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Wood contains pores
(vessels)

« ... the ascending of the Sap in
Trees and Plants, through their
small, and some of them
imperceptible pores » 1664

that transport ascending sap



Wood contains trachea (“air-vessels”)
that do not transport sap but air
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“Whence appears the Error of that so Common Opinion that the sap always rises between the

wood and the bark”. Grew N. 1675. The comparative anatomy of trunks



Sap is transported in the wood, not
In the bark.




But vessels still transport air !

« [the air issued] into the water at the bottom
of the stick (...) through the largest vessels
of the wood. Which observation corroborates
Dr. Grew’s and Malpighi’s opinion that they
are air-vessels. » Hales 1727.
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Xylem vessels transport sap



« Jamin’s chain »

Xylem vessels are
partially filled with water

« At the time when transpiration is going on in the leaves, the cavities of the wood-cells and
vessels of foliage-trees are not filled with water; rather, the wood-cells and vessels are only
to a small extent filled with water, the vessels, however, being quite empty » (Sachs 1874).



| Transpiration B
and the

Xylem vessel are full of sap. A prerequisite for the Cohesion-Tension theory.



VESSEL CONTENTS DURING TRANSPIRATION
EMBOLISMS AND REFILLING!

1997

Cryo-SEM observations

morning noon
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« The observations contradict at every point the assumptions of the Cohesion
Theory and the evidence that has been used to support it. Water columns are
weak, and are already much broken early in the day and full of air» Canny 1997
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embolism formation and embolism repair in

Embolism Stomata
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% function intensity

Do Vitis pipes cavitate in the early morning?

Embolism Stomata

Jacobsen and Pratt 2012
Grenache

T T T ' —>
Pgs90=-1.2 MPa P50=-0.3 MPa

Xylem tension | water potential

Xylem water potential (MPa)
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TWO PARADIGMS

Low-embolism resistance paradigm

Drought stress intensity

decennial seasonal no drought
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Embolism formation and repair

Function intensity (%)

Low-embolism resistance paradigm

Drought stress intensity

decennial seasonal no drought
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High-embolism resistance paradigm

Drought stress intensity
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Non-invasive and less prone to artifacts methods are required



Some annoying facts...

* The same species can display both low and high cavitation resistance behaviours
Quercus spp, Fraxinus, Vitis, Olea, Robinia etc...

Highly cavitation-resistant species
60

a0

40
* Species tend to become more

vulnerable and r-shaped with time
(climate change?)

30

20

10

0
1990 1995 2000 2005 2010

Years

Low cavitation-resistant species



Indirect and invasive methods

Literature survey Coniferous Diffuse-porous Ring-porous
> 1000 curves szt = oeme s -

> 500 species

"'" T Ja

Cochard et al 2013
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The Pitfalls of indirect hydraulic methods

MIND THE
PIT




ory I: Do plants experience
ally embolism and repair?




Dawn of a new cavitation research era: Direct, non-invasive, real time
views of cavitation

Synchrotron technology X-ray micro-CT scans
Source : http://sylvain-delzon.com/

Torres et al. 2017 New Phytol Torres et al. 2015 Plant Phys Cochard et al. 2016 PC&E



Pinus pinaster
coniferous
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Populus tremula x alba
diffuse-porous short-vesseled
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Choat et al. 2016
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Cavitation I1s not
routine In trees
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A) ¥=-0.2 MPa: PLC=0% B) ¥=-1.0 MPa: PLC=9.0% C) W=-1.7 MPa: PLC=50.5%

Charrier et al. 2016 Plant
Phys



i AR T AT S A &..dtp.-\.t.dlf.whm H.... =
)y e vsdascutaitsettg ..r.r:ﬂ

S ey hr.) SebEiDRaEs < e

Broderse t al. 2013

d

1-.1, 4<3\..‘u o L
F-R.: wau.b\i\.h (Ca . .1._— «kljiai_h«.ﬁts‘,ﬂ]&“iu}}}q\( it
ey oy b Ly i1t
AREBIIR S nanay
|80 bt o o ..Il.r.?.;-:h \)hu.d-.h. : ?.5.; 1
_::.f».__..-ravr.fy.\.w.; \ ' ! L\_.r-lcﬂ «w....
S o

A - \(L!’nlr\ Jl)\!\fi R al _l At A gt :. ”

... -,...-ﬁ:r,\.J»t '\n b 'y o0 « s it nc it EEE

¥.r -
FALSTOV T eIt -

e et utq-;pf.‘c'ﬁ.d;f p . oo l.ur\ P e oute «“:lt(ﬁ gt \o(l»)o\r -

i e S e e .

