, gas exchange,
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structural and anatomical traits from low to highadiance across related species diversified
across sun and shade. We hypothesized that sgelgipted to lower irradiances (i.e., with lower

CO, assimilation rates) will experience more limiteldgpicity. Further, we hypothesized that

plants grown in high light would have high&r.x andKeas, and leaves would be structurally and

anatomically built to capture more direct lightdainansport more water and sugars via higher
vein length per area (VLA), greater leaf thicknémsd thickness of the different tissues within

the leaf), higher leaf mass per area (LMA) and ldahsity, higher nitrogen and carbon

concentrations, and with larger midribs, smalldt sees and greater % intercellular airspaces,
and more numerous and wider conduits in the midrtee opposite traits for leaves of plants

grown in shade would be expected to confer a ratlacastruction cost (Givnish, 1988; Dunbar-

Coet al, 2009; Pasquet-Kogt al, 2010; Pivovarofet al, 2014).

4) How quickly can physiology and anatomy evolvedieersify across species, and how
does it correspond to anatomical and structuralerdification? The Hawaiian lobeliads
diversified rapidly in life form, height and leaize (Ackerly, 2009; Givnisket al, 2009), but
very few studies have considered the evolutionire Ecale physiological and anatomical traits
within plant adaptive radiations. In the Hawaiiabéliads, photosynthetic traits correlated with
the light regime experienced by each species im ttegural habitat (Givnistet al, 2004) and
similar patterns were found i8chiedeaand Sonchus(Kapralov & Filatov, 2006; Santiago &
Kim, 2009; Kapralovet al, 2013), and for lineages that evolved CAM photdisgsis as key
innovations in Bromeliaceae and Orchidaceae (Cedyal, 2004; Silveraet al, 2009). Further,
only a few studies investigated anatomical diffeesnwithin plant adaptive radiations (Edwards,
2006; Dunbar-Ceet al, 2009; Jordaret al, 2013). No studies to our knowledge have examined

the variation ofKiear Within a rapidly diversified lineage. We investigd the diversification
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across six species of lobeliadsky,s alongside gas exchange and anatomy, and theslade
plasticity. We hypothesized these traits would €ate with the light regime experienced in their
natural habitat. We hypothesized based on expentafrom optimality theory that all traits that
benefit differential performance in sun vs. shadril¥ tend to shift together in a coordinated
way, because the benefit of shifting one trait wlodiminish if other traits that benefit
performance did not (see shifts predicted for imtlial traits in Table 6.2; McKowat al, 2010;
Sack & Scoffoni, 2013; Sackt al, 2013b). Thus, we expect traits that showed Sianit
plasticity in plants grown from low to high irradiee (summarized above), to also show
significant difference across species growing intsting habitat.

By using this integrated approach of plasticitypimysiological, anatomical and structural
traits with relation to light, we aim to understatite mechanisms underlying rapid species

diversification across light environments.

MATERIAL AND METHODS

Species and plant cultivation

Six species of Hawaiian lobeliads were selectesptm the range of light and moisture regimes
occupied by the lobeliad lineag€lermontia clermontioides, Clermontia parvifloray&hea
leptostegia, Delisseenytidosperma, Lobelia niihauensad Lobelia yuccoidegFig. 6.1, Table
6.2). These species were grown in a common gardegnggouse at the Hawai'i Agricultural
Experiment Station of the University of Hawai'i Wolcano, HI (Big Island), in the heart of the
elevational range of the lobeliad lineage (~1190These six species were grown under low and
high irradiance (300 vs. 8Q@mol photons 7 s*). The greenhouse consisted of a hoop house

with plastic cover, open to ambient air along thwdr walls (0—1 m off the ground) and at both
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ends of the structure. The greenhouse was dividdtio irradiance treatments that provided
approximately 6-7% transmission of full sunlighavl irradiance treatment) and 33-35% of full
sunlight (high irradiance treatment). Irradianceels were achieved using a combination of
neutral density shade cloth and the plastic cofertemperature and relative humidity were
recorded with EL-USB-2+ Hobo data loggers (Lascéecteonics, Erie, PA). In the low
irradiance treatment the mean daily minimum, maximand average values for temperature (+
SE) were 11.4 + 0.0&C, 26.8 + 0.11°C and 17.3 + 0.0)C, respectively, and the values for
relative humidity were 62.5 £ 1.1%, 87.9 £ 0.3% af&13 + 0.18%, respectively; in the high
irradiance treatment, values were 11.3 + 6A527.7 + 1.43C and 17.3 + 0.4, and 56.7 +
4.2%, 90.1 £ 1.9% and 78.9 + 3.0 %, respectively.

Seeds were germinated in 8” diameter bulb pansdfilvith an equal mixture of sifted
cinder (~0.25") and perlite (~0.25"), and germinaeedlings were transplanted to individual
pots when they were ~2-5 cm tall, and transplaagain regularly as they grew to minimize pot
effects. Seedlings were transplanted into 0.04 teep, 3.8 liter or 11.4 liter pots with a 3:1
mixture of cinder to potting soil (Sunshine Mix #n Gro Horticulture Canada Ltd., Canada).
Cinder was used in the experimental soil becaugmptoves the growth of native Hawaiian
species, including Hawaiian lobeliads, adaptedoloanic soils (Lilleeng-Rosenberger, 2005).

We applied fertilizer (Gaviota 60, 19-19-19; J. Bimplot, Boise, ID, USA) to
germination bulb pans bi-weekly until the germinaaedlings were transplanted to individual
pots after which we applied slow release fertiliaarthe surface of soil media (Osmocote, 19-6-
12 N-P-K; The Scotts Miracle-Gro Company, Marys4ilOH, USA) at initial transplant date
and every 3-4 months afterward. To control whitesfl(Hemiptera, Alevrodidae) we applied

GC-MITE (JH Biotech, Inc., Ventura, CA, USA) bi-wdg.
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Measurements were made when species were 10-88llqml.5-2 years old).

Measurements of leaf hydraulic conductance

Leaf hydraulic conductanceKta) was measured in May 2010, using the evaporatiwe f
method (Saclet al, 2002; Sack & Scoffoni, 2012). The night priomb@asurements, individuals
in their pots were transported to the lab, the s@k watered to saturation and pots were
enclosed in dark plastic bags filled with wet pafmwels to ensure complete plant hydration.
Measurements were made for 2-3 leaves per indiviltweb-6 individuals per species (10-16
leaves per species). Leaves were cut from thegplarthe lab under ultrapure water (Barnstead
E-pure, Thermo Scientific) using a fresh razor blatihe petiole was wrapped in parafilm and
re-cut under pure water with a fresh razor bladsioles were kept under ultrapure water for
approximately 10 min until mucilage no longer blaat. The leaf was then re-cut with a fresh
razor blade under pure water and if no mucilagecapga the leaf was connected to silicone
tubing (Cole-Parmer) under flow solution (ultrapwvater, degassed overnight, and re-filtered
(0.2 um; Syringe filter, Cole-Parmer, Vernon Hills, IL.A$ The tubing connected the leaf to a
flowmeter (Brodribb & Cochard, 2009; Saek al, 2011) that logged data every second to a
computer for the calculation of flow rate throudjie teaf E). The leaf was held adaxial face up
over a large box fan (Lakewood Engineering & Mawotiigng Company, Chicago, IL, USA)
and under floodlights (model 73828 1000W, ‘UV filieSears, Roebuck, Hoffman Estates, IL,
USA) illuminating the leaf surface with >1000 mmuof s* photosynthetically active radiation.
A Pyrex container filled with water between theflaad the floodlights enabled the maintenance
of leaf temperature between 23-28°C, determinedguaithermocouple (Cole-Parmer). Leaves

were allowed to transpire over the fan for at |€2@tmin, and until thée stabilized with a
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coefficient of variation <5% for at least 5 min, tvino upward or downward trend.
Measurements were discontinued if the flow suddestignged, likely due to air bubbles,
particles/mucilage blocking the flow of water, ¢orsatal closure. Following flow stabilization,
leaf temperature was recorded, and the leaf wasvedifrom the system, its petiole dabbed dry
and immediately placed into a sealable bag (Whadk® Nasco, Fort Atkinson, WI, USA)
previously humidified with human breath to haltnspiration. The leaf water potential driving
force Wea)) Was measured after 30 min equilibration timehe bag using a Pressure Chamber
(Plant Moisture Stress, Model 1000, Albany, OR, YSKes was calculated aB/-Wiear and
further normalized by leaf area, obtained by maaguscanned images using ImageJ software
version 1.42q (National Institutes of Health). Tarrect for the effect of water viscositlear
values were further standardized to 25 °C (Weaf41, Yang & Tyree, 1993; Sacak al,
2002).

To obtain maximunK.,s values, we plotted thK,s values obtained against tNg.a¢
obtained at the end of the measurement, which mesoases reached relatively low values
(down to -1.4MPa), and fitted linear functions e data. The regression was significant in 8/12
cases [§ < 0.05); we calculate®ess as the intercept of the function fitted througle thoints
(Brodribb et al, 2007) for plots that showed significant regressjowhile we averagelcs

values in the other 4 cases.

Measurements of photosynthetic rate and stomatadwctance
We measured light-saturated photosynthetic ratg,) and stomatal conductancgs)(in the
greenhouse using a portable gas exchange syste6?QDI LI-Cor, Lincoln, NE, USA). All

measurements were made between 0800 and 1300. [78#0Q was equipped with a red/blue
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LED light source and a CQOnixing system. faxwas sampled on the newest fully expanded leaf
on 4-5 individuals of each species within bothdraace treatments. Leaves were clamped into
the cuvette and they were exposed to saturatihg (ip00umol m? s?). We maintained relative
humidity, leaf temperature and cuvette £&Oncentration at near ambient conditions (ca. 75%
relative humidity, 20— 25’ C, and 400 ppm, respectively). Gas exchange wgetbwhen the

photosynthetic rate had been stable for at least 60

Measurements of leaf structure and composition
Leaf area l(A; cnf) was measured for 8-12 leaves from 4-6 individypels species on scanned

images using Imagedtfp://imagej.nih.gov/iy Abramoff et al, 2004). Fresh leaf thickness was

measured on those same leaves prior to samplimg fine plant using digital calipers (z 0.01
mm; Fowler, Chicago, IL). After leaves were scanferdeaf areas, they were placed in an oven
at 70°C for 3 days and their dry mass was measusatd) an analytical balance (+ 0.01 mg;
XS205; Mettler Toledo, OH). Leaf mass per area (LMAm? dry mass / turgid leaf area) and
leaf density (LD; g cril; LMA/ leaf thickness) were obtained.

To determine leaf chemical and isotopic composjtiore leaves from five individuals
per species were oven dried at 70 °C for 72h, andrgl, weighed and sealed in tin capsules,
according to standard protocols of the UC Davis bigta Isotope Facility

(http://stableisotopefacility.ucdavis.ejlul.eaves were analyzed for carbon isotope ratitC),

carbon per mas€fasd, and nitrogen per masN{asd Using an elemental analyzer interfaced to a
continuous flow isotope ratio mass spectrometeM@R Carbon to nitrogen ratio€(N) were

calculated for individual leaves &nass/Nmassand averaged to the species and nitrogen per area
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(Naregd Was calculated for each speciesNagss x LMA. Maximum CQ assimilation rate per

nitrogen mass per unit area was calculated,as/ Narea

Measurements of leaf venation architecture

For vein trait determination, one leaf from eachthoge individuals per species was chemically
cleared in 5% NaOH solution and bleach followingnstard procedures (Scoffoat al, 2013).
Leaves were then scanned (using a flatbed scaBpsgn Perfection 4490 Photo Scanner, CA,
USA; 1,200 pixels per inch) and further imaged uradight microscope (Leica Lietz DMRB,;
Leica Microsystems) at the top, middle and bottbirds of the leaves using a 5% objective with
a camera (SPOT Imaging Solutions; Diagnostic Imsémnts Inc.; Sterling Heights, MI), resulting
in 287x total image magnification (Saek al, In revision). Leaf area (cih perimeter (cm),
length (cm) and width (cm), major vein length peeaa(major VLA; mm mrid), minor vein
length per area (minor VLA; mm nifjy total vein length per area (VLA; mm rifin number of
secondary veins and numbers of free vein endingsiea (FEV; number per mfhand midrib

diameters were measured using Imagketipy/imagej.nih.gov/ijf Abramoff et al, 2004)

following procedures previously described (Scoffenal, 2013).

