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1.- Key anatomical structures for water absorption, transport and regulation

* Root Anatomy: structures and their role in water absorption
e Stem anatomy: vascular tissues and hydraulic function
* Leaf anatomy: water regulation through transpiration

2.- Anatomy research in plant physiology and agriculture

Strategies of water and carbon use regulation across fruit tree species
Anatomical characterisation to localize carbohydrates



1.- Key anatomical structures for
water absorption, transport and
regulation



The three basic structures of plants
for water relations
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Roots

Functions:
— Anchor the plant

— Absorb water & minerals
— Store carbohydrates
— Propagation




Different Types of Roots

Tap Root
e One main root, no nodes
e |deal for anchorage

e Penetration is greater for
water

e Storage area for food

Fibrous Roots

e Many finely branched
secondary roots

e Shallow roots cover a
large area




Structures and their role in water
absorption

Zone of Cell
Differerdation

Zone of Cell
Division

Root Cap

Root tip longitudinal cross section



Structures and their role in water
absorption

Epidermis: presence of root hairs increases
surface area for water uptake.

Cortex: parenchyma cells allow water
movement through apoplast and symplast
pathways.

Endodermis: contains the Casparian strip
(suberin layer) that forces water into the
symplast, regulating entry into the stele.

Pericycle: involved in lateral root formation;
helps maintain water conduction continuity.

Xylem in roots: Conducts absorbed water
upward through tracheary elements.




Water absorption pathways
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Stems

Functions

— Support leaves &
reproductive structures

— Contain the vascular tissues:
movement of materials —
Water, sugars, hormones
and ions

— Carbohydrates storage




Vascular Tissues and Hydraulic Function
Xylem
— The tissue that transports water and minerals up from roots to
stems/leaves
Phloem
— Tissue that transports organic molecules (sugars, hormones...)
down from leaves to roots

Cambium

— Thin, green, actively growing tissue located between bark &
wood and produces all new stems cells

,"wl‘,l(all\l‘h'

Bark COrK Cambum




Plant vascular system

Transports water and
minerals

One-way (upward)
flow

Transport is bulk flow
due to negative
pressure

Hollow dead cells

No end walls

Form center of the
vascular bundle

Rich in lignin, which
supports the plant

Pith at center, then
3 annual rings, and
then bark on outside

ST

Xylem

Vascular cambium

Late wood
Xylem

Early wood

Xylem ray

O
Phloem

Cork cambium (light line)

Phloem

Bark

Transports food in
the form of sugars
Two-way flow
Transport is by
osmosis/turgor
pressure
Live cells with no
nucleus
Perforated end walls
Outside edge of
vascular bundle
Also transports
amino acids, mRNA,
and hormones
sciencenotes.org




Plant vascular system: xylem

sclerenchyma pit
cells (fibers) (porous cell wall between adjacent
" tracheids and vessel elements)

end walls of
adjoining vessel
elements have
disappeared

vessel
element

vessel element tracheids pit
(with perforations Sporous cell wall between
in end walls) nsides of tracheids)

McElrone et al. (2013)



Plant vascular system: phloem

Sieve
plate pore

Sieve
plate

Narrow\. ' e o

rim of
cytoplasm
remaining
in sieve-
tube
element

Sieve-tube
element

Companion
cell

(a) Sieve-tube elements (b) Light micrograph of phloem
and companion cells stained with blue dye,
showing sieve-tube elements



Arrangement of Vascular bundles

Dicot stem Monocot stem

Sclerenchyma

Vascular
bundle

Ground tissue

Phloem Xylem



Leaves

Functions
— Site of gas exchange (H20 + CO2)

— Photosynthesis

— Store carbohydrates
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External Parts of the Leaf

Pet i O I e Leaf stalk

or petiole

Leaf Axﬂ

— Leaf stalk or part that connects
the leaf to the stem

Blade

— The large, flat part of a leaf
Midrib

— The large center vein

Lateral

g x e X
Main Vein Vain




Tissues of the Leaf

Epidermis

Cuticle

Cuticle
Upper epidermis

e \Waxy substance that
covers the leaves &
stems

Palisade
mesophyll cell

7. _Bundle sheath cell
Xylem
Phloem

e Waterproof layer that . !
keeps water in plants

Lower epidermis
Spongy mesophyll



Tissues of the Leaf

Cuticular

Epidermis

Guard Cells

* Primary site of
photosynthesis

evaporation

Stomata
e Site of gas exchange

Stomatal

Guard  Cuticle
cell

A

\
e

Intercellular
spaces

/

Mesophyll
cells

Pore

Stomata



Tissues of the Leaf

Mesophyll e
Palisade mesophyll Palisids
Mesophyll
— Primary site of
photosynthesis Spangy
Mesophyll

Spongy mesophyll
— Contains air and
chloroplasts
— Site of photosynthesis
and gas exchange

Guard Cells




Tissues O

Vascular Bundles
* [n spongy mesophyll
e Xylem + phloem

f the Leaf

Cuticle

Upper
epidermis

Palisade
cell

Lower

mesophyll



2.- Anatomy research in plant
physiology and agriculture

Strategies of water and carbon
use regulation across fruit tree
species based on anatomical
measurements
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Research paper

Role of leaf hydraulic conductance in the regulation of stomatal
conductance in almond and olive in response to water stress

Virginia Hernandez-Santana'2, Celia M. Rodriguez-Dominguez’, J. Enrique Fernandez’
and Antonio Diaz-Espejo'

SKE)(B

SOCIETY FOR EXPERINENTAL BLOLOGY

Journal of Experimental Botany
https.//doi.org/10.1093/xb/erad157  Advance Access Publication 28 April 2023

RESEARCH PAPER

Role of hydraulic traits in stomatal regulation of transpiration
under different vapour pressure deficits across five
Mediterranean tree crops

1,245

Virginia Hernandez- Santana"z" Celia M. Rodriguez-Dominguez 27, Jaime Sebastian-Azcona',

Luis Felipe Perez-Romero® " and Antonio Diaz-Espejo’?

Correlations of key traits shape common strategies of water and carbon use regulation across
fruit tree species

Virginia Hernandez-Santana®"; Jaime Sebastian-Azcona®; Celia M. Rodriguez-Dominguez?;
Alfonso Perez-Martin®; Antonio Montero!; Daniel Benzal®; Federica Rossi?; Luis F. Perez-

Romero®, Antonio Diaz-Espejo.