S
O
o
<)
n
=
L
O
s
&
L

),
S| P!

L S ~\lll\ J?».ﬁ.%i.,i.- v My
o > - n

. ———— o T BE L P B et . _

e
PR




Significant hydraulic segmentation in Vitis

— 100%
A = -3h: PLC= 62.6% ""“-..‘é ® Stem
: 0O 0
Scan Location e =
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N [
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——— » AN
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\ ‘\‘ - 40%
\
Scan Location v\ \\
.
\ SR - 20%
N % 2.
"o ° ~d
. — — ==t 0%
-2.0 -1.5 -1.0 -05 0.0

Charrier et al. 2016 Plant Phys Potentiel hydrique

Perte de conductivité hydraulique



Refilling: Do we need a miracle?

Control > Droughted > Rewatered

Thnl;hold Capacity to repair

> Lack of refilling under tension
> Xylem repair occurs only under positive pressure at the base of
the stem

Charrier et al. 2016 Plant Phys
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Upstream
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Sample /

Downstream
reservolr

Stem conductivity:
K= (dr/dt) / 0.5 p w2 [R2 -

(R-r)2]



Cavitating the oaks of the world
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Percentage Loss of Conductance
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regulation, 3. stomatal regulation

Deconstructing the iso/anisohydric
concept ; Charrier et al. 2018
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Hochberg et al. unpublished Harvard University
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. . experiment 1
Optical technique g, cut vines
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Leaf embolism always occurs after stomatal closure
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Area cavitated (% of maximum)

Area cavitated (% of maximum)
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Baguettes of trunk
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Psy (Mpa)

Psy (Mpa)

Bouche et al. 2016 AFS
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The QST<FST pattern can be interpreted

) ® = )R as a canalization phenomenon or a
F e ' e - -
& = g : consequence of uniform selection
y ] Qst and Fst distribution of P50
0.40

Lamy et al. 2011 PLoSONE
Lamy et al. 2012 Plant Biol
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Lack of genetic variation in cavitation resistance
among populations across a species distribution range



similar observations but we
must revisit the entire
literature and switch to a high
resistant paradigm:
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1. Grapevine and oak are NOT
highly vulnerable to embolism

- &3 2. no evidence for xylem refilling
i1 under tension

3. lack of differences between
varieties or populations
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Grew (1674) first microscopic Badel et al (2014) X-ray micro-
observation CT scan



“I would fain die a dry death.”

William Shakespeare,
The Tempest Act i, Sc.1

Dying Trees From Refilling




Story Il. Mechanisms of plants survival and
mortality during drought
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Drought-induced forest dieback

Breshears et al 2009

uniperus monosperma

Pinus edulis




Why do some plants survive while others
succumb to drought?
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Fig. 2 Percentage mortality of pifon (open circles) and juniper
(closed circles) trees at a 1.5 ha site, Mesita del Buey, near Los
Alamos, New Mexico. For pinon, 16 of 484 trees survived (97 %
mortality), whereas for juniper, 559 out of 561 trees survived

(< 1% mortality).



Why is predicting drought-induced mortality difficult?

Too many ways to resist drought = no single trait is good enough

Acer monspessulanum
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Les types de réponse a la contrainte hydrique: plusieurs manieres de résister

a la seécheresse

Resistance
| I
| |
Escape Exposition au
Stress
(ex: pérennes)
Phéenologie | | ]
Avoidance Tolerance
(,ex: Ianr)uelles) -Water savers - Xylem resistance
ephemerophytes régulation stomatique (ex: Juniperus)
osmorégulation
stockage hydrique - protoplasme resistance
(ex: cactées, pinacées, ) (ex:plantes reviviscentes,
Lichen)
-Water spenders

enracinement profond
(ex: mesquite tree)



Drought-induced forest dieback

Breshears et al 2009 Linton et al 1998
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Mortality by hydraulic failure per se?



Hypotheses on mechanisms of drought-related mortality
related to the intensity and duration of water stress

Short Duration of water stress Long

e

Biotic agenls

—T>
Carbon

Low

Amplifyving starvation

Hydraulic and
symplastic

L failure

Intensity of water stress

High




What do | need to do?
1. add water

2. add sugar




Theoretical predictions of the mechanisms of drought-related
mortality for species utilizing isohydric vs anisohydric
regulation of water potential.