Measurements of leaf cross sectional anatomy

For measurements of leaf cross sectional anatong,leaf from each of three individuals per
species was sampled. From each leaf center, a B xrf rectangle was cut and gradually
infiltrated with mixtures of increasing strengtwliscosity acrylic resin (L.R. White; London

Resin Company, England) in ethanol, under vacuuer ohre course of a week. Once fully

infiltrated, the samples were embedded in resielatin capsules in an oven at 55 °C overnight.
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Using glass knives (cut using a LKB 7800 KnifeMakeKB Produkter; Bromma, Sweden),

samples were sectioned in the transverse planeuat thickness in a rotary microtome (Leica
Ultracut E, Reichter-Jung, Ca, USA). Sections wiren placed on slides and stained with
0.01% toluidine blue in 1% sodium borate and imaggdg a 5, 10, 20 and 40x objective using
a light microscope (Leica Lietz DMRB; Leica Micratgms) with camera utilizing SPOT

advanced imaging software (SPOT Imaging Solutiddisignostic Instruments Inc.; Sterling

Heights, MI) for a total image magnification of 28 2303x.

We measured cell and tissue dimensions using ldndgethe middle of the left, center
and right thirds of the cross-sections, we meastissde thicknesses. For the upper and lower
cuticles and epidermises, and for the palisadesgotigy mesophyll, cell cross-sectional areas
were averaged for three cells per tissue per kesisesection.

Palisade and spongy mesophyll surface area peral@gf AmesdA; Amesspbh) were
estimated from cross-sectional anatomy (Chaletl, 2013; Saclet al, 2013a), with a novel
correction for the mesophyll volume taken up byaniveins and bundle sheath cells:

SAxX(Tpt—(ASFytXTxt) —(0.5% (CSAps Xminor VLA)))
VCy

Ames,x/A = eqgn 1,

Where SA is the palisade or spongy cell surface afigajs the thickness of the palisade or
spongy mesophyll tissudSK is the airspace fraction of the palisade or spomggsophyll
tissue, CSAys is the bundle sheath cross-sectional area, \&@d is the palisade or spongy
mesophyll cell volume. This equation treats theanieins as if distributed half in the palisade
tissue and half in the spongy tissue, and thustheif volume is subtracted from each tissue. All
component traits were calculated according to ghblil detailed protocols (Saekal, 2013a).

We calculated the bundle sheath surface area parf@ases ptA) as the mean perimeter of bundle
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sheath cellx minor VLA. The total mesophyll surface area peeaamespéA) was then
calculated as the sum Bfies JA, Ames sphA andAmes pbA.

We note we didn’t calculate the mean maximum megopathway D) that has been
used in the past (Brodribet al, 2007) for several reasons. FirB; is calculated based on
measurements of internal vein distance (IVD) amddistance from vein to epidermis (LE), both
of which cannot be measured properly from crossies in our opinion. Indeed, the distance
between veins can be greatly variable in reticwatgation (except when looking at grass leaves,
which have more of a regular pattern), thus théadise measured in a cross-sections between
two veins would depend on the angle and locatiowhath the section was made in the leaf.
Second, LE could only be compared across specisasured for a given vein order. However,
in cross sections, it is hard to tell what minoiverder a vein is. FinallyD, is essentially
driven by VLA (Brodribbet al, 2007), and LE has been shown to be positivelyetated toK eas
across species, rather than negatively as woultyimporrelation oDy, with Kieas (Aasamaa &
Sober, 2001; Sackt al, 2003a; Brodribb & Jordan, 2011). Thus, recempigpshave focused on
VLA rather thanDy, to investigate correlations with physiology (Briidr & Feild, 2010;
Brodribbet al, 2010; Brodribb & Jordan, 2011).

To characterize the xylem anatomy, we measuredrmaajd minor axis diameters of all
xylem conduits in the midrib of each leaf sampleda&natomy. The total number of conduits and
maximum conduit diameter were averaged across itielam of the three sections. Additionally,
we determined the theoretical conductivity of xyleonduits in the midrib of each leaf using

Poiseuille’s equation modified for ellipses (LewidBoose, 1995; Cocharet al, 2004):

na3b3

Kt:zm eqn2
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wherea andb are the major and minor axes of xylem conduit ansl water viscosity at 25°C.
We then calculate the theoretical hydraulic conalncg normalized by leaf area by dividikg/

LA.

Statistics
We tested differences in traits among speciegjiaree growth treatments, and their interaction,
using two-way analyses of variance (ANOVAs; Minit&elease 16). All data were log-
transformed prior to analyses to improve normadityd heteroscedasticity (Sokal & Rohlf,
1995). To test species-differenceskipss we performed an additional analysis, accounting fo
differences in the leaf water potential during meament, becaus€e;s is dynamic with leaf
water status even at high water potentials (Sco#bml, 2012; Scoffonet al, 2014). Thus, for
Kiear We repeated the ANOVA described above, adding Veater potential as a co-variate,
effectively comparing species in thdffie,s at a given leaf water potential. Given the large
number of traits in our analyses, to account fodtiple significance testing we applied the
sequential Bonferroni correction and the False diiete rate method to all ANOVA results
(Rice, 1989; Benjamini & Hochberg, 1995); resultsrev considered non-significant when so
indicated by both methods.

Multiple regressions were used to predgt;from major VLA, minor VLA, ArnedA and
theoretical midrib conductivity across species grath irradiances combined (Minitab Release
16). We selected the multiple regression thathtdd the highest’ and in which the influence

of given traits was in the realistic direction bd&a previous studies (see Introduction).
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RESULTS

Variation across species in leaf physiologicalustural and anatomical traits

We found substantial variation across the six li@okelspecies in hydraulic, stomatal and
photosynthetic physiology, as well as leaf venati@sue anatomy and composition. Averaging
for each species across the two growth irradianea$,hydraulic conductanc&(,) varied by
4.5-fold, CQ assimilation rate per leaf aredf,) by 1.4-fold and stomatal conductange by
2.1-fold (ANOVA, p < 0.01; Fig. 6.2, Table 6.3). Species varied I#/18.11-fold in leaf area,
LMA, and in leaf thickness and density. The speck® varied significantly in all nutrient
composition and isotope traits (Table 6.4). Specaged by 1.6 to 6-fold in vein diameters and
venation lengths per area for each vein order @ét8). Species varied by 1.4 to 5.1-fold in leaf
tissue anatomical traits across species, excegh&upper epidermis thickness, the number of
spongy cell layer, the % intercellular airspacdha palisade mesophyll and the bundle sheath
cell area, which were statistically similar acrgpgcies (Table 6.5). Species varied by 2.0 to 13-
fold in all their midrib cross-sectional anatomitiits, except in their conduit numbers (Table

6.5).

Plasticity across growth irradiances in leaf hydhaiand gas exchange traits

On average, botKc;;andAnax values for leaves developed under high irradiavee higher for
plants grown under low irradiance (ANOVA,< 0.01; Fig. 6.2, Table 6.3 and Table S6.1). By
contrast, no differences were foundgnmeasured under saturating irradiance for plardsigr

in the two irradiance treatments. Notably, one e $ix species showed a contrary response:

Cyanea leptostegigshowed a 2.5-fold highd€esin plants grown in low vs high light.
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The hydraulic plasticity of a given species wasrsgty correlated with the irradiance of
its native habitat, as approximated Ay., which correlates with native habitat across seci
(Givnish et al, 2004; Montgomery & Givnish, 2008). Across spectbe relative increase of
Kieat Values from low to high growth irradiance was sgly positively related té\nay (r*> = 0.92;
Fig. 6.4), as was the relative increasé\@f, from low to high growth irradiancer’(= 0.92,p =
0.005). Because there were no significant diffeesniogmax in species grown in high vs. low
light, species with greater hydraulic plasticitydhgreater increases in hydraulic supiye{)
relative to demandgfay) in high vs. low light (Fig. 6.5, Table S6.1). Slanly, because of the
greater variation in hydraulic plasticity than M., we found a strong positive correlation
between hydraulic plasticity and the ratiokgfa/ Amax (Fig. 6.5, Table S6.1). Thus, species with
greaterKieqr in high vs low irradiance had higher investmenthydraulic capacity relative to

their improved gain in photosynthetic rate.

Plasticity across growth irradiances in leaf vemati architecture, and leaf structure and
composition

Plastic responses to light in the expected dirastitbased on previous studies of other species,
were found in 19/36 of the leaf structure, venatoil anatomical traitp(< 0.05 in ANOVAs
after correction for multiple tests); only mean doit diameter and N:C ratio shifted in a
direction contrary to expectation (Tables 6.3, &ntl 6.5). Of the four potential anatomical
drivers ofKieas, Only K; didn’t show significant plasticity across growtledtments. Major and
minor VLA, as well adAnedA all showed expected sun-shade plasticity (Talde €lants grown
under high irradiance had leaves on average 12Higher in major vein length per area (major

VLA), 1.1-fold higher in minor vein length per aréainor VLA) and 1.1-fold higher in total
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vein length per area (VLA)p(< 0.05; Fig. 6.1, Fig. 6.3, Table 6.5 and TablelyEor plants
grown under high irradiance, leaf area was on @eefla7-fold smaller, leaves tended to be 1.2-
fold thicker and 1.6-fold more dense, yielding ®oR} higher LMA values. No significant plastic
differences were found in species’ free ending vgiar area (FEVs) across growth irradiances
(p > 0.05; Table 6.5). Across species, there wagifeiant increase of the upper and lower
cuticle thickness, the palisade thickness, anchtimber of palisade and spongy cell layer (Fig.
6.3, Table 6.5 and Table S6.1). Similarly, higlagiance grown plants had greater values of
total mesophyll, spongy, palisade and bundle sheatface area per leaf area (Table 6.5 and
Table S6.1). However, no differences between ligkatments were found in xylem anatomical
traits, except the mean midrib xylem conduit diaanetas smaller in species grown under high
irradiance (Table 6.5 and sup Table S6.1).

Plants grown under high irradiance had less negatalues fo™*C, higherAmna/ Narea
and lowerN:C (Fig. 6.3, Table 6.4 and Table S6.1). We foundsigaificant differences ifNarea
andNpassacross growth irradiances (Table 6.4 and Tabl&)S6.

Species differed in their plastic responses of &ah, thickness, LMA, major VLA and
midrib diameter in the upper cuticle thickness, ltheer epidermis thickness, the % airspace in
the spongy mesophyll as well as in theoretical ilidonductivity and conduit sizep & 0.05
for species x growth irradiance interaction; Tal#e$ and 6.5). No significant interaction was
found in leaf density, minor VLA, VLA and FEVs, @or tissue thicknesses, cell areas, number
of cells and mesophyll surface area per leaf aréheoaverage conduit numbers in the midpb (
> 0.05 for species x growth irradiance interactibable 6.5).

Species adapted to higher irradiance had greadstigity in given traits in addition to

Kieaf and gas exchange (described in the previous s¢clibus, species with highfrax in high
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light also had a greater plastic response of tli@rfdtio, % airspace in the palisade, palisade cell

area and bundle sheath surface area per leafrgre@.§6-0.94r= 0.83-1,p < 0.05).

Structural and anatomical basis for variation amospgecies and irradiance treatments in
hydraulic capacity

Across species, whether considering the high oriteadiance treatments individually, or both
treatments togethekKear Was not associated with individual putative anatairdriver variables:
major and minor vein length per area (VLA), theateical hydraulic conductivity through the
midrib (Ky) or the mesophyll surface area per leaf afgadp) (p > 0.05; Table S6.1). However,
Kiear Was significantly correlated with multiple factprombining the effect of each of these
anatomical traits o4 USing equation 3 explained 40% of the variatiosenbed iNKieqr (p <

0.01; Fig. 6.6):

Kieatprea, = —0.41 + 0.19 X major VLA + 0.09 Apes/A eqn3.