ANATOMICAL FEATURES CALCULATED PHYSIOLOGICAL TRAITS

Leaf area | Specific leaf area
Leaf dry weight ] Huber value
Leaf vein density I Theoretical stomatal conductance
Stomata density «— | . Vulnerability index
Stomata size Theoretical specific hydraulic conductivity
L

Xylem area / N\ RELATED FUNCTIONAL TRAITS

Water potential at which 50% of hydraulic
Vessel frequency conductivity is lost due to embolism (P50)

Average vessel diameter 4 Maximum leaf hydraulic conductance
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Peach

Khaki
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Anatemical measwiements to calculate huydnoulic
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Analemical measwiements to calculate hwydrnouwlic
il
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Average vessel density
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Anatemical measwiements to calculate huydnoulic

Vessel density

Average vessel density
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2.- Anatomy research in physiology
and agriculture

Anatomical characterisation to
localize carbohydrates
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A biohybrid system technology for in-situ self-powered monitoring that allows
plants to wear Al components and technological interfaces, which results in
creating of “smart biohybrid organisms”for environmental monitoring

A new source of renewable energy from plants: plants carbohydrates

Where are the sugars? Phloem and pith

XYLEM PHLOEM
A

Companion SOURCE
L || cell (leaf cell)

¥ ——
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Cortex

Phloem

Xylem »

]| Companion
cell




Phloem location in fruit tree stems

Lemon tree Almond tree Olive tree Grapevine

104 pm
41 um

148 pm
418 pm-

208 pm+

26 um

66 pm
85 um 1

123 pum 1 A
1143 um- |

267 pm
236 um

Phloem between 500 and 623 um

Phloem between 280 and 400 um Phloem between 280 and 350 um
from cortex (similar to tomato)

Phloem between 150 and
from cortex from cortex

300 um from cortex



Where are the sugars?
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Where are the sugars?




Where are the sugars?

APICAL SECTION BASAL SECTION




Where are the sugars?

DW)

Sugar content (g/100g
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* Plant traits
— Overview of plant traits and their importance
— Leaf and whole-plant economics spectrum
— Hydraulic traits and their impact on water use
— Trait correlations and their drivers

* Implications for agricultural practices and
sustainability

* (Examples of key traits methods)
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Increase in drought intensity (0)

Queniew of plant thaits and theiv impottance

Changes in 10-year soil moisture drought in drying regions

(a) Drought intensity (b) Drought frequency (c) Drying regions
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Quesiews o} plant tuaits and theiv t
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Quewiew of plant thaits and theiv imperttonce
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Understand plant response to drought




Queniew of plant thaits and theiv impottance

Trait-based approach

lerms

Definitions

Individual level:
Crverall definitions:
e lrait

¢ Attribute

« Functional trait

« Performance trait
[nteractions with environment:
& Eesponse trait

» Ecological performance

« Effect trait
Fopulation, community and ecosystem levels:

« Demographic parameter

« Community or ecosystem property
« Community functional parameter

-

Any morphological, physiological or phenological feature measurable at the
individual level, from the cell to the whole-organism level, without reference
to the environment or any other level of organization.

Value or modality taken by a trait at a point of an emironmental gradient.
Any trait which impacts fitness indirectly via its effects on growth,
reproduction and survival.

Direct measure of fitness. [n plants, only three types of performance traits are
recognized: vegetative hiomass, reproductive output (e.g. seed hiomass, seed
number), plant survival.

Any trait the attribute of which varies in response to changes in environmental
conditions.

Response of the whole-organism performance, assessed by one or more
performance traits (maximum, mean or variance), to an environmental
gradient.

Any trait which reflects the effects of a plant on environmental conditions;
community o ecosystem properties.

Population feature which directly conditions the finite rate of increase (&) of the
population: age- or stage-specific rates of survival, reproduction, growth,

development.
Any feature or process measured at the community or ecosystem level
Any feature resulting from the community-aggregation of functional traits

Violle et al. (2007)



Level of organization § Challenge of inforesi
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Quewiew ¢ plont tuaits: and theiv impettance

Examples of traits

4= = = Feogphysziclogical traits

e e owm wm | jfie-history traits

A== == = = Oemographic traits

4= == == = = = Response traits

dm o mm oo owm Fffect traits

Violle et al. (2007)



Queniew of plant thaits and theiv impottance

Level of organization § Challenge of inforesi Imherernt componenits Examples of traits

Gronwth 4= = = Feogphysziclogical traits
Individial Fecundity
Survival w= = == == = | jfe-history traits
||
Yield

Violle et al. (2007)
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Leaf Economics Spectrum (LES): LES links leaf traits that relate
to costs of construction, nutrient content, and carbon fixation
rates, providing insight into plant resource use strategies.

-

Agure 3 LMA 25 2 lunction of MAT and MAR at the study Sles (daia ke 2370 species

o 163 ses: rainlal and LMA are ogq-Scalod). The cooflicen®s lor MAT and 109
rainfall were highly significant in @ mulliple regression (both £ < 0.0001; hather details
gven 0 Supplementary Information).

Wright et al. (2004)



‘Ceal and whele-planl econemics spectuum

Whole-Plant Economics Spectrum: This expands on LES by incorporating traits
related to water, carbon, and nutrient use throughout the plant.
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‘Ceal and whele-planl econemics spectuum

Whole-Plant Economics Spectrum: This expands on LES by incorporating traits
related to water, carbon, and nutrient use throughout the plant.
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Hydraulic Traits are crucial for understanding plant water use and response to drought.