Short Duration of water stress Long
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Carbon starvation

Three years of monthly
observations of predawn
water potential of pifion (open
circles) and juniper (closed
circles) from Mesita del Buey,
Los Alamos, New Mexico.

|
L

Predawn leaf water potential (MPa)
"

1

| =]

Lzaf C gain (g CO;

-

(o)

k]

1 Jan ad § Tuly Od 1 Jan S 0 Tuly 0F 1 Jan O 1 Tuly 06 1 Jan OF 1 Joly OF 1 Jan 02

I HA TS




We found that tree mortality from drought was always associated with substantial
loss of hydraulic function and that lower NSCs at mortality were not universal

NATURE ECOLOGY & EVOLUTION
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Vulnérabilité a la cavitation et contrbéle stomatique

évolution de la conductance stomatique et de la
conductivité au cours du désséchement
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Vulnérabilité a la cavitation et contrbéle stomatique

vulnérabilité et controle stomatique
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La réponse a la contrainte hydrique

0, -

Minimum native xylem
water potential (MPa)

1018 -15 .12 -9 -6 -3 0
Xylem water potential
at 100% loss conductance

Ficure 20. Xylem pressure required to induce 100% cavi-
tation versus minimum pressure observe in the field.
Dashed line indicates 1:1 relationship. Each point is a
different species (Sperry 1995). Copyright Academic Press,
Ltd.




160 species; all measured in our lab
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Transpiration
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Biodiversite, genes & communautes

Story Ill. Cavitation resistance, survival and
species distribution?
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1. Survival and cavitation resistance




(MPa) Transpiration rate (mmal m* s)

Midday leaf water potential

Whole plant hydraulic conductivity
(mmol m*s’ MPa 1)
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Figure 4. An example of recovery from mild (black circles) and severe
(white circles) water stress in rewatered plants of L. franklinii. The
mildly stressed plant shows a minimal reduction of K., and is able to
rapidly recover leaf hydration and gas exchange. By contrast the
severely stressed plant experiences profound depression of Kotam that
recovers slowly, thus limiting gas-exchange recovery, which has a f;,, of
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¥, in stems (-MPa)
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Thresholds for hydraulic failure depend on plant type but are well defined

Conifers Angiosperms

16 - (OT 30 davs alie (g)Or 64 davs alier
withhalding irgation witkihalding irdgation

14 |
12 -
10 |
a |

Urli et al. 2013 Tree Phys

50

= M B o o

0 2 4 6 8 10 12 14 18
Lethal water potential (-MPa)

Brodribb et al. 2010 New Phytol 2
o

Different xylem embolism
thresholds for catastrophic

hydraulic failure 2 3 < S 6 /
Lethal water potential (-MPa)

N oW B oo m'-qm
1




Cavitation resistance correlates with species drought
resilience/survival

Barigah & Cochard, unpublished Dry till death experlment
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criterion for screening drought
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Cavitation resistance correlates with species ecological

preferences

Species vulnerability to

cavitation, P., MPa
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Cavitation resistance versus vegetation type

Vulnérabilité du systeme conducteur a I’embolie liée a la sécheresse : ¥,

Vegetation type
Tropical _ _
Temperate forest and woodland dry forast Tropical rain forest

@
[n
=
9-l.l.-.-
w
o
=
':_}F!
—14 | E —al
2 5| (20)
—-16 L —5 L (186)

Fig. 1. The distribution of vulnerability to water-stress-induced cavitation (as determined by xylem tension at which 50%
cavitation occurred [1Fs]) for the species used in this database. ranked by magnitude within five vegetation types. The median

ey for each wvegetation type, along with the sample size for that group. is shown in the inset.

Maherali et al, 2004



Implications inter-specific level A relatively large number of species
can now be screened.

162 species 10 species within the genus Prunus
(angiosperms and gymnosperms)
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Aridity drives the evolution of extreme embolism resistance

The case study of the conifer genus Callitris
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Minimum xylem pressure (V.. ) as a function of embolism resistance (W.,) for 191 angiosperm

and 32 gymnosperm species. The dashed line indicates the 1:1 line. The safety margin is the
distance between each point and this line. Points were binned in 1.0 MPa increments for W,.
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Box plot of hydraulic safety margins for angiosperm and gymnosperm species across
major forest biomes. The W, (V.. - V,,) safety margin is shown in Fig. 2a
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Assess ecological and evolutionary drivers in vulnerability to

50°N o

50°5

) Il Pinaceae
Half of the world conifers B Araucariaceae

(285 species; all measured in our lab) s Podocarpaceae
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The synchrotron world tour team
e . The sherpas of plant hydraulics
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