DISCUSSION

Our results provide a first demonstration of suadshplasticity in leaf hydraulic conductance for
species within a highly diversified lineage. Indetds study provides a new level of detail for
sun-shade leaf plasticity in general, integratedwof hydraulics, gas exchange, mesophyll and
xylem anatomy, leaf venation architecture and leamposition. Additionally, our results
highlight the enormous extent of physiological dsrcation that has evolved rapidly among

closely related species with implications for tlyeltaulic control of gas exchange.
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Plastic response of the leaf hydraulic conductatmcgrowth irradiance and anatomical drivers
We found strong plasticity in leaf hydraulic conthrce Kiea) with growth irradiance,
extending the findings of two recent studies ofjrspecies (Raimondet al, 2009; Murphyet

al., 2012) by examining closely related species withilineage that has been shown to have
diverse physiological responses to irradiance ({Stvet al, 2004; Givnish & Montgomery,
2014). Previous studies reported tialys tends to be higher in sun vs. shade leaves within
canopies of given species (Table 6.1), and highesudn vs shade adapted species (Nagtial,
2005; Sack & Frole, 2006; Lo Gulkt al, 2010).

What causeK e, to differ with growth irradiances? A species cacrease iteqr by modifying

its xylem anatomy, its mesophyll anatomy, and/srbiibchemistry. Across species, anatomical
changes statistically explained 40% of observedhtian in Kie4r. Plants of given species grown
under higher irradiance tended to develop smalhel thicker leaves with higher major vein
length per leaf area (MajorLA) and mesophyll surface area per leaf algadp), traits that
would increase both vein xylem conductivities (Meio et al, 2010) and outside-xylem
conductivity (an increase inedA could increase the evaporative surface insidéetife Sack &
Scoffoni, 2013). Future studies are required ta$oan sun/shade plasticity in leaf biochemistry
such as changes in the amount of aquaporin expressid/or distribution throughout the
outside-xylem pathways (Kim & Steudle, 2007; Skh@whenet al, 2011), which our results

suggest might play an important role in the platstiof Kiear.

Physiological benefits of the plastic responséhefleaf hydraulic conductance
In the Hawaiian lobeliads, whilK., tended to increase in higher irradiangedid not shift

upward correspondingly. This finding contrastedhwiwo previous studies of intra-canopy
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plasticity for two species, in which a high€gas matched the higher hydraulic demand of sun
exposed leaves within canopies (Sellin & Kuppef2Z®Brodribb & Jordan, 2011). Thus, in our
study, for closely related species grown in conimgdight environmentsKeas Showed stronger
plasticity than hydraulic demand (Fig. 6.5). Altlgbuwe found higheAnax for plants of given
species grown in high vs low irradiance due tortineore efficient CQ assimilation rate per
nitrogen, we found that apart from @ptostegia species still tended to invest more in their
hydraulic supply relative to the carbon gain (Fdg). Previous studies indicate that increases in
hydraulic supply relative to demand and carbon gainld provide physiological benefits, as the
resulting excess hydraulic capacity in high irrade would confer additional tolerance of
environmental stresses such as heat load and drq&gbdribb & Jordan, 2008; Scoffost al,

2011).

Adaptive significance of species differences iir sum-shade plasticity in leaf hydraulics

The six Hawaiian lobeliad species differed in th&in-shade plasticity dfear. INdeed,Kieas
increased from low to high irradiance by 16%®inrhytidospermdo 144% inC. clermontioides
but decreased by 164% from low to high irradiamc@.ileptostegialndeed, the degree to which
species responded to light treatment in thgis strongly correlated with\,.y, a trait that itself
correlates with the light environment in which specare distributed ecologically (Fig. 6.4).
These results point for the first time to poten&dhptive significance of species differences in
their sun-shade plasticity dfa;, Which would contribute to the ability to establisimder

contrasting light habitats.
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Integrated adaptation and plasticity in responsestin vs shade of leaf physiological and
anatomical traits

In addition to the sun-shade plasticity observedeaf hydraulic conductance and assimilation
rates, our results point to the integrated plasgtiof a wide complex of leaf anatomical and
compositional traits. Across these six Hawaiiarel@u species, we found that traits benefiting
differential performance in sun vs. shade shiftagether in a coordinated way, as expected from
optimality theory (McKowret al, 2010; Sack & Scoffoni, 2013; Saek al, 2013b). Consistent
with the many studies looking at sun vs. shadedgawr sun vs. shade establishing species,
leaves adapted or acclimated to high irradiancde@no be smaller, thicker and denser, yielding
higher leaf mass per area, and thus allowing leawd®n grown under high irradiance, to
capture more efficiently direct light and to hatnher boundary layers, reducing the heat load
(e.g., Givnish, 1988; Popmet al, 1992; Bragg & Westoby, 2002; Sack & Frole, 200R)e
shifts in leaf thickness corresponded to incre@sele thickness of the palisade tissue and the
numbers of palisade and spongy cell layers, progidmore photosynthetic tissue and
cell/intercellular airspace contact for €@&nd water exchange, consistent with the higheyA
values (Kenzcet al, 2004). Consistent with developmental constraistsaller sun leaves had
higher major VLA and smaller midrib diameter (Satkal, 2012). These coordinated shifts of
leaf physiological and anatomical traits shown asrolosely related species points toward an
optimal integration of leaf traits, with the entoemplex showing a coordinated shift from low to
high irradiance, both during plasticity and adaptato ecologically diverse light regimes, to
improve carbon gain under high irradiance and redianstruction and maintenance costs under
low irradiance, and potentially improving toleranaieadditional stresses experienced in given

light regimes, such as high VPD and water stresieuhigh irradiance.
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Table 6.1.Results of previous studies of the plasticity exfl hydraulic conductance
(Kieas) In response to irradiance, indicating speciesendight treatment applied in the
study and values dfi.5sin low and high irradiances.

Kiear Nigh light

Species Study
(mmol m? s* MPa?)

% Increase from low Ke4f low light
to high irradiance (mmol m? s* MPa?)

Comparing plants grown in low
and high irradiance
Olea europaeav Leccino  Raimondoet al, 2009 0 4.7 4.7
Toona ciliata Murphyet al, 2012 122 55 12.2
Comparing sun and shade leaves
within canopies

Acer rubrum Sacket al, 2003a 18 8.5 10.1
Betula papyrifera Sacket al, 2003a 18 14.3 12.1
Retanilla patagonica lognaet al, 2011 30 11.5 15
Quercus rubra Sacket al, 2003a 53 9.96 15.2
Betula pendula Ounapuu & Sellin, 2013 56 2.4 3.75
Acer saccharum Sacket al, 2003a 73 4.06 7.04
Quercus ilex Nardiniet al, 2012b 93 4.1 7.9
Tilia cordata Sellin & Kupper, 2007 158 1.2 3.1
Nothofagus cunninghamii  Brodribb & Jordan, 2011 164 3.24 8.55
Colliguaja integerrima lognaet al, 2011 218 5.5 17.5
Prunus dulcis Egeaet al, 2012 238 4 13.5
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Table 6.2.Study species, habitat, elvation, rainfall, lighgimes and geographic locations.

Species Habitat Elevation Annual rainfall Light regimes Localities (islands)

(m) (mm)
Clermontia Mesic and wet 670-1825 1000-2500 Forest, gapSINC K& Preserve, TNC Kona Heme
clermontioides  forest forest edges Preserve (Hawé)
Clermontia Wet forest 120-1460 2500-5000 Gaps, fore€lla‘a forest, Hawaii Volcanoes National
parviflora edges Partk (Hawai)
Cyanea Diverse mesic 970-1300 1500-2500 Open foresti-orest off Mohihi Road above YMCA
leptostegia forest subcanopy camp, Canyon Trail, 8ke'e (Kaud)
Delissea Diverse mesic 300-1000 1000-2500 Open forestl.imahuli Preserve (Kauia
rhytidosperma forest understory
Lobelia Forest, seeps in dry125-725 500-2000 Open cliffs,Limahuli Living Collection (Kaud)
niihauensis regions ridges, broken

crests

Lobelia Diverse mesic and 750-1200 1500-3000 Open cliffsKalalau Valley rim and forest near
yuccoides wet forest ridges, broken Hongwaniji camp, kke‘e (Kaudi)

crests
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Table 6.3.Expected plastic and adaptive responses to irreditor leaf hydraulic and gas exchange traits asdlts of the analysis of variance
for six ecologically diverse species of Hawaiiahdbads testing the effects of species differengesyth irradiance, and for an interaction We
performed the analysis of variance on leaf hydcactinductanceK(ea) with and without mean measuremé&fy,s as a covariate, to account for
hydraulic vulnerability during the measurement (ddethods). Mean square values, % variance, are rshwoith degrees of freedom in
parentheses. For variables calculated from meariespealues, pairetitest were conducted between species-means fovdowgh irradiance,
and onlyp-values are shown. Values in bold indicate a sigaift impact of growth irradiance (i.e., signifitgiasticity). p < 0.001*** p <
0.01**, p < 0.05* p > 0.08°. tindicates the loss of significance when accagntor multiple tests using the sequential Bonfeiranalysis and
the False detection rate method (Table S6.2).

Trait Symbol Unit Expected Leaf water Species Growth irradiance Speciesx Error

plastic and potential (%increase or decreaseGrowth Irradiance

adaptive averaged across

response to species mean)

irradiance

(covariate)

Leaf hydraulics
Leaf hydraulic  Keas mmol m*s* + 0.532, 12.0, (5)** 1.61, 7.05, (1)** 0.186, 4.12, (3% 0.128, 76.9,
conductance MPa® (26% increase) (135)
Leaf hydraulic  Kieas mmol m*s* + 33.1, 0.587, 12.6, (5)*** 0.567, 2.53, (1)** 0.184, 4.08, (5) 1 0.080, 47.6,
conductance MPa® (134)
Leaf gas exchange
CO, assimilation Apax pmol m?s*  + 0.013, 34.4, (5)*** 0.016, 8.68, (1)8% 0.002, 5.16, (3% 0.002, 51.8,
rate increase) 47
Stomatal Os mol m?s*  + 0.080, 29.2, (5)** 0005, 0.382, (1§ 0.014, 4.93, (3% 0.019, 65.5,
conductance 47
Hydraulic supply t0 KieafGs MPa! + p=0.59

demand ratio
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Table 6.4.Expected plastic and adaptive responses to imadior gross leaf structure and nutrient and @®tmomposition traits and results of
the analysis of variance for six ecologically dsespecies of Hawaiian lobeliads testing the effettspecies differences, growth irradiance, and
for an interaction. Mean square values, % variaace,shown with degrees of freedom in parenthdsasvariables calculated from mean
species values, pairdetest were conducted between species-means fov$ohigh irradiance, and onlyvalues are shown. Values in bold
indicate a significant impact of growth irradiar(ce., significant plasticity).p < 0.001***, p < 0.01** p < 0.05*,p > 0.08". tindicates the loss
of significance when accounting for multiple testéng the sequential Bonferroni analysis and thser@etection rate method (Table S6.2).