Table 1. The symbol, definition, and functional significance of the drought tolerance traits and the environmental water supply and
general plant water status variables

Symbal Definition n Significance

P Water potential Potential energy of water; a thermodynamically explicit and
scalable index of water status

Yot Porans oot WY, of the leaf, stem, and root Index of hydration and the demand for water of each organ

Bulk leaf turgor loss point, the ¥+ where 2BS Point at which, on average, leaf cells lose turgor and the leaf

turgor potential =0 wilts (7}

gs Py W eat 8t 50% loss of stomatal conductance 44 Yy 3t 50% loss is a standard and, thus, comparable measure
of drought tolerance across physiological processes (6)

ge Pas Wioaf 8t 95% loss of stomatal conductance 44 Approximates the maximum [eaf water stress a plant can
tolerate while maintaining gas exchange and C uptake

Kiear Yo Yoot At 50% loss of leaf conductivity 117 Hydraulic traits measure drought impacts on the water

supply for transpiration, which limits gas exchange and
C uptake (17). Leat water supply is hypothesized to be the
most direct hydraulic constraint on transpiration (8)

Koom Pz W, tem at 12% loss of stem conductivity 208 Early declines in stem water supply are expected to impact
gas exchange and C uptake more directly than later
declines (10}
Ko om Pag Y, tem at 30% loss of stem conductivity 286 Hypothesized to correspond closely to the maximum water
stress plants tolerate in natural conditions (4)
K om Pag WP tem at BB% loss of stem conductivity 204 Hypothesized to be the point of irreversible xylem
damage (18)
Koot Tro W oot At 50% loss of root conductivity 44 Roots are hypothesized to be the “weakest link" (least tolerant
organ), limiting tolerance of the entire hydraulic system (45)
Plant ¥ .ihai W o 8t plant death; here, the ¥ ¢ at 15 Integrates physiological and metabolic drought responses and
which all leaves show tissue damage recovery and directly links drought to performance (11)
¥ min, ato, Pmin, Fo Seasonal minimum water potential (Fmin), 174 Midday measurements quantify the strongest water stress the
the most negative W)+ measured in the leaves experience in a typical year, whereas predawn
growing season at predawn {PD) or measurements characterize the most negative soil water
midday (MD) potential (13)

i is the number of species compiled for each trait. All units are MPa.

Bartlett et al. (2016)
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Hv seems to play a central role linking C through the different allocation of sapwood and
leaf area which would influence the functional capacity to supply water through the
sapwood and lose it through the leaves
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Hydnoudic thaits: Hubev value

Water related traits

Carbon related traits
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Hydnoaulic thaits: Hubev value
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Drought tolerance traits can be correlated across species because of:

* functional coordination, such as mechanistic linkages

* concerted convergence, non-coordinated evolution of traits driven by drought stress,
i.e., coselection by the environment, wherein traits are directionally but independently

selected by water supply to optimize overall plant function

* shared ancestry

Bartlett et al., 2016



Tuait conelations and theiv druivens

*  Functional coordination

PCA - Biplot
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5 Coordinated function: SLA components, leaf
density and leaf saturated water content,
-3 -2 -1 have been demonstrated to affect TLP §

(Nadal et al. 2023)



Tuait covelations and theiv duivens

Concerted convergence

PCA - Biplot
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Twait covtelations and theinv drivens

Functional coordination
Concerted convergence
Shared ancestry
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Tuwait conelations and theiv druivens

*  Functional coordination
e Concerted convergence
* Shared ancestry

SLA VI

m—_ [T | Puica granatum
Citries ¥ paradis! Cifris ¥ parais
Cifrus shnensis Cifruz shnsnss
afrues oo Cifrug hman

Oea europses CNea eLrpaes
Wilis vinifera —— A0 ifer2
3 Prumurs persica —[ Primirs persica

A Pranus duicie

; Prunus smenace
Pagel's & = 0.9B7 Pagel's A = 0.B51

F-value < 0.001 Prunus domestics P-valee = 0.015

0.0049 trait value 9.0173 - d
e 0.021 traitvalua 9.116
lengis}025 length=0.025



Tmplicatiens (ov agriculiwvald
pruclices and sustainability??



Why studying thaits in crep species?

More resitant to water stress

Stem P50 (MPa)
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Crop species largely selected for
reproductive traits

Not for vegetative physiology traits
that determine plant response to

Less studied: current and future
climate conditions?
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o
v

‘wood/shrubland

subtrop'l desert
temp. grassiand/desert

- herb.; otherwise woody

McCulloh et al. (2019)
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Wiy studying fuit tees?

Fruit trees are specially vulnerable to water deficit and high temperatures:
- Long crop life

- Long vegetative season

- Product depends on water availabilty




Tmplicatiens fev agricultunal practices and
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1 o= Leaf area density ] Stomata lengh

2 'E Leaf area index E Stomata width

3 :.; Huber value E Stomatal density upper
4 { Shoot growth rate E Stomatal density lower
5 Leaf growth rate e Stomatal ratio {up/low)
6 v

7

3

9 EWC wood ] £m, max

10 Vessel density*® E Vcmax,25

11 - esce| diameter* @ Jmax,25

12 -lé Vessel length® f.; Rd,25

13 - Twigs P50

14 'E Twigs P12 3 Sm (gm)

15 = wigs Kmax (l=af area s Sc (gm)

16 = cell wall thickness [gm)
17 LITUSe g-porou

18 T

19 Stomatal safety margin RWC, min, midday
20

21
22 A
23 Leaf nitrogen
24 Leaf width
25| Leaf length
26 Leaf thickness Root length
27 Leaf absorbance upper Root area
28 Leaf transmitance upper Specific root length
29 Leaf reflectance upper Root mass fraction
30 = Leaf absorbance lower

31 E Leaf transmitance lower

32 - Leaf reflectance lower

33 = eaf vein density

(absence/presence of
bundle sheath

34 extensions)

35 Emax

36 Kleaf max

37 P50 Kleaf

38 Psi, min, midday

39

Framework for indexes used for irrigation management



Reaults. summaony

4 Hv For a given sapwood,

UvSLA small canopies with small

4 Anmax leaves but high acquisitive
leaves

Jvi Less vulnerable to water

stress

JHv
fs.A

U'An max

A Vi

For a given sapwood,
large canopies with big
leaves but low acquisitive
leaves

More vulnerable to
water stress
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ANATOMICAL FEATURES CALCULATED PHYSIOLOGICAL TRAITS
Leaf area \></ Specific leaf area

Leaf dry weight —

Leaf vein density
Stomata density l(
Stomata size /

S

Vessel frequenc

Huber value

/T oretical stomatal conductance

/

Vulnerability index

etical specific hydraulic cpnductivity

RELATED FUNCTIONAL TRAITS

Water potential at which 50% of hydraulic
conductivity is lost due to embolism (P50)

Xylem area

Average vessel diameter \ Maximum leaf hydraulic conductance







Tuwaits metheds: theonetical stomatol conductonce

Almond Lemon

Franks et al. (2009)

Tratamiento  Stomata length (L) Stomata width (W) Density of stomata (D) Stomata pore length (1) a S (stomatasize) a (fraction stomatal size) Bu,max 85 max

(nughero 2) (mm)

Almendro 202 20.1 317.31 450.59 0.704207177 --
Limonero 695 8.07 51.15 333.45 0.153393243 --
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Fixed in FAA (5% formaldehyde, 2.5% acetic acid, 50% ethanol).

Sections 15 um thick cut using a cryostat (Leica CM 1950)

Stained with a mix of safranin and astra blue (Gartner and Schweingruber, 2013) and
mounted in DPX.

Images were taken with a light microscope (OLYMPUS BX61)
Vessels area in branch transect measured using Fiji (Schindelin et al. 2012)

Calculation of Ks (kg m-1 s-1 MPa-1) was determined using the Hagen—Poiseuille
equation (Tyree and Ewers, 1991):

Ks = (12817A) Xi-

p and n are the density and viscosity of water at 20 °C (998.2 kg m—3 and 1.002 10-9
MPa*s, respectively), A is the area of the transect, and d is the equivalent diameter of
every vessel within the transect.



Fixed in FAA (5% formaldehyde, 2.5% acetic acid, 50% ethanol).

Sections 15 um thick cut using a cryostat (Leica CM 1950)

Stained with a mix of safranin and astra blue (Gartner and Schweingruber, 2013) and
mounted in DPX.

Images were taken with a light microscope (OLYMPUS BX61)
Vessels area in branch transect measured using Fiji (Schindelin et al. 2012)

The vulnerability index (mm-2; Carlquist, 1977) is an estimation of the ability of a plant
to resist cavitation and it is calculated as:

average vessel diameter

vessel frequency
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Tuails metheds: leaf hydnaulic conductonce

Hydraulic related traits:
- Leaf vein density

Minor VLA (rom mim-2)

The hydraulic theory
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Scoffoni et al. (2016)
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Reservorio agua Capllar Transductor de presion  Hoja Weal

K . Flujo (mmeol/s)
leaf = ((Potencial hidrico foliar (MPa)—AP (MPa))+Area (m?))

Scoffoni et al. (2012)
Blackman et al. (2010)
Hernandez-Santana et al. (2016)
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Increase in drought intensity (0)

Climate chonge dcenauio

Changes in 10-year soil moisture drought in drying regions

(a) Drought intensity (b) Drought frequency (c) Drying regions
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Climate chonge scenauio

21%
in 1958 10.9 Billion
in 2100

sk World population growth, 1700-2100
—/\_Annual growth rate of the world population
__Mworla population

9.7 Billion
in 2060

820M people go
to bed hungry

8,000,000 M in 2022

2.5 Billion

in 19560

2 Billion
in 1928

1 billion
in 1803
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| Projection
\ (UN Mectuam Fertmny Varang
Data sources: Our Worid in Data based on HYDE, UN, and UN Pepulation Division {2018 Re ) .
This Is a visualization from CurWoridinData.org, where you find data and research on bow the warld is changing Licensed under CC-BY by rathor Max Roser
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Twigation te impreve productivity

Climate
change

ater availability is t
ajor limitation for cro
productivity

imit the productivity
of more than half of
cultivated land in the
next 50 years

editerrane
agrarian
systems:
disequilibrium
between water
needs and






Measuring
plant water use
&
Scaling from
leaves to
ecosystems/
orchards

Cavaleri & Sack, 2010

Leaf scale

FPlant scale

Stomatal conductance (g,)
Infrared gas anzslysis or steady-state Efusion poromssiry

Photosynthetic capacity (A__ )
Infrared gas analysis

Instantaneous water use efficiency (A/E)

Infrared gas analysis " “‘
Intrinsic water use efficiency (3'*C) -
Siable G isotope composition with mass apeciromestry L]
Predawn and midday leaf water potential (W, %) L
Pressure chamber -
]
&
L 4

Peak and total daily sap flow per unit sapwood area
Heat balance collars o heat dissipation sap flow probes

Peak and iotal daily sap flow per unit leaf area
Heal balance colfars o heal dissipation sap low probes r

Total daily sap flow per plant
Heat balance collars or heat cissipation sap flow probes

Total daily sap flow per unit ground area
Heat balance collars or heat dissipation sap flow probes

Evapolranspiration per unil ground area:
transpiration + Interception + soil evaporation (ET)
Eddy covariance or angrgy balance o infrarad gas analysis




How to determine the amount of water used by
a whole plant?

e

Transpiration:

Soil-plant-atmosphere continuum

We could measure:

- Moisture loss from the soil

- Liquid flow through the stem
- Vapor loss to the atmosphere



How to determine the amount of water used by
a whole plant?

* Direct techniques:
o Weighing lysimeters
o Ventilated chambers
o Potometers

What about larger plants?
And less intrusive methods?

* |Indirect techniques:
o Chemical tracers, Radio and stable isotopes
o Thermal tracers (energy balance,
heat dissipation, heat-pulse)




Using heat as a tracer of sap movement

e Stream water flow analogy

2. Use dye or chemical tracer (salt)
for dilution pattern as a measure
of mass flow [M T-1]

(equivalent to L3 T1)




() ...strictly speaking...physics

* FLOW = matter, heat or momentum that is in motion

 FLUX = amount of something passing through a given surface
per unit of time [L3 T or M T-]

(integral of flux density over a finite surface) -

 FLUX DENSITY = flux per unit of surface [L3 L2 T]
numerically equivalent to L T (units of velocity)

Velocity, and flux density, are vectors
(scalar + direction)

Lemeur R, Fernandez JE, Steppe K. 2009. Symbols, Sl units and physical quantities within the
scope of sap flow studies. Acta Horticulturae 846: 21-32
http://prometheuswiki.publish.csiro.au/tiki-index.php?page=Sap+flow#tsthash.YTSbwwbp.dpuf



Using heat as a tracer of sap movement

* Simple in practice but complex theoretically:
sap flows through a porous medium

l"

Sap transport:
convection as mass flow

convection as mass flow
(w flowing sap) &
conduction through sap +
stationary tissue

Xylem vessels of Euca/yptus marginata



Three main types of thermometric methods

~ 1. Pulsed heat methods (HPV) Huber (1932) and Marshall (1958)

e Compensation Heat Pulse (CHPM) Huber & schmidt (1937)

Cohen’s HP method or T-Max Cohen et al. (1981)
Green’s HPV system Green (1998)
Calibrated Average Gradient Testiand Villalobos (2009)

¢ Heat Ratio Method (HRM) Burgess et al. (2001)

2. Constant heat methods
 Q@Granier’s or Heat Dissipation (HD) Granier (1985)
e Heat Field Deformation (HFD) Nadezhdina et al. (1998)

3. Heat balance methods Vieweg and Ziegler (1960) and Daum (1967)
 Stem Heat Balance (SHB) sakuratani (1981)

 Trunk Sector Heat Balance (THB) c¢ermak et al. (1973, 2004) and
Kucera et al. (1977)



HFD

Sap velocity methods

Line heat scurce

A
|

Thermocauple junction
|

|
Y

D

-
Do
e

junction

HPV

Downstream needle

Thermistor

i

Upstream needie

Direction of
sap flow

1

v

!