Trait Symbol Unit Expected plastic Species Growth irradiance Speciesx Error
and adaptive (%increase) Growth Irradiance
response to
irradiance
Gross leaf structure
Leaf area LA cnt - 0.673, 66.3, (5)*** 0.832, 17.0, (1)*** 0.054,5.50, (5)** 0.011,11.2, (50)
(67% decrease)
Leaf thickness Tieaf mm + 0.113, 48.6, (5)*** 0.150, 11.8, (1)*** 0.043,17.8, (5)*** 0.005, 21.8, (50)
(23% increase)
Leaf mass per area LMA gm + 0.246, 33.0, (5)*** 1.50, 39.2, (1)** 0.102,13.6, (5)*** 0.011, 14.2, (50)
(124% increase)
Leaf density LD g cr + 0484, 61.3, (5)***  0.698, 18.1, (1)*** 0.022, 2.80, (8% 0.014, 17.8, (50)
(63% increase)
Midrib diameter - mm - 0.230, 65.9, (5)*** 0.006, 0.346, (1¥ 0.082, 23.5, (5)*** 0.007, 10.3, (24)
Nutrient and isotope composition
Carbon isotope ratio 3°C %o + 0.004, 37.3, (5)*** 0.013, 23.1, (1)*** 0.001, 4.65, (8Y 0.0004, 34.9, (48)
(7% increase)
Carbon concentration perCass % + 0.016, 14.6, (5)T  0.0004, 0.079, (1§ 0.038, 35.1, (5)*** 0.006, 50.2, (48)
mass
Nitrogen concentration perNpmass % + 0.119, 35.9, (5)*** 0.075, 4.51, (1% 0.017,4.98, (3  0.019, 54.6, (48)
mass
Nitrogen concentration perNgrea g m? + p=0.09
area
Photosynthesis per nitrogemMmax/ Narea umol g* s? + p=0.03 (89% increase)
concentration per area
Nitrogen: carbon ratio N:C - + 0.091, 39.4, (5)*** 0.064, 5.54, (1)* 0.024, 10.5, (3% 0.011, 44.6, (48)

(13% decrease)
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Table 6.5.Expected plastic and adaptive responses to imadiéor leaf venation architecture and anatomieatlst and results of the analysis of
variance for six ecologically diverse species ofMdean lobeliads testing the effects of speciesed#hces, growth irradiance, and for an
interaction. Mean square values, % variance, ase/stwith degrees of freedom in parentheses. Valuésld indicate a significant impact of

growth irradiance (i.e., significant plasticity)p < 0.001*** p < 0.01**, p < 0.05* p > 0.08" . tindicates the loss of significance when
accounting for multiple tests using the sequea@iferroni analysis and the False detection ratdhoue(Table S6.2).

Trait Symbol Unit Expected plastic andSpecies Growth irradiance  Speciesx Error
adaptive response to Growth Irradiance
irradiance
Leaf venation architecture
Major vein length per area Major mm mm? + 0.117, 68.1, (5)*** 0.070, 8.12, (1)***  0.004, 12.0, (5)** 0.004, 11.7, (24)
VLA (19% increase)
Minor vein length per area Minor mm mm? + 0.020, 49.3, (5)*** 0.013,6.53, (1)t 0.004,9.12, (3%  0.003, 35.0, (24)
VLA (9% increase)
Total vein length per area VLA mm nfm + 0.029, 60.0, (5)*** 0.020, 8.25, (1)** 0.005, 10.4, (3%  0.002, 21.4, (24)
(10% increase)
Number of free ending veins pelFEVs number mf = 0.43, 88.2, (5)*** 0.024, 0.99, (1¥ 0.014, 2.96, (3%  0.008, 7.84, (24)
area
Epidermal and mesophyll cross-sectional anatomy
Upper cuticle thickness Teutad um + 0.071, 20.5, (5)** 0.578, 33.3, (1)*** 0.078, 22.5, (5)** 0.017, 23.7, (24)
(79% increase)
Lower cuticle thickness Teutap um + 0.112, 30.1, (5)** 0.420, 22.0, (1)** 0.048,12.5, (3 0.028, 35.3, (24)
(64% increase)
Upper epidermal thickness Tep.a um + 0.008, 23.2, (5% 0.002, 0.971, (1% 0.007,20.7, (3  0.004, 55.2, (24)
Lower epidermal thickness Tepal pum + 0.036, 56.0, (5)*** 0.003, 0.997, (1¥ 0.011, 16.5,(5) t 0.004, 26.5, (24)
Thickness spongy mesophyll Tenc um + 0.137, 60.5, (5)*** 0.018, 1.56, (1¥ 0.016, 6.93, (3  0.016, 6.93, (24)
Thickness palisade mesophyill Toal pum + 0.048, 33.4, (5)** 0.187,26.2, (1)*** 0.015,10.3, (83F  0.015, 10.3, (24)
(40% increase)
Number of spongy cell layers - + 0.025, 20.4, (50% 0.112,18.4, (1)* 0.006, 5.29, (3%  0.014, 5.29, (24)
(30% increase)
Number of palisade cell layers - + 0.106, 42.5, (5)*** 0.339, 27.3, (1)**  0.027,10.7, (3  0.010, 19.6, (24)
(50% increase)
Air space spongy mesophyll %Ay % - 0.112, 60.4, (5)*** 0.010, 1.11, (1¥ 0.027,14.4,(5)t 0.009, 24.2, (24)
Air space palisade mesophyll %Al % - 0.132, 19.2, (8¥ 0.156, 4.51, (1¥ 0.089, 14.7, (3F  0.089, 61.6, (24)
Upper epidermis cell area Acp ac um? - 0.076, 40.5, (5)** 0.018, 1.87, (1% 0.036, 18.9, (3  0.015, 38.8, (24)
Lower epidermis cell area Acpal um? - 0.120, 55.7, (5)*** 0.015, 1.34, (1F 0.016, 7.53, (3  0.016, 35.4, (24)
Palisade cell area Asa um? - 0.133, 57.2, (5)*** 0.004, 0.367, (1§ 0.030,12.7, (3  0.014, 29.7, (24)
Spongy cell area Ay um? - 0.016, 44.8, (5)** 0.008, 4.38, (1¥ 0.004, 12.0, (3  0.003, 38.8, (24)
Bundle sheath cell area Ase um? - 0.051, 22.0, (Y 0.062, 5.29, (1¥ 0.019,9.67, (3F  0.027, 63.0, (22)
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Bundle sheath surface area per le@& cspdA
area
Spongy surface area per leaf area Amesspo/A

Palisade surface area per leaf area AmespalA
Mesophyll surface area per leaf are@\nes codA

Midrib xylem cross-sectional anatomy
Theoretical conductance per leaK; area
area

Theoretical conductance per leaK; jengtarea
length and area

Number of conduits in the midrib

Maximum conduit diameter

Mean conduit diameter

mmol m? s MPa
1
mmol m* s* MPa
1

um

um

0.042, 38.4, (5)*
0.031, 28.2, (5)*
0.182, 70.7, (5)***

0.072, 55.3, (5)***

0.440, 46.7, (5)**
0.632, 50.2, (5)***

0.040, 25.2, (%%
0.029, 43.2, (5)***

0.027, 36.5, (5)**

0.068, 12.3, (1)*
(21% increase)
0.077, 14.0, (1)**
(26% increase)

0.002, 1.40, (3%

0.022, 20.1, (3%

0.242, 18.8, (1)*** 0.005, 1.94, (3%

(48% increase)

0.192, 24.8, (1)** 0.007, 5.34, (3§

(37% increase)

0.001, 0.013, (1%
0.032, 0.505, (1¥

0.062, 7.91, (1%
0.017, 4.97, (I

0.053, 14.4, (1)**
(15% decrease)

0.267, 28.3, (5)*
0.304, 24.1, (5)**

0.029, 18.2, (8%
0.014, 21.2, (5)**
T

0.016, 22.1, (5)*

0.011, 47.9, (24)
0.009, 37.6, (24)
0.005, 8.55, (24)

0.004, 14.5, (24)

0.049, 24.9, (24)
0.066, 25.2, (24)

0.016, 48.7, (24)
0.004, 30.6, (24)

0.004, 27.0, (24)
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FIGURE CAPTIONS

Figure 6.1: Plasticity of leaf anatomy and structure in resgotts growth irradiance for six
ecologically diverse species of Hawaiian lobeliaBbotograph of a representatipéant,
chemically cleared leaf, micrograph of the minomveystem and lamina cross-section for
each species grown under low irradiance (6@l photons rif s*; left images) and high

irradiance (80Qumol photons rif s*; right images).

Figure 6.2: Plastic response of physiological traits in respaiasgrowth irradiance for six
ecologically diverse species of Hawaiian lobeliddsan * standard error for (A) leaf
hydraulic conductancé(ea), (B) light-saturated C@assimilation rateAnay), and (C)
stomatal conductancegdf in low irradiance (filled bars) and high irrada@n(open bars). All
traits showed significant variation across spefpes 0.01; ANOVA, Table 6.2): *p < 0.01,

NSp>0.05).

Figure 6.3: Plastic response of anatomical and structurakttaigrowth for six ecologically
diverse species of Hawaiian lobeliads. Mean + steshdrror for (A) leaf area, (B) leaf mass
per area (LMA), (C) leaf thickness, (D) leaf deps(E) major vein length per area (Major
VLA), (F) total vein length per are¥l(A), palisade tissue thickness, and (G) mesophyll
surface area per leaf areg,(JA) for individuals grown in low irradiance (filledalbs) and
high irradiance (open bars). All the above tradsed significantly across specigs<0.01;

ANOVA, Table 6.2); **p < 0.001; **p < 0.01.

Figure 6.4: Strong correlation of the leaf hydraulic resporssgrowth irradiancele4s at
high irradianceKe4 at low irradiance) and native light habitat (usfgxin high growth

irradiance as a proxy; Givnish et al. 2004) acsas®cologically diverse species of Hawaiian
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lobeliads. Fitted standard major ax&..s light response = 0.58 X A,..a — 5.60. Clecle,
Clermontia clermontioideslepar,Clermontia parviflora;Cyalep Cyanea leptostegia;
Delrhy, Delissearhytidospermaj.obnii, Lobelia niihauensisand Lobyuclobelia yuccoides.

** p<0.01.

Figure 6.5: Strong correlation of plastic responses to growtriance for six ecologically
diverse species of Hawaiian lobeliads: (A) the fdagsponse of index of hydraulic supply to
photosynthetic capacitKafAmax) VS that of leaf hydraulic conductand€e(s), (B) that of

the index of hydraulic supply to deman€le(/gs) vs that of leaf hydraulic conductand@efys).
Fitted standard major axis: (A)

Kiear/ Aareain high vs.low light = 0.87 X Kjeas in high vs lowlight + 0.07; and (B)

Kiear/ gsin high vs.low light = 1.14 X Kjear in high vs lowlight — 0.25. *** p < 0.001,

** 1 <0.01.

Figure 6.6: Partially explaining leaf hydraulic conductan&g.4y) from leaf anatomy for six
ecologically diverse species of Hawaiian lobeligodswvn at two different irradiances. On the
y-axis, KieariS predicted from major vein length per area (m&jbA) and the mesophyll
surface area per leaf areg,(JA) for mean values of species grown in low and high
irradiance, using equation Biearpreq = —0.41 + 0.19 X major VLA + 0.09 Apes/A.

Plotted line was forced through the origin to alloemparison with the 1:1 line. The
presented?value is for the line fitted through the points * 0.027 Clermontia
clermontioidegClecle; triangles)Clermontia parviflora(Clepar, squaresfiyanea
leptostegigCyalep, circles)DelissearhytidospermdDelrhy, diamonds)t.obelia
nithauensisjLobnii, stars);Lobelia yuccoideg§Lobyuc, reverse triangles). Open and closed

symbols are for plants grown in high and low ireattie respectively.
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Low irradiance High irradiance

Lobelia yuccoides

Figure 6.1
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SUPPLEMENTAL MATERIAL

Table S6.1.Mean and standard errors for 45 traits relatinigad hydraulics, gas exchange,
structure, venation, nutrient and isotope compmsitmesophyll anatomy and midrib cross-
sectional anatomy for six ecologically diverse $peof Hawaiian lobeliads. Trait units and

symbol definition are given in Tables 6.3-6.5.

Table S6.2.Results for sequential Bonferroni and false detaatate analyses, testing the
tablewide significance of physiological, structuaald anatomical trait variance. The table
displaysr? values ang-values for the relationships presented in Tabl8s566, ang-values
required by the sequential Bonferroni analysis (BE), by beginning with the most
significant relationship and for each relationstiiyiding the criticalp value of 0.05 by the
number of remaining relationships to be testedesagr no indicating the tablewide
significance (TWS) of the relationship accordingtie BFp value, and a yes or no indicating

the significance of the relationship accordinghe talse rate detection (FDR) test.
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CHAPTER 7
THE INFLUENCE OF LEAF HYDRAULIC ARCHITECTURE ON THE

EVOLUTION OF PHOTOSYNTHETIC CAPACITY

ABSTRACT

Theory and experimental work have indicated that lgydraulic conductanc&gs) is a critical
determinant of whole plant performance. As leavpenotheir stomata to capture £@r
photosynthesis, water is lost to the atmospheretragspiration, andKiesr determines the
efficiency with which the water loss is replacelib\aing stomata to remain open. Thi&,s has
been shown to correlate with maximum £&3similation rateAnyay) and stomatal conductance
(gs) across phylogenetically diverse species sets.édew no studies have investigated whether
these traits evolved in a coordinated way withiphglogenetically well-resolved lineage with
exceptional leaf diversity. Here, we test for thmstftime for a coordinated evolution of the
hydraulic efficiency ofKiea, and its determinants, the xylem and outside xypathways; of
photosynthetic gas exchange; and of the anatomieaff venation and mesophyll, testing
explicitly hypotheses for the evolution of leaf ematrelations for 30viburnum species in a
common garden. We found a strong diversificatioKig;, mainly explained by variation in the
outside-xylem pathways, and coordinated in evotutiath photosynthetic gas exchange, and
with stomatal conductance and leaf venation archite. Our data also supported an
evolutionary trade-off between hydraulic efficienagd safety at the leaf level. These results
support and extend key theory for the mechanisésish of evolutionary physiological
diversification during adaptation across environtaen

Key words: Leaf size phylogeny, major vein length per area, minor veimgth per area
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INTRODUCTION

In the past few decades, leaf hydraulic conduct@fgg; the capacity of water to move through
the leaf) has emerged as a critical trait to urtdasplant growth and function (e.g., Nardini et
al., 2001; Brodribb and Holbrook, 2003; Sack andbiHmok, 2006; Flexas et al., 2013). Indeed,
as leaves open their stomata to capture thef@@hotosynthesis, water is lost to the dry
atmosphere by transpiration, and the capacity witlth the leaf can replace that water loss,
especially when experiencing environmental stressel as soil drought, will have a great
impact on leaf and whole plant function. As suc¢bdies have found hydraulic suppKidas) to

be coordinated with carbon gain (maximumJGGsimilation rate#max Brodribb et al., 2005;
Brodribb et al., 2007), and hydraulic demand (stain@onductancegs; Aasamaa and Sober,
2001; Sack et al., 2003; Brodribb and Holbrook,£Qfcross species. Studies of animal systems
have indicated that such mechanistic correlatitwsilsl also appear as patterns of coordinated
trait evolution (e.g., Price et al., 2013; Santanal., 2013). However, the theory for leaf
hydraulic trait coordination has not been testednrevolutionary context—i.e., for a lineage
with highly diverse leaves with a well resolved |gdgeny. The aim of our study was to test, for
the first time across closely related speciesafooordinated evolution of hydraulics and gas
exchange traits, and whether these traits repgateekvolved through time as well as to
understand the mechanisms by whighdiversified through time.

The leaf hydraulic conductance is composed ofgiatbways: the xylem pathways in
which water moves through the xylem, from the getto different vein orders<{), and the
outside-xylem pathways, in which water moves actibsundle sheath and mesophyll cells
until it reaches the sites of evaporation in tla# (K,y). Past studies have found that species vary
greatly in the proportion of hydraulic resistancgtributed in the xylem vs. outside xylem

pathways. Across 14 tropical and temperate treeispé which the partitioning of leaf
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hydraulic resistance was examined, the % resistanistde the xylemR,y) varied from 11% for
Lindackeria laurina, to 88% inJuglansregia (Cochard et al., 2004; Sack et al., 2004; Sack et
2005), and for tropical tree species, sun-establisspecies allocated less resistance to outside-
xylem pathways compared to shade-establishing spéBiack et al., 2005). Outside-xylem
pathways also influence drought responses: a digaiglicit model suggested that higher
resistance outside the xylem could provide thewatf higher tolerance tKe,s decline by

acting as a stronger bottleneck in the leaf hydrgdthway, reducing tensions in the xylem, and
preventing cavitation from occurring, which wouldherwise induce dramatic declineskipas
(Scoffoni et al., 2014).

What drives differences in conductance throughetuerent water pathways in the
leaf? Theory, model and empirical work have idesdifseveral anatomical drivers influencing
Kx andKox. A high minor vein length per are®l(A) can increase botk, andK by increasing
the number of flow pathways in the xylem and redgehe length water has to move outside the
xylem (Sack and Scoffoni, 2013). Higher maytA reduced vulnerability to hydraulic decline
by providing redundancy in high capacity flow pa#lys across ten diverse species, consistent
with expectations based on modelling work (Scofetral., 2011). The hydraulic conductivity of
the midrib, estimated from midrib xylem anatomyosgly correlated witheos across 10
tropical trees and 44 speciesAzfacias (Sack and Frole, 2006; Sommerville et al., 2012).
However, no studies have tested these key relddiipa an evolutionary context.

Viburnum (Adoxaceae) is an ideal model system for testiegty of the evolution of leaf
physiology (Schmerler et al., 2012; Chatelet et28113) including water transport in leaves.
Viburnum consists of ca. 170 species from temperate apitabforests, extremely diverse in

leaf shape and photosynthetic anatomy (Schmerlar,62012; Chatelet et al., 2013). We
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guantifiedKeas and gas exchange, and their anatomical correlat&6,Viburnum species grown
in a common garden, and tested for a correlatédetralution. For 17 species, we analyzed the
partitioning of resistances inside and outsidexiiem and how these co-evolved with and
influencedKea. According to the theory of the integration of eratransport and gas exchange,
we hypothesized that across species, during thieitewo of shifts in leaf traits, 1) hydraulic
supply matches demand and carbon gain, 2) veinHegyey area and mesophyll structure drive
Kieat. Because mesophyll anatomy has been shown to theexse acros¥iburnum (Chatelet et
al., 2013), we hypothesized 3) that outside xylatihyways would be especially important in
determiningKea Variation across species. Finally, as it has lodxserved in stems, especially in
closely related species (Pittermann et al., 2046)hypothesized 4) a trade-off between

hydraulic efficiency (maximum leaf hydraulic condaiece;Kmax) and safetyiburnum species.

MATERIAL AND METHODS

Viburnum phylogeny

We used the well supported Viburnum phylogeny flohatelet et al (2013) that describes the
phylogenetic relationships for 80 species. Herdagased on a subset of 30 species (Table 7.1;
Figure 7.1) spanning the 10 clades within the ¢@ement and Donoghue, 2011) and growing

in a common garden at the Arnold Arboretum of HeaMdniversity (Jamaica Plain, MA).

Leaf hydraulic conductance
In July 2010, mature, sun-exposed shoots fromr&d®iduals per species were collected the day
prior to measurements and placed in dark plastis fided with wet paper towels, and

transported directly to the lab at Brown Univerg®yovidence, RIl), where they were recut under

239



ultra-pure water (Millipore Milli-Q Academic), byt éeast two nodes, and placed in buckets
filled with ultra-pure water and covered in doubtleek plastic bags filled with wet paper towels
to halt transpiration and enable the shoots todedtg overnight.

The next day, leaf hydraulic conductance measureswegre made on 3-8 leaves per
individuals per species (9-16 leaves per specwapuhe evaporative flux method (Sack and
Scoffoni, 2012). Leaves were excised from shootkeunltra-pure water, parafilm was wrapped
around their petiole, and petioles were re-cut umgder using a fresh razor blade. Petioles were
sealed into compression fittings (Omnifit A2227 dadaptor; Omnifit, Cambridge, UK)
connected to a pressure-drop hydraulic flowmeteodBbb and Cochard, 2009; Sack et al.,
2011) that logged data every second to the computealculate flow rateH). The flow solution
was ultra-pure water degassed overnight with awacpump, and re-filtered (0idn; Syringe
filter, Cole-Parmer, Vernon Hills, IL.USA). To ensuthe leaf was transpiring, it was held
adaxial face up over a large box fan (Lakewood &@gling & Manufacturing Company,
Chicago, IL, USA) and under floodlights (model 788000W, ‘UV filter’; Sears, Roebuck,
Hoffman Estates, IL, USA) illuminating the leaf fage with >1000 umol ths*
photosynthetically active radiation. Leaf temperatwas maintained between 23-28°C by using
a Pyrex container filled with water between thd kead the floodlights. Leaves were allowed to
transpire over the fan for at least 30 min andau hours, until th& stabilized with a
coefficient of variation <5% for at least 5 min tiwno upward or downward trend.
Measurements were discontinued if the flow suddehbnged, likely due to air bubbles,
particles/mucilage blocking the flow of water, tormatal closure. Leaf temperature was
recorded once flow stabilized, before it was rengdoivem the system, its petiole dabbed dry and

immediately placed into a sealable bag (Whirl-P&&ksco, Fort Atkinson, WI, USA) previously
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inhaled in to halt transpiration. The leaf watetgoaial driving force ¥\eaf) Was measured after
30 min equilibration time in the bag using a pressthamber (Plant Moisture Stress, Model
1000, Albany, OR, USAXKas Was calculated &/-¥\eos and further normalized by leaf area,

obtained by measuring scanned images using Imadmhse (ttp://imagej.nih.gov/ijy/

Abramoff et al., 2004). To correct for the effe€tnmter viscosityKea values were further

standardized to 25 °C (Weast, 1974 ; Yang and Ty@®@3; Sack et al., 2002).

Becaus&ear has been shown to respond to leaf water potgitiak) even at moderately
negative water potentials (Scoffoni et al., 201&),plotted the&c4s Values obtained against the
Y ear Obtained at the end of the measurement, whicbrimescases reached relatively low values
(down to -1.5MPa), and fitted linear functions e tata. In 16/30 cases, the regression was
significant p < 0.05) and we calculatéd.x as the intercept of the function fitted througé th
points (Brodribb et al., 2007). Becausg.x values were very high, also from the linear funati
we obtained &arvalue within the realistic range of leaf transpoatatWe,s = -0.3MPa
(Ko.3ampg to allow comparisons across species. We alsmattd the water potential at which
50% ofKeatwas lost Psg). In the 14 other species that did not show aifsagimt decline inKeas
over the range of measuréfl,;, Kmax andKo supawere calculated as the average oKall

measurements.

Partitioning of leaf hydraulic resistances inside and outside the xylem

We used the high pressure flowmeter method (HPFd)measure hydraulic conductance
through the different vein orders on a subset ofviburnum species, spanning the different
clades within the genus (Saek al. 2004, 2005), One to two leaves per 2-3 individyzds
species were excised under water from the rehydisdteots, and petioles wrapped with parafilm

before they were re-cut under water using a freglomr blade. Leaves were connected to the
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HPFM via a compression fitting. Pressurized deghasel re-filtered flow solution (0.5-0.6MPa)
was forced through a system of silicone and higlistance tubing (PEEK; 0.125 mm internal
diameter; Upchurch Scientific, Oak Harbor, WA, U3#fore entering the leaf. The hydraulic
conductance was calculated using pressure transd(©eega PX-180; Omega Engineering,
Stamford, CT, USA) beforeP{) and after P,) PEEK tubing of known resistancBgf), as Ps-
P2)/ (P2 x Re7). Rer Was obtained from the slope of the delivery pressg. flow rate measured
using an analytical balance (model XS205, #t0sensitivity; Mettler Toledo, Columbus, OH,
USA) and standardized to 25°C to correct for tHeatfof viscosity of water through the tubing
(Weast, 1974 ; Yang and Tyree, 1993; Sack et @2p

To determine the hydraulic resistance of the ladém (R(), we first applied 1- 2 mm
wide cuts to the minor vein system using a scalpglkutting between tertiary veins in the leaf,
resulting in 4-22 cuts/ cimCare was taken to avoid cutting any major veilis2 and 3). To
ensure this was enough cuts, we increase the nushleats and found no significant differences
in flow rate between before and after the extras.cileasurements were logged onto the
computer every second, and once the flow stabilzitl a coefficient of variation < 5% for at
least 5 min with no upward or downward trend, tlydraulic conductance was reported, and
temperature of the water flowing through the systeas recorded, to correct for the viscosity
effect onthe resistance of the tubing and of the leaf. Tiert@ine the hydraulic resistance of the
minor veins, we applied central cuts to all tegtiaseins in the lamina, and measured the
resistanceRso) asRmin = Re- Rso. TO determine the hydraulic resistance of theopeiR,e), the
lamina was cut off and the resistance measuretheédend of the petiole hydraulic conductance
measurement, a leak test was conducted by se&knpetiole end with super glue (Loctite 409

Glue; McMaster-Carr, Los Angeles, CA, USA) and &aedor (Loctite 712 accelerator), and
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hydraulic conductance was measured. Small leaks fe&nd in only 19/63 measurements, and
were subtracted from the conductances values imirdat in each measurement. Leaf area was
measured at the end of the measurements usingbedlacanner and calculated in ImageJ

(http://imagej.nih.gov/ij/ Abramoff et al., 2004). All resistances were thermalized by leaf

size. The hydraulic resistance of the major veRg,;( was obtained aBma = Rso — Rpet We
obtained the outside-xylem hydraulic resistancagiiie formulaRox = (1/Kmay — Rx, USiNgKmax
values obtained for the same plants with the ewaer flux method (EFM, see section above),
The percent hydraulic resistance in the xylemR{fo outside-xylem (%ox), minor veins
(%Rmin), major veins (%ma) and petiole (¥ye) were obtained by dividing their given
resistances by total leaf hydraulic resistanceK@4). The hydraulic conductance of the xylem
(Kx) was obtained as B{ andK,x was obtained as 1/ (Khaxn-(1/Ky)).