Sapwood Bark + Cambium

Steppe et al. 2010
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Method Probes Primary Solves Main limitations
measurement for
HD or Internal linear temp diff J Continuous heat.
Granier’s Td w Heater, between T [L3L2 h'l]  Empirical coefficients applied for all
Tu probes for probe species; calibration mandatory.
length Sensitive to external temp gradients.
HFD  Internal linear ratios oftemp J, Continuous heat.
2 Taxial (sym), differences [L3L2 h1]  J, not integrated across sapwood.
1 Ttangential (dTsym and at a point

(asym), Heater dTas)

A- Thermocouple #1
B- Heater
C-Reference Thermocouple




Method

CHPM

Downstream
temperature
probes
HREM
CHPM

Heater
probe

Upstream
temperature
probe

Probes Primary

measurement

time when
Tu-Td=0
after a HP

Internal linear
Tu, Td, Heater
Asymmetrical

Internal linear
Tu, Td, Heater
Symmetrical

ratio of temp
differences
after a HP

Thgnnn:-._cnuple
Juncions downstream
| |
] !
i 1 E— —
X, Ix Sap flow
. |[FAE i
, ) T Upstream
Bark + cambium ‘ Heartwood

Sapwood Centre of stem

Solves
for

v,, [Lh1]
at a point

v, [Lh1]
at a point

Main limitations

Not good for low flows (<5 cm h1), but
algorithm developed: CAG.
v,, hot integrated across sapwood.

Not good for high flows (>50 cm h-1),
but algorithm recently developed.
v, not integrated across sapwood.

1.5

12 1

08 —

06

Temperature increase ((C)

0.3 1

0.0

- v, (HRM)

¥ (Common)

v, (CHPM)

50 100 150 200 250 300
Time after release of heat pulse (s)
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BIAS AND UNCERTAINTY

Mean accuracy
£ CHP 4
@ #» W < — 2 10000] 500
. 4 £ ' 400
‘ ‘ < 75001
2000 - / 300
- 5000
[ ] : 200
Proportional bias 4000
—~ 2500
< 100
(=
]
£
9 Y 0 0
% c 4000 8000 12000 0 2500 5000 7500 10000 Q0 100 200 300 400 500
i = “ g -E i HFD 60001, ,SHB < 200004
& 150 : #
o
L
= ’ 1 15000
. p @ 2 2 4000
Linearity 2 oo >’
¥ < 10000
7’ o
" 4
50 K 2000 - .
” s 5000
' . AL
' SE , ok
N ol =
. e . - - i
] 50 100 150 [1} 2000 4000 6000 0 5000 10000 15000 2000C
Reference sap flow (cm3 h"1)
Precision i
= Alarcon el al, 2005 ~=Cohen et al, 1898 = Gutierrez-soto et al. 2012 Lu and Chacko 1998 = +Smith et al. 1995
~—— Ballester st al 2011 —— Dragoni et al. 2005 — Gutierrez et al. 1984 *Madurapperuma st al. 2009~ - Sperling et al. 2012
~— Barret et al. 1995 = Dye et al. 1896 - Hatton et al. 1895 Montague et al. 2006 = +Sun etal. 2012
—— Bleby et al. 2004 ——Fernandez el al. 1999 = <Heilman et al. 1990 ~ +Nadezhdina et al. 1998 ~— -Swanson & Whitfield 1981
Braun and Schmid 1989~ Fernandez et al. 2006 =~ Intrgliolo et al. 2009 = - Nortes et al. 2002 =~ +Urbanetal. 2012
+ ~ Burgess et al. 2001 =~ (Sonzalez-Aliozano et al. 1998 ~ 'Johan Uddling et al. 2009 =~ +Prendergast et al. 2007 = +Vellame et al. 2010
Caspari el al. 1893 - Green et al. 1088 =~ +Lu 2002 ~ +Shackel et al. 1892
CHP Tmax HR HFD SHB TD TID Flo et al. 2019

Method



BIAS AND UNCERTAINTY: SOLUTIONS

(a) (b) /" \

Downstream axial
measurement needle

(x1,0)
@ .

[ Heater e 8
©00) ' _~
- am ...

00y3)

| Tangential — 17 | g
| measurement 7
(x20) g needle | 74 :

Upstream axial
measurement

needle \ /

Sapflow+: a four-needle heat-pulse sap flow sensor
enabling nonempirical sap flux density and water
content measurements

Vandegehuchte and Kathy Steppe, 2012



BIAS AND UNCERTAINTY: SOLUTIONS

20 0.8

—O—— Compensation method
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Burgess et al. 2001



HRM estimate of sap velocity /[cm h™]

% discarded points (estimated &, < 0) /%

BIAS AND UNCERTAINTY: SOLUTIONS

80

—8— HRM estimate
—-A— % discarded

14

60 -

0 20 40 60

true sap velocity /[cm h™']

Deng et al. 2021

80

Principles of the DRM

To alleviate the negative bias of the HRM at high V, we propose a new method, the
DRM, that uses a three-step approach to estimate V. First, Vi, is estimated as in the
HRM. Second, an additional estimate of sap velocity (3, Eq. (6)) is computed using
the temperature rises at Probes #2 and #3, where Probe #3 is located downstream to
Probe #2 at the same distance as Probe #2 is from Prabe #1 (so x3 = 3x3):

_ 2k 83\  xotzg
V= Ty — T2 ]n [‘5_2) N at - (©)

The third step is to choose between the two estimates of velocity (V33 and Va3) to give
a single, final estimate of V (Vpgry). On the grounds that measurements with less
uncertainty are intrinsically preferable to those with greater uncertainty, we chose
Vbrai as the value with the smaller intrinsic measurement uncertainty (12 Or 23):