Gas exchange measurements

Mean values for light-saturated @@ssimilation rateAma.y) were the values previously
published values for the same plants of th&/i®0iIrnum species grown at the Arnold Arboretum
(Chatelet et al., 2013). Briefly, for each spechesx was measured on several sun-exposed
mature leaves of several individuals using a LIC&IROXT (Li-COR Biosciences, Lincoln, NB,
USA). At the same timé&nax measurements were taken, the stomatal conductémcesmol

H,O m? s1) were also recorded.

Leaf area and vein architecture
For each species, leaf aré#\f was obtained by collecting 13-20 sun-exposed radaaves
from several individuals between 2009 and 2010hHeaf was photographed individually and

leaf areas were measured using ImageJ.
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Minor vein length per area (VLA) was measured 1b8@ Viburnum species. For each species,
three 2x3cm pieces were cut from 3 sun-exposedrmigaves from different individuals and
cleared with sodium hydroxide followed by sodiunpbghlorite on a hot plate (Scoffoni et al.,
2013). Each leaf piece was cut at the center oledfeand included all vein orders except for the
primary vein. Veins were stained with Safranin @ digital images representing 7 mof leaf
area were captured with Nikon DXM1200C digital caaeoupled to a Nikon Eclipse E600
(Nikon, Melville, NY, USA) compound light microscepFrom the digital images, the total
length of the minor veins f4vein order and above) was measured with Image¥aAdwas
calculated.

For the 17 species selected for hydraulic paritign we cleared whole leaves to
additionally characterize the major venation. THesves from 2-3 individuals per species were
chemically cleared in 5% NaOH solution and bleawlowing standard procedures (Scoffoni et
al., 2013). Leaves were then scanned (using aeffatdzanner; Epson Perfection 4490 Photo
Scanner, CA, USA; 1,200 pixels per inch). Majorvigingth per area (major VLA; mm nith

was measured using ImageJ (Scoffoni et al., 2013).

Leaf xylem anatomy

To characterize the midrib xylem anatomy, we meaunajor and minor axis diameters of all
xylem conduits in the midrib from three leaves o8 Individuals of each of the 17 selected
species measured for leaf hydraulic partitioninge Total number of conduits and maximum
conduit diameter were averaged across the midriltheo three sections. We determined the
theoretical midrib conductivity of by treating eacbnduit as an ellipse and using Poiseuille’s

equation modified for ellipses (Lewis and Boose93;%ochard et al., 2004):

ma3b3

K = Zm, eqn 1,
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wherea andb are the major and minor axes of the ellipsewgisgdwater viscosity at 25°C.
Theoretical hydraulic conductance normalized by éea was calculated by dividikg / LA,

and theoretical hydraulic conductance normalizedimrib length and leaf area was calculated
asK;/ (LA/Midrib length).

We measured maximum vessel length for 21 spetadd S7.1) by selecting 3-6 leaves
from shoots of the different individuals that haekb rehydrated overnighteaves were
connected by silicone tubing to a four-way valvareected to a syringe. Zipties were applied
around the tubing and petiole to ensure a tight s@apressure was applied using a caulking
gun while the leaf was placed under water, undegh& source. Using a scalpel, cuts were made
throughout the leaf beginning with the highest ordens, and progressively to lower
order veins, and finally along the midrib toware teaf base, until air bubbles first emerged

from the xylem, indicating maximum conduit length.

Satistical and phylogenetic compar ative analyses
We tested differences in traits among species usirggway analyses of variance (ANOVAs;
Minitab Release 16). All data were log-transform@dmprove normality and heteroscedasticity
(Sokal and Rohlf, 1995). To test for variation &K ..s values measured with the EFM, we
performed a one-way ANOVA on log-transformed datih mean leaf water potentialg.) as
a covariate, to control for the declinekyfss with Weosduring measurements.

Correlations between two traits of interest wemnsidered significant when both

Spearman and Pearson coefficiemsafd r, respectively) were significant. Because many

245



relationships were non-linear, we determined Peavsdues for both raw and log-transformed
data.

To control for the non-independence of our spetiean evolutionary sense, and test
whether two traits of interest repeatedly co-evdhia a coordinated way, we performed
phylogenetic independent contrasts (PICs; Felsiensi®©85) analyses which quantify trait
variation that occurs at each node in a phylogeaset on the trait values of the descendent taxa
or nodes and the branch lengths between the pammhtdaughter nodes. The PICs were
calculated using theic and fitcontinuous functions from the packages APE and GEIGER in
R.3.1.0 following two evolutionary models: the Bnoan Motion model (BM) and the Ornstein-
Uhlenbeck model (OU; Butler and King, 2004). The BMdel assumes that traits have evolved
under random drift, whereas in the OU model, traits assumed to evolve under stabilizing
selection and are pulled toward an optimum valwe.dach trait comparison, these two models
were compared using the Akaike Information Critermrrected for lown (AIC). We present
ther? of the PICs for the best fit evolutionary modelh&4 evolutionary models were within 2

AIC scores of one another, we presented the PI@shighesi?.

RESULTS

Soecies variation in leaf physiological, structural and anatomical traits

Strong diversification was observed across spégiksaf hydraulic conductancK.x varied 53-
fold across all 30 species from 0.48 to 25.8 mmd st MPa®, from V. wrightii and V.
ichangense respectively i < 0.001; ANOVA), with 4-fold variation observed Ky (p = 0.035;
ANOVA), and 87-fold variation irKox across the 17 species for which leaf hydraulicstasce

was partitioned (Table 7.1). Across all 30 spedight-saturated C@assimilation rateAmax)
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varied 2.5-fold p < 0.001; ANOVA; Table 7.1) and stomatal conductafyg) varied by 3.3-fold
(p < 0.001; ANOVA; Table S7.1).

Species also varied strongly in the partitioninghddir leaf hydraulic conductance (Fig.
7.2). The percent hydraulic resistance distributetside the xylem (Ryy) varied from 22% for
V. lentago to 97% forV. wrightii; that in the minor veins (Bi,) from 0.3 forV. wrightii to 12%
for V. lentago (Fig. 7.2, Table S7.1); that in the major veindR{%) from 1.8 forV. wrightii to
36% for V. lentago; and that in the petiole (Rge) from 0.9 forV. wrightii to 50% forV
.plicatum (Tables 7.1 and S1; Fig. 7.2). Across speciegvamnage, %,x accounted for most of
the leaf hydraulic resistance (60%), followed byR¥e (22%) and %Rmaj (14%) and the minor
vein xylem the least (5%) (Fig. 7.2). Maximum vedsagth also varied strongly across species,
i.e., ending in the midrib iry. betulifolium and V. bitchiuense and in the minor veins V.
cassinoides, with most species having their longest vessealtngnin the secondary veins (14/21)
(Table S7.1).

Leaf area varied 8-fold across the 30 species ft8rb forV. buregjaeticum to 149 cm
for V. furcatum (p < 0.001; ANOVA; Table S7.1). Species also variedaaf venation traits.
Indeed, minor vein length per area (VLA) varied Pyold across 30 speciep & 0.001,;
ANOVA; Table 7.1), major VLA varied by 1.8-fold axss 17 speciep(< 0.001; ANOVA,
Table 7.1).

The coordinated evolution of leaf hydraulics, gas exchange and anatomy

Leaf hydraulic conductance was strongly coordinatgth both Anax and gs, across species
(Figures 7.1 and 7.3). These relationships aras® &volutionary correlation: phylogenetically
independent contrasts were significantly correlateder both the Brownian Motion model (BM;

rem> shown in Fig. 7.3) and Ornstein-Uhlenbeck modelj€,>= 0.46, p < 0.001 for botKeas
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andAmax andKear andgs), with the BM model of evolution selected by mawim likelihood as
best fit to explain the correlated evolution oftallee traits

The variation observed iKmax was mainly explained bifox rather tharK, (Fig. 7.4).
Indeed, Kmax Was tightly correlated withK,, across the 17 species tested for hydraulic
partitioning, wherea¥max was statistically independent &f across species. Phylogenetically
independent contrasts Bfx vs. Kmax Were significantly correlated under both Brownrantion
(BM; rgm? shown in Fig. 7.4) and Ornstein-Uhlenbeck (k> = 0.96, p < 0.001) models of
evolution, with the BM model selected by maximurkelihood as best fit to explain the
correlated evolution of these traits (Table S7.2).

Across the 16 species for which data were aval&in leaf hydraulic vulnerabilityRso,
seeMethods), we found a trade-off between hydraulic capaaitg vulnerability. Thu&.x was
tightly correlated withPso (Fig. 7.5). Phylogenetically independent contra$ts . vs. Pso were
significantly correlated under both the Browniantimo model (BM;rgu? shown in Fig. 7.5) and
the Ornstein-Uhlenbeck model (Otky? = 0.68, p < 0.001), with the BM model of evolution
selected by maximum likelihood as best fit to ekpldne correlated evolution of these traits
(Table S7.2).

Kmax and Amax correlated with leaf venation traits. BoMiax and Anax were tightly
positively correlated with majoVLA across species (Fig. 7.6). Phylogenetically inddpat
contrast oK,axand majoVLA were significantly correlated under both Brownraation model
(BM; rgw® = 0.38-0.49 for majolVLA and Kmax and Amax respectively;p < 0.005) and the
Ornstein-Uhlenbeck model (OUou’= 0.26-0.69 for majo’VLA and Kmax and with Apax
respectivelyp < 0.02). The BM model of evolution selected by maxm likelihood as best fit

to explain the correlated evolution Kf..x with major VLA, while the OU model of evolution
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was selected to explain the correlated evolutiod\gf and VLA (Table S7.2) No significant
correlation ofkmayx with minor VLA was found i, = 0.046,p < 0.05;rs = 0.31,p >0.005). Minor
VLA was however slightly correlated withnay, but no significant correlation between the
phylogenetically independent contrast of thesestraere foundrgw?= -0.01 and oy’= 0.06p >
0.05).

Correlation of physiological and anatomical traits

Across 17 species, the hydraulic resistance inrhr veins Rma) correlated negatively with
major VLA (rp = -0.70,r<= -0.72,p < 0.01). By contrast, no correlation was foundusen the
hydraulic resistance in the minor veii&) and minoVLA (rp = 0.02,rs= 0.08,p > 0.01). Leaf
size scaled negatively with majgLA (r, = -0.73,r&= -0.66,p < 0.01). No significant correlation
was found between eith&,.x or Psg and theoretical midrib hydraulic conductankg (whether
normalized by area, or midrib length per area), Ibemmof conduits in the midrib, maximum

Xylem conduit size or maximum conduit length|(# 0.03-0.44r}|= 0.07-0.71p > 0.05).

DISCUSSION

Our results provide the first support for the theof leaf hydraulic-stomatal-photosynthetic
coordination in an evolutionary model system, izewell-resolved lineage with highly diverse
leaves. Across th¥iburnum species we found strong evolutionary diversifmatof leaf water
transport, arising from diversification of vein iteg and coordinated with diversification of
stomatal conductance and photosynthetic rate, stemgiwith the matching of hydraulic supply
and demand.