Via o <om

VDRM = .
DRM {Vza if e (7
where o135 and #3 depend on the standard deviation of random noise for temperature
sensors (or) and on the estimated temperature rises at each probe (64, 6; and 43), as

follows:




BIAS AND UNCERTAINTY: SOLUTIONS

(@)

11/02 12/02 13/02 14/02 15/02 16/02

1 20 ¥ T J ‘ o ‘
ysimetry

(b) DRM

O HRM

O CHPM

Tmax

14/04 15/04 16/04 17/04 18/04 19/04
80 T T T T

28/04 29/04 30/04 01/05 02/05 03/05

Deng et al. 2021



BIAS AND UNCERTAINTY: SOLUTIONS

(A) (B) () (D)

& Wi 0 MPa é Weain 0 MPa & W,,.. 0 MPa
Flow Flow Flow Flow

direction  y,_.-2.5 MPa direction . -15MPa direction  y,_..-1.0 MPa direction g, 0.5 MPa

Wyem-20MPa W, -1.0 MPa

-2.0 MPa -0.5 MPa

-1.5 MPa ﬁ

= Wioor ~1.5 MPa B W oot Wroot ~1.5 MPa = W oot =0.5 MPa
wso” _1.0 MPa Wso“ —0-9 MPa Wso“ —0‘8 MPa wsoil _0.7 MPa
Trends in Plant Science

Schreel et al. 2020
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FROM SENSOR TO TREE

e SOURCES OF VARIABILITY AT TREE LEVEL?
— Height
— Radial variability

— Circumferential variability




FROM SENSOR TO TREE

e SOURCES OF VARIABILITY AT TREE LEVEL?
— Height
— Radial variability
— Circumferential variability

L=y

Ve,

Scaling from single-point sap velocity measurements to stand
transpiration in a multispecies deciduous forest: uncertainty
sources, stand structure effect, and future scenarios

Virginia Hernandez-Santana, Adan Hernandez-Hernandez, Matthew A. Vadeboncoeur,
and Heidi Asbjornsen



FROM SFENSOR TO TRFF
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FROM SENSOR TO TREE

* HOW TO GO FROM SENSOR TO TREE?
&— UNITS?

Qs=Js*As (Sap flux=sap flux density * sapwood area)

UNITS?

MTY(orB3TY)=1L3L2T1 * L7

ex. cm3 s, m3 ht, kg day




FROM SENSOR TO TREE

* HOW TO GO FROM SENSOR TO TREE?
&— UNITS?

Qs=Js*As (Sap flux=sap flux density * sapwood area)
o BUT WHAT IF WE I\/IEASURE AT DIFFERENT DEPTHS?

¥
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e Pausch et al. 2000 N e
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FROM SENSOR TO TREE

Pressler
increment borer: &
different color or &
translucency

Dye




Sapwood depth (cm)

(65}
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FROM SENSOR TO TREE

y = 0.3009x0-:8921

American Beech R? = 0.7616
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FROM TREE TO STAND

o HOMOGENEOUS STAND (IVIONOSPECIFIC SAIVIE SIZE)

o AGRICULTURAL STAND 2
T=Qs*StandDensity
T=Qs*StandDensity/LAl —leaf area basis

LT (orB3L2TY)=L3T1* L]

o HETEROGENEOUS STAND (MULTISPECIFIC, DIFFERENT SIZE)
T=(Qs*StandDensity) species i, sizej




FROM TREE TO STAND

Stand-scale transpiration (T, mm h™') can be
calculated for stands using stand inventories in
smaller plots of each stand.

Unsampled species/individuals to estimate
stand-scale T: sapwood area and J, of studied
species within the same stand having the most
similar DBH range.



FROM TREE TO STAND

Scaling water fluxes requires an appropriate
sampling design to effectively capture stand
structure and spatial distribution associated with
trees of differing size, dimension, canopy position,
leaf area and species (Kostner et al. 1998).

- R R
5 B




Practical exercises

* Excercisel: HEAT PULSE VELOCITY.



The compensation heat-pulse method
(Green and Clothier, 1988)
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Sap flow readings




Fundamentals of the CHP method when using a HPV
system

CHP: compensation heat pulse

HPV: heat pulse velocity

The CHP method measures the time required for a temperature difference between
sensors to return to zero following a heat pulse input.

We used the CHP method to estimate sap flux in the stem

We are going to see the HPV system of Green et al. (2003)

Theory and Practical Application of Heat Pulse to Measure Sap Flow

Steve Green,* Brent Clothier, and Bryan Jardine

Published in Agron. J. 95:1371-1379 (2003).
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The CHP method measures the time

required for a temperature difference
between sensors to return to zero

following a heat pulse input.

v

T(°C)

Ty=T, at t,

|

the cross-over time
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The HPV must be corrected to account for the probe-induced effects of
wounding and the thermal heterogeneity introduced by the probes

100
80 — Wound width
= 60+
.,
E
L,
S 40 -
g
n
| . N
B : RN
“1 ﬁﬁﬂ%fal“‘
1%
Y e —.—,—,—,———
0 20 40 60 80 100

Vi [em/h]

Fig. 3. Influence of wound width (mm) on the relationship between
measured heat pulse velocity (Vz) and the actual heat pulse velocity
(Vy). This relationship was determined using a numerical model of
heat and mass flow through a 2-d slab of wet wood. The temperature
probes are Teflon, and the heater is stainless steel.

_ Xq+ Xy
2

— 2



The HPV must be corrected to account for the probe-induced effects of
wounding and the thermal heterogeneity introduced by the probes

V

_Xd+Xu

2L,

Green, 1988

Where a,, a;, a, are the correction factors that depend on the probe

size, spacing and material composition

Table 1. Correction factors for the compensation method using
1.6-mm-diam. probes placed at a distance of xy = —5 mm
10 mm downstream from the heater.

upstream and xj

- 2
V.=a,+a, V,+a,V,

Green, 2003

Wound width

Coefficients in Eq. [7]

ay

ay

ay

mim

1.6
1.8
2.0
2.2
24
2.6
2.8
3.0
3.2
34

—5.48E—-01
—4.26E—01
—9.63E—02
L.31E—01
3.94E—-01
8.36E—01
1.51IE+00
1.79E+00
2.31E+00
2.86E+00

1.33E+00
1.31E+00
1.24E+00
L.I9E+00
LI2ZE+00
9.98E—01
791E—-01
6.86E—01
5.02E-01
2.71E-01

4.00E—-02
4.94E-02
6.34E—02
7.36E—02
8.78E—02
1.07E—-01
1.32E—-01
1.52E—-01
1.78E—01
2.11E-01




From the corrected HPV we can infer the sap flux density:

J = (0.505Fy + FL)V.

/

Factor related to the thermal properties of the wood matrix

(others use 0.441)
Where F,, and F  are the volume fractions of wood and water, respectively.

The volumetric sap flux (Q), can be determined by integrating
the measured sap flux density profile over the area of conducting
Sapwood.



Practical exercises

e Excercise2: STEM HEAT BALANCE.



How Dynagage Works

Qf = Pin-Qr-qu -qd ' Plant

Foam
Insulation

Stem

flow

dT (C)




Energy Balance Sapflow Equation

F = (Pin - Qv - Qr)/Cp*dT

eWhere:

e F = Flow rate per unit of time

e Pin = Power supplied in watts

e Qv = Vertical or Axial conduction

e Qr = Radial heat Conduction

e Cp = Specific heat of water (4.186 J/g*C)
e dT = Temperature increase in sap



Sheath Conductance

e Qr = Ksh (W/mV) * Ch (mV)
e KSH is determined by a Zero Set.

e As the radius of the cylinder affects the thermal conduction rate, the
thermal conductance constant for a particular gage installation or Ksh must
be calculated to produce accurate readings.

e Min KSH is the minimum level of Sheath Conductance when Radial Heat

loss signal (Ch) is at it’s maximum when the plant is not transpiring between
2:00am - 5:00am . Since Ksh = [Pin - Qv] (W) / Ch (W/mV), if Qf=0.

e This minimum KSH is then used as a zero set to find the equivalent zero
flow rate, pre-dawn, and the correct Qr at any later time.
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To evaluate the temporal evolution of plant water consumption and to derive
canopy conductance and photosynthetic assimilation.

To establish relationships between these variables and water in the soil and
meteorological variables to develop a predictive model of the plant's
photosynthetic activity and therefore of production
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Consumo de agua diario (L dl'a'l)
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Area foliar/ pampano (m2)
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Consumo de agua diario (L m™AF dia™)
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Comparison of ecohydrological function of prairie
species (C4 grass, C3 forb) and corn (C4 crop)

during a wet year

Vilma Mateos, H. Asbjornsen, T. Sauer, J. Tarara, D. Meek
22"d North American Prairie Conference, August 1-5, 2010

100% row 10% 10% 20% ! 100%
crops perennial perennial perennial perennial
toeslope strips strips
: Reference

Y e - = comn and bean row crops - =perennial vegetation i Site
3o ik : !

Perennial cover within agriculturally-dominated
landscapes to reduce runoff and erosion, etc.

Enhance transpiration to remove excess water?

Stem Heat Balance sap flow technique to compare
species-specific transpiration patterns.
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Agricultural and Forest Meteorology 218-219(2016) 92-101

T hgrir.uhl:unr!

Contents lists available at ScienceDirect an
Fores! Metaoralogy

Agricultural and Forest Meteorology

journal homepage: www.elsevier.com/locate/agrformet

The dynamics of radial sap flux density reflects changes in stomatal
conductance in response to soil and air water deficit

V. Hernandez-Santana?, |.E. Fernandez?, C.M. Rodriguez-Dominguez®?, R. Romero?,
A. Diaz-Espejo?*

Agricultural and Forest Meteorology 256257 (2018) 458469

Contents lists available at ScienceDirect : Ag”.g:::imml
Fores! Metearology
Agricultural and Forest Meteorology ; '
ELSEVI] 1 journal homepage: www.elsevier.com/locate/agrformet
Relationships between fruit growth and oil accumulation with simulated | M)
seasonal dynamics of leaf gas exchange in the olive tree o

V. Hemandez-Santana®, R.D.M. Fernandes®, A. Perez-Arcoiza®, J.E. Fernandez?, J.M. Garcia®,
A. Diaz-Espejo™"



Problem addressed

Climate is changing.
3 Food and agriculture must too.

Deficit irrigation
strategies

Increasing population More resilient =——>
demanding more food agricultural

:D: —5 Systems less

dependant on

Conservation of our rainfall

scarce water resources

CLEANWATER CLIMATE
13.#.!".—]![]!1

FOOD and
AGRICULTURE
n the 2030
AGENDA
to Life




Water stress indicator

Wiater loss trom storata and cuticles
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http://www.csic.es/

At the crossroad of water and carbon fluxes

stomatal pore

glucose (CsHi20s)

McDowell et al. (2019)

“CSIC
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The importance for crops

9s

gs Da LA= Eplant

g stomatal conductance

D ,: vapor pressure deficit
LA: |leaf area
E1an¢: Plant transpiration

“CSIC
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Problem addressed

Some sensor characteristics:

- Sensitive and indicative of plant
water status

- Related to plant water use and,
importantly, to yield through its
influence on photosynthesis

- Easy to interpret, physiological
meaning

- Able to be measured
continuously and automatically



Problem addressed

Some sensor characteristics:

\/Sensitive and indicative of plant
water status

/Related to plant water use and,
importantly, to yield through its
influence on photosynthesis

/Easy to interpret, physiological
meaning

)( Able to be measured
continuously and automatically



fol
@@ HYPOTHESIS: the relationship and the meaningbetween irrigation and yield is similar to the
relationship between stomatal conductance and photosynthesis.