Coordinated evolution of leaf hydraulics and gas exchange

Although leaf hydraulics and gas exchange havenofieen hypothesized to evolve in a

coordinated way, given that a higRess would allow stomata to remain open for £0
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assimilation while water is lost by transpiratiamg previous studies have investigated their
coordinated evolution. A correlation betwelép,s and Amax had previously been shown across
diverse lineages of bryophytes, lycopodes, femsyrgpsperms and angiosperms (Brodribb et al.,
2007), but the correlation dfiear and Anax across angiosperm species only was not clear
(Brodribb et al., 2007). Past studies have shovat #hleaf hydraulic-stomatal-photosynthetic
coordination could arise from l§ear- gs correlation, which would minimize the operatingfle
water potential (Sack and Scoffoni, 2013; Sackl.et2@13), or &eaf - mesophyll conductance
(gm) correlation, which would indirectly link leaf hgallics to gas exchange (Flexas et al.,
2013). Additionally, in given environments, a higlseipply Kieea) over demandAmax and gs)
could be beneficial, especially if exposed to Heatl and drought (Scoffoni et al., In review).
The most rigorous approach to testing such mectar@ed evolutionary trait coordination is
across closely related species. Our test demoedtthat higheK.,s values co-evolved multiple
times with shifts in light saturated G@ssimilation ratesAnay) and stomatal conductanog)(
across closely relatéd burnum species. These finding of a coordinated evolutibhydraulics
and gas exchange point to a clear understandipyysiological adaptation across environments
as the strong diversification observed Kaas acrossViburnum species would thus have
potentiated the diversification observedARa.x across different light environments (Chatelet et
al., 2013).

Evolutionary diversification of leaf water transport

The Viburnum species diversified strongly in the partitionin§ leaf hydraulic resistances,
especially in the hydraulic resistance outside xylem, i.e., for bulk water flow through the
bundle sheath and mesophyll to the sites of evéiparan the leaf. The high variation observed

in maximum leaf hydraulic conductandé.f,) across species was statistically independent of
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the xylem hydraulic conductanckj, but tightly correlated with the outside-xylemncluctance
(Kox). IndeedK, showed a more narrow range of variation tkgn(4-fold vs. 87-fold variation
respectively). The diversification oK, is consistent with previous findings of strong
diversification in mesophyll anatomy for these saspecies (Chatelet et al., 2013). Indeed, a
strong diversification especially in palisade celNas observed across 36burnum species
(including the ones in our study) which exhibiteattbbranched H-cell palisade as well as the
more typical elongated and packed type I-cell paiismesophyll (Chatelet et al., 2013). These
shifts in mesophyll anatomy were found to correlaith increasing photosynthetic capacity
(Chatelet et al., 2013). Physical and computer soded meta-analyses have predicted that
shifts in mesophyll anatomy would affect water moeat outside the xylem to the site of
evaporation in the leaf (Noblin et al., 2008; Flexa al., 2013; Buckley, 2014). Differences in
biochemistry could also play an important role gtedminingK,. Indeed, the abundance and
activity of aquaporins in the outside xylem pathegsay.e., activation in bundle sheath and/or
mesophyll cells—can strongly impact &p.s (€.g9., Sack et al., 2002; Kim and Steudle, 2007;
Scoffoni et al., 2008; Voicu et al., 2008). Divéicsaition in biochemistry to evolve high&lieas
values could be especially beneficial, as it wowtdiuire no or few structural/anatomical
changes.

Anatomical basisfor the Kjeaf - Amax CoOrdination

We found evidence of an evolutionary coordinatietweenKe.;, Amaxand major vein length per
area VYLA). The stronger correlation betweBRa;, Amax and majorVLA than with minorVLA
(which make up the bulk of the leaf vein systematidirst sight surprising, especially because
many studies reported a strong correlation betwssh Kear and minorVLA, and Amax and

minor VLA across diverse species sets (Sack and Scoffob8)26lowever Viburnum species
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showed a relatively narrow range of variation imamiVLA (only 2-fold variation, from 3 to 6
mm mm?), and the minor veins accounted for little of tbéal hydraulic resistance in the leaf
(0.3 to 12% across species, $esults). Instead, the greater diversity of the major seicross
Viburnum species produced a greater impact on total ledfdwyic resistance via the hydraulic
resistance in the major veinB.{;) which accounted for 1.8 to 36% Bfar (SeeResults). The
variation in major VLA was strongly linked with leaize. Indeed,Viburnum leaves are
especially known for their diversity in shape amkqSchmerler et al., 2012), and, consistent
with a previous study on 485 globally distributath@sperm species (Sack et al., 2012), leaf
size acrossvViburnum species scaled negatively with majdLA, such that smaller leaves
exhibited higher majoWLA. Thus, it appears thatiburnum diversified more strongly in major
than minorVLA, enabling higheKea;, gs andAnax. We note however that there are many ways
by which species can vary in their mesophyll/xyl@natomy, and biochemistry, influencikgas
(see above).

Leaf hydraulic safety-efficiency trade-off across closely related species

We found for the first time in leaves an evolutipnérade-off between hydraulic efficiency
(Kmay and safetyHso). Such a trade-off has been found to occur in stespecially for closely
related species or species growing in similar emvitents, and has been shown to relate to
conduit and pore diameters in the xylem (Hackd.ef@01; Pittermann et al., 2006; Pittermann
et al., 2006; Sperry et al., 2006; Pittermann et2010). However, across diverse species or
within certain families this trade-off does not alyg appear due to variation in the anatomy of
the stem xylem (Maherali et al., 2004; Pittermahalg 2006; Hacke et al., 2007). In leaves, one
study has shown a correlation betwé&nson a mass basiKgas/ LMA) and Psp across three

maple and oak species (Nardini et al., 2012). Hawnea leaf hydraulic safety versus efficiency
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trade-off was not found across diverse species(B&skman et al., 2010; Scoffoni et al., 2012).
Here, we confirm this trade-off across closely tedaspecies and showed for the first time a
correlated evolution of these traits. The lackrafle-off found in previous studies (Blackman et
al., 2010; Scoffoni et al., 2012) had been attedutmainly to the fact that leaves, contrary to
stems, have both xylem and outside-xylem pathwayd,thus xylem anatomy might not have as
strong an influence as for stems on hydraulic ptogse Here, the leaf hydraulic safety-
efficiency trade-off might not have related to xyleanatomy, but rather to differences in
mesophyll anatomy. Indeed, no relationship was dobetween eithePsp or Kmax With xylem
conduit size or maximum length. Thus, this hyd@atilade-off observed for the first time here
for KieatON an area basis, most likely reflects differennasesophyll anatomy that would confer
a range of resistance to cell shrinkage, whichbezs recently shown to have a great impact on
hydraulic decline, especially at mild stress (Soofifet al., 2014).

Conclusion

The hydraulic-stomatal-photosynthetic theory wasete here for the first time in an evolutionary
context and strong evidence for repeated co-ewnludf these traits in a coordinated way was
found. This coordinated diversification observedhgtiraulics and gas exchange traits would
have most likely allowed species to adapt and ogdlifferent environments throughout their

evolutionary history.

ACKNOWLEDGMENTS

We would like to thank Mike Alfaro and Jonathan @@dor discussion and help with the
phylogenetic analyses, and the staff at the Arglabretum. This work was funded in part by

the Department of Ecology and the Evolutionary 8gyl at UCLA, the UCLA Dissertation Year

253



Fellowship and NSF grants 10S-0842771 to L. Sa€ks-D843231 to E. J. Edwards, I0S-

0842800 to M. J. Donoghue.

254



Table 7.1Species oWiburnum studied, clade and physiological and anatomiealstrK,.,;, leaf hydraulic conductanc&e.s o3 mpra l€af hydraulic conductance at -0.3MRg;

xylem hydraulic conductancK,,, outside-xylem hydraulic conductanR,,, percent resistance outside the xylem; VLA, veingth per area. j <0.005; *** p <0.001.

Species Clade Kieaf Kieat 0.3MP. Ky Kox %R Anax Major VLA Minor VLA
mmol m” s* MPa" pmol m? s* mm mni’
V. bitchiuense Lantana 7.7 4.37 14.3+3.6 16.7 35 11.1+1.0 @.004 481 +0.44
V. burejaeticum Lantana 6.96 5.34 - - - 123+1.4 - 4.75+0.29
V. carlesi Lantana 13.3 4.58 - - - 10.9+0.64 - 6.21+0.77
V. lantana Lantana 5.39 4.65 13.1+£2.9 9.16 54 135+1.8 9 &.6.05 548 +0.51
V. lantana var. discolor Lantana 11.6 8.89 - - - 169115 - 4,71 +0.26
V. rhytidophyllum Lantana 3.99 +1.97 3.99+1.97 16.7+25 5.24 74 12.3+0.81 0.66 +0.05 5.05+0.26
V. veitchii Lantana 14.9 7.92 - - - 124 +1.3 - 5.86+£0.24
V. cassinoides Lentago 3.62 +0.66 3.62 £ 0.66 946 +1.7 5.87 58 12.7+1.1 0.82+£0.01 5.48 +0.36
V. lentago Lentago 7.62+2.2 7.62+2.2 11.3+3.2 23.4 22 A¥N.7 0.76 £0.01 4.94 +0.55
V. prunifolium Lentago 5.52 £ 0.49 5.52 +0.49 - - - 10.8 £ 0.66 - 4.80 +0.07
V. rufidulum Lentago 5.92 +0.38 5.92+0.38 206 +6.4 8.31 59 14.2+0.93 0.85+0.05 5.70+0.14
V. acerifolium Lobata 3.77 £0.59 3.77+£0.59 14.3+4.0 5.12 68 .78&0.49 0.61 +£0.04 3.65+0.18
V. plicatum Lutescentia 11.9 7.04 16.4+1.9 43.4 25 11.1¥06 1.0+0.03 478 £0.46
V. bracteatum Mollodontotinus 10.7 8.41 - - - 9.04 £0.98 - 368.27
V. molle Mollodontotinus 5.85 3.8 14.6 £ 0.85 9.76 59 8.32.50 0.58 + 0.07 5.35+0.12
V. opulus Opulus 10.4 1.55 - - - 7.81+1.2 - 4.82+0.42
V. sargentii Opulus 3.17 +0.88 3.17+0.88 12.6 £+3.5 4.24 68 3.1%14 0.77 £0.08 4.26 +0.15
V. trilobum Opulus 2.11 +0.36 2.11+0.36 20.8+5.3 2.35 86 0.2k1.2 0.69 £ 0.02 499 +£0.19
V. dentatum Oreinodontotinus 5.76 2.73 140+ 3.6 9.79 46 #0178 0.82 £0.02 472 +0.34
V. furcatum Pseudotinus 1.64+0.24 1.64+0.24 523+091 823 66 7.00 £0.52 0.55+0.02 3.05+0.07
V. sieboldii Solenotinus 5.71+0.81 5.71+0.81 15.9+3.0 8.9 54 13.8+1.1 0.94 £ 0.07 3.13+0.09
V.betulifolium Succodontotinus 4.16 3.13 - - - 9.71 £1.6 - 4.1830
V. corylifolium Succodontotinus 11.9 2.87 22.7+19 25 41 9.94%¥0 0.77+0.02 4.46 £0.02
V. dilatatum Succodontotinus 2.38+£0.48 2.38+0.48 14.4+2.1 2.85 82 8.04 £1.2 0.69 +0.03 3.84 +0.37
V. erosum Succodontotinus 12.9 3.48 - - - 7.53 £1.3 - 4.10007
V. hupehense Succodontotinus 4,54 +£0.65 454 +£0.65 - - - %895 - 3.41+0.24
V. ichangense Succodontotinus 25.8 - - - - 7.29+1.1 - 4.67 190.
V. lobophyllum Succodontotinus 5.70 £ 0.30 5.70 £ 0.30 - - - 10188 - 3.48+0.12
V. setigerum Succodontotinus 12.3 5.72 - - - 9.36+1.9 - 4. TBH6
V. bitchiuense Lantana 7.7 4.37 14.3+3.6 16.7 35 11.1+£1.0 8.004 4.81+0.44
ANOVA *k% * *%% *%% *k%

255



Figure captions

Figure 7.1.Distribution of (A) leaf hydraulic conductand€dy at -0.3 MPammol m? s* MPa
1, (B) light saturated Cassimilation rateAmay pmol m? s?) and (C) stomatal conductance

(gs; mol m? s%) across the phylogenetic tree for\&®urnum species.

Figure 7.2.Partitioning of leaf hydraulic resistance\fiburnum. (A) Average allocation to
hydraulic resistance Miburnum species, (B) Allocation to hydraulic resistancetfee species
with least resistance outside the xylem, and (€)giteatest resistance outside the xyleRq,%
Percent of hydraulic resistance outside the xyRR;n, percent hydraulic resistance in the
minor veins; %ma;, percent hydraulic resistance in the major velfiR;e, percent hydraulic

resistance in the petiole. Note that the percesistance in the xylem Ry = %Rpet + Y0Rmaj +

%Rmin-

Figure 7.3.Coordinated evolution of leaf hydraulics and gashaxge acrosgiburnum species.
(A) Light-saturated C@assimilation rateAmax) Vs leaf hydraulic conductance at -0.3 MRa £
at 0.3MPa), (B) stomatal conductangg {/sKiear at 0.3MPar = 29 species). Standard major
axes (SMA) lines were fitted through the pointsttBG of the SMA line and the? of the
phylogenetic independent contrasts regressionsfmat/n) calculated under the evolutionary
model selected by maximum likelihood are giverhia tigures. Here, Brownian Motion model

(BM) was chosen as best fit in both A and By« 0.01.

Figure 7.4.Drivers of leaf hydraulic conductance Miburnum species. (A) Outside-xylem
hydraulic conductanceK(y) drives leaf hydraulic conductand&dy) diversification, (B)
Independence dfeafrom xylem hydraulic conductanck,) (n = 17 species). Botif of the

SMA line and the? of the phylogenetic independent contrasts regagsiot shown) calculated
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under the evolutionary model selected by maximikelihood are given in the figures. Here,

Brownian Motion model (BM) was chosen as bestrfiai *** p < 0.001N°p > 0.05.

Figure 7.5.Trade-off between leaf hydraulic efficiency (maximileaf hydraulic conductance,
Kmay and hydraulic safety (Leaf water potenti|.(s) at which 50% of the initial conductance
was lost calculated from the linear approximatioigas VS. Wieas;, Psy) acrossviburnum species
(n = 16 species). Bottf of the SMA line and the? of the phylogenetic independent contrasts
regression (not shown) calculated under the evmiaty model selected by maximum likelihood
are given in the figures. Here, Brownian Motion reb@M) was chosen as best fit model.pg*

< 0.01; *** p < 0.001.

Figure 7.6.Coordination of (A) maximum leaf hydraulic conduata Kmay and (B) maximum
CO, assimilation rateAmay With major vein length per area acrd§burnum speciesrf = 17
species). Both? of the SMA line and the? of the phylogenetic independent contrasts regrassi
(not shown) calculated under the evolutionary meeétcted by maximum likelihood are given
in the figures. Here, Brownian Motion model (BM) swehosen as best fit model in A, while the

Ornstein-Uhlenbeck model of evolution was choseB.ih p < 0.05; **p < 0.01; *** p < 0.001.
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SUPPLEMENTAL MATERIAL

Table S7.1Mean * standard errors of all traits in the study.

Table S7.2.Akaike Information Criterion (AIC) scores for th&o models of trait evolution in

the different tested correlations. Model: Brownmation (BM) and Ornstein-Uhlenbeck (OU).

Best chosen model appears in bold.
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CHAPTER 8

CONCLUSIONSAND FUTURE DIRECTIONS

The field of leaf hydraulics emerged only two dexmedgo, and has expanded rapidly since. As
such, most of the fundamental discoveries regardiaigr movement have been made based on
approaches focused at the stem or whole plant.l®&eldissertation work was aimed in large
part to fill the gap of knowledge for leaves by doning anatomy, physiology, ecology and
evolution.

The first study of water relations in plants dditesn three centuries ago. Indeed, John
Woodward in 1699 was the first to realize that wates at least as important to plant growth, if
not more, than solil, as it had been thought attittne (Woodward, 1699). It was however
Stephen Hales 30 years later, who invented thedotometer system consisting of tubing filled
with water connected to detached shoots and meahsheerate of water uptake, proving that
roots are not needed for the uptake of water thrquignts, as had been previously assumed
(Hales, 1727). In fact, that was such a well-esdhbH concept at the time that still over a
century later scientists were testing this, thoitgh possible that Hales’ book was not read by
other scientists as these later studies on the tdigi not cite Hales’ work. Thus, in 1890,
Strasburger at the University of Bonn investigatssl question, cutting off an entire maple tree
to remove the roots and placing it in water, esdablg again that a tree without root was still
able to take up water and apparently remain aBteagburger, 1891, 1893). This work sparked
the interest of Dixon and Joly, of Trinity College Dublin. While they were visiting Prof. E.
Strasburger in Bonn, he showed them his experimaiich led them to investigate the cause of
the ascent of sap in trees. Just a few years taty,published their famous study “On the ascent

of sap” which changed the field of water relatiémever (Dixon and Joly, 1895; Dixon, 1914).
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They proposed that water ascended up the treernsjote and cohesion of water molecules.
During the entire 2D century, very strong debate around this “cohesimsion” theory
occurred, and it was finally fully accepted by swentific community a century later (Angeles
et al., 2004). Although debating over this for aokehcentury might seem now to have been a
waste of time, the excitement around this debaggdred widespread interest in the field of
plant hydraulics, and a greater appreciation ofcaésatrality in plant biology. By combining
physical and biological sciences, tools and methadse developed to measure hydraulic
conductance through the plant, with a special esiplan what occurred to the water column in
dehydrated plants. John Milburn in 1966 was th& tio show cavitation—the process by which
air is sucked into the water column, embolising tbaduit—and that work was conducted in
leaves (Milburn, 1966). This study was followedrbgny others focusing on this phenomenon in
stems. It is interesting to note, that althoughitesion was first shown in leaves, it took over 30
years for the field of leaf hydraulics to take aihd thus for the understanding of the
phenomenon in leaves to be studied in detail.

Leaves are complex organs for water movement, siveter moves through both the
xylem and outside the xylem toward the sites ofpevation. During the first decade of the®21
century, studies measuring leaf hydraulic declinedehydrating leaves mostly focused on
cavitation as the sole explanation. Consistent witse studies, | found in Chapter 3 using an
experimental and modeling approach that specie$ tolesant to dehydration had higher major
vein length per area, which would provide them witbre routes for water to flow around
embolised conduits during drought. However, | ldt@ind in Chapter 4 that cell shrinkage
outside the xylem also has an impact on leaf hyaralecline, especially during mild stress.

Thus, | found that outside-xylem pathways had @&ngtrimpact on whole leaf hydraulic
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conductance, and can act as an important bottleimettie leaf water pathways, protecting the
xylem from reaching its cavitation thresholds. Gstent with other recent studies showing the
importance of aquaporins in water movement outidexylem and its impact on whole leaf
hydraulic conductance (e.g., Sack et al., 2002;h@at et al., 2007; Kim and Steudle, 2007;
Scoffoni et al., 2008), it has become evident daaitation might only be playing a small role in
leaf hydraulic decline, compared to stems whichyardntain a xylary pathway. Indeed, in
Chapter 5, | found that decline of leaf xylem hydi@conductance tends to only start occurring
at severe levels of leaf dehydration, possiblydating that most of the hydraulic conductance
decline observed at the whole leaf level would hyaielate to changes in outside-xylem
pathways.

| found in Chapter 6 that leaf hydraulic conducama@s highly plastic with light across
Hawaiian Lobeliads, and this plasticity seemedd@kplained mostly by potential differences in
biochemistry in leaves of plants grown in sun v&de, rather than their xylem anatomy.

Finally, | found in Chapter 7 that differences @al hydraulic conductance have evolved
by diversification of outside-xylem pathways, ratliban the xylem itself. Indeed, across 30
Viburnum species, leaf hydraulic conductance correlateshgty with the conductance outside
the xylem, while it showed no correlation with leglem hydraulic conductance. Leaf hydraulic
conductance also drove the diversification of phpthetic rates observed across these closely
related species. To be able to match the hydraulpply of an increase demand, it might have
been more cost efficient for leaves to modify tH@ochemistry and/or cellular architectures to
increase overall conductance, rather than changytegn anatomy, which seems to have been

more conserved.
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The next step in plant hydraulics is probably thestrchallenging. Until we understand
where the water evaporates in the leaf mesophytl,the degree to which species differ in its
location, and why, it will be challenging to fuliynderstand water movement outside the xylem.
Modelling studies have been initiated to focus lois juestion, and for now this might be the
only approach to further understanding in this aMare detailed work on cell shrinkage of
different tissues, especially at the epidermallleear stomata, will help bridge the gap between
hydraulic transport and diffusion of water in tieafl.

While many questions remain, by building on key kyoist as my research has done, and
by increasing the use of multiple approaches afidbmrations across fields including modeling,
biochemistry, hydraulics and gas exchange, and dnducting detailed experimental work
alongside comparative work in an ecological andwianary context, the next few decades will
provide exciting answers enabling a new level adarstanding of the plant hydraulic system

and its contribution to plant life.

274



REFERENCES

Angeles G, Bond B, Boyer JS, Brodribb T, Brooks JR, Burns MJ, Cavender-Bares J,
Clearwater M, Cochard H, Comstock J, Davis SD, Domec JC, Donovan L, EwersF,
Gartner B, Hacke U, Hinckley T, Holbrook NM, Jones HG, Kavanagh K, Law B,
Lopez-Portillo J, Lovisolo C, Martin T, Martinez-Vilalta J, Mayr S, Meinzer FC,
Melcher P, Mencuccini M, Mulkey S, Nardini A, Neufeld HS, Passioura J, Pockman
WT, Pratt RB, Rambal S, Richter H, Sack L, Salleo S, Schubert A, Schulte P,
Sparks JP, Sperry J, Teskey R, Tyree M (2004) The Cohesion-Tension theory. New
Phytologist163: 451-452

Cochard H, Venisse JS, Barigah TS, Brunel N, Herbette S, Guilliot A, Tyree MT, Sakr S
(2007) Putative role of aquaporins in variable laydic conductance of leaves in
response to light. Plant Physiolot¥3: 122-133

Dixon HH (1914) Transpiration and the ascent of sap intpladacMillan and Co., London,
UK

Dixon HH, Joly J (1895) On the ascent of sap. Philosophical Tramseof the Royal Society
of London186: 563-576

Hales S (1727) Vegetable staticks. Oldbourne Book Co.,dam UK

Kim YX, Steudle E (2007) Light and turgor affect the water permagbi(aquaporins) of
parenchyma cells in the midrib of leavesZeh mays. Journal of Experimental Botany
58: 4119-4129

Milburn JA (1966) Conduction of sap. I. Water conduction aaslitation in water stressed

leaves. Planté9: 34-&

275



Sack L, Melcher PJ, Zwieniecki MA, Holbrook NM (2002) The hydraulic conductance of the
angiosperm leaf lamina: a comparison of three nreasent methods. Journal of
Experimental Botan$3: 2177-2184

Scoffoni C, Pou A, Aasamaa K, Sack L (2008) The rapid light response of leaf hydraulic
conductance: new evidence from two experimentahous. Plant Cell and Environment
31: 1803-1812

Strasburger E (1891) Uber den Bau und Verrichtungen del Leitlnagmen in den Pflanzen.
Histologische Beitrag8: 607-625

Strasburger E (1893) Ueber das Saftsteigen. Histologische Bgtha 1-94

Woodward J (1699) Some thoughts and experiments concernirgetagon Philosophical

Transaction®1: 193-227

276



	CHAPTER 0_27Mai14.pdf
	CHAPTER 0part2_29Mai14.pdf
	CHAPTER 0part3_29Mai14.pdf
	CHAPTER 1_19Mai14.pdf
	CHAPTER 2_29Mai14.pdf
	CHAPTER 3_29Mai14.pdf
	CHAPTER 4_29Mai14.pdf
	CHAPTER 5_29Mai14.pdf
	CHAPTER 6_29Mai14.pdf
	CHAPTER 7_29Mai14.pdf
	CHAPTER 8_28Mai14.pdf