THUS, we can use stomatal conductance and photosynthesis to manage irrigation in a
sustainable manner in crops
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OBJECTIVE

Simular conductancia estomatica en continuo a través de sensores en planta y variables meteorolégicas faciles de medir

Evaporation

Sap flow g, X Js / D

sensors

g, : stomatal conductance
J;: sap flux density

D: vapor pressure deficit
A: Leaf area

E: transpiration

McElrone et al. (2013)

Xylem

i
Q
=
C
i
—
-
-
.
i
- Water transport

65



RESULTS

To simulate stomatal conductance in a continuos manner through plant sensors and meteorological
variables easy to measure
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Hernandez-Santana et al. 2016



OBJECTIVE

To model photosythesis in a continuos manner to quantify its effect over vegetative and
reproductive growth

.‘-. ':\‘,.- :} v Q&}Q OO%
X TRt | (0,uptake
Lx 2
« AR O
s :' v Evaporation
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source
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Phloem

Jaime Sebastidn
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Carbohydrate
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Sap flow sensors

Stomatal
conductance

Farquhar et al. model

ﬂhotosynthesis



RESULTS

To model photosythesis in a continuos manner to quantify its effect over vegetative and
reproductive growth

Leaf area (m*tree™)
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Hernandez-Santana et al. 2018



Vegetative growth

{"3%} HYPOTHESIS:

Yield (fruits)

THUS, we can use stomatal conductance and photosynthesis to manage irrigation in a
sustainable manner in crops

v

Irrigation / ET

Photosynthesis rate {pmol m2 5'1)
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the relationship and the meaningbetween irrigation and yield is similar to the
relationship between stomatal conductance and photosynthesis.
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* Basic concepts

* Experimental design in agriculture

* Some practice



BASIC CONCEPTS

* DATA ORGANIZATION
* DESCRIPTIVE STATISTICS

* INFERENTIAL STATISTICS



BASIC CONCEPTS: VARIABLE TYPES

Data.
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BASIC CONCEPTS: DATA ORGANIZATION

) e & > Ejemplo datos grupo = Guardado en Este PC £ Buscar

@ sutoguardado (@

rchivo Inicio Insertar  Disposicion de pagina  Formulas  Datos  Revisar Vista Ayuda  Acrobat

ﬁ & [Caibri A A

AR 25, Ajustar texto |_Genera| ~| ﬁ % @ @ ﬁg( @ 2 Autosuma E? p

G

T _ ) j -
Pegar N K S - . ﬁ . = | Combinary centrar  ~ ‘ 05~ % om <0 g0 FU_meEtU Darformato Estilos de  Insertar Eliminar Formato Or.denary Bus.car}r Complementos
- & —_— condicional ~ comotabla~  celda ~ - - - & Borrar v filtrar ~  seleccionar ~
Portapapeles M Fuente ] Alineacidn ] Mimera ] Estilos Celdas Edicidn Complementos
C8 ~ | fx 1. En este archivo se guardan los datos brutos limpios (listos para analizar) de toda una campafa
A B C D

1. En este archivo se guardan los datos brutos limpios (listos para analizar) de toda una campafia
2. Primero rellena las areas naranjas en la pestafia de metadatos.
2.1 Indica el nombre del proyecto y de la finca en los campos correspondientes
2.2 Escribe tu nombre y las variables que vas a rellenar
2.3 Indica el nombre y la descripcion de los tratamientos utilizados. IMPORTANTE. Los nombres deben ser simples y los mismos en todas las pestafias
2.3 En el campo "Varibles", anota la variable que vas a afiadir indicando un nombre simple, la descripcion de la variable, las unidades de medida y cualquier comentario que creas relevante sobre la medida

3. Introduce los datos de cada variable en una nueva pestafia

3.1 Crea una pestafia, nombrala con el nombre simple de la variable y pega TODAS las columnas de la pestaria "Variable"

3.2 Rellena todas las columnas siguiendo las referencias descritas en la pestafia de Metadatos, en caso de no utilizar todas las columnas, deja vacias las que no se apliguen a la variable introducida

3.3 Nombra la ultima columna *Variable* con el nombre simple de la variable a introducir y pega los valores de esa variable
4. Es MUY IMPORTANTE utilizar la misma nomenclatura en todas las pestafias, por lo que si ya se han afladido datos anteriormente, asegurate de que se utilizan los mismos nombres para los tratamientos, especie, localizacion, etc
5. Guarda el archivo utilizando el siguiente nombre genérico: ANO_PROYECTO_CAMPO/INVERNADERO .xlsx; E.g. 2022_RIEGAFRUIT_CAMPO.x|sx

R I e T L e e e B R

R T

< > Instrucciones  Metadatos ~ Variable LAl Licor TDV + .y



BASIC CONCEPTS: DATA ORGANIZATION

& Autoguardado :. :' =l - Ejemplo datos grupe « Guardadoe en Este PC v
wrchivo  Inicio  Insertar  Disposicién de pagina  Férmulas  Datos  Revisar \ista Ayuda  Acrobat
ﬁ'j & [Calibri A A A = v 2 pjustartedo |General
Pegar @ - : = = = = =
vg S N K 5 ~ v O A = = = |&= 2= Combinar y centrar  ~ Eg ~ % om

Portapapeles =
B31 v

A
Proyecto

£

il

Fuente = Alineacion Nimero

ID de la subreplica; E.g. 1

ECOLIMA

Finca

Sanabria

' |Responsable datos (variables)
Menganito An, gs
| |Fulanita LAI
0 Sebastian TDV
1
2 Tratamientos (Definicidn)
3 |Control 100% ETc irrigation
4 |FS40RDI 40% ETc RDI controlled with sap flow
5 |PT40RDI 40% ETc RDI controlled with turgor probes
6
7
8 Definiciones
9 |Proyecto Nombre del proyecto; E.g: Riegafruit
0 |Localizacion MNombre de la localizacion del estudio; £.g. Lo Hampa
1 |[Especie Mombre comun de la especie y variedad si es relevante; E.g. Olivo
2 |Variedad MNombre de la variedad; E.g. Arbeguina
3 | Tratamiento Nombre corto del tratamiento, como se define en el apartado superior; E.g. FS40RD!
4 |Tratamiento 2 En caso de haber combinacion de tratamientos, nombre del segundo tratamiento aplicado
5 |Parcela ID de la parcela o blogue; E.g. 1
6 |[Individuo ID del individuo; E.g. 1
7 Fecha Fecha de muestreo; E.g. 12/05/2023
3 DOY Dia del afio o dia juliano; E.g. 145
5 Hora Hora de muestreo; E.g. 14:30
0 |Replica ID de lareplica; E.g. 1
1 |Subreplica ID de la subreplica; E.g. 1
2 |*Variable* valor de la variable. Rellenar como indicado en la pestafia de instrucciones
3
1
5
fi

Instrucciones

Metadatos  variable LAl Licor TDV I

£ Buscar

- =

&

o B

> Autosuma  ~ !

Rellenar ~

P

0 00 Formato Darformato Estilosde  Insertar Eliminar Formato Ore
00 0 - ;
condicional ¥ comotabla~  celda~ ~ - ~ & Borrar ~ fil
[ Estilos Celdas Edicit
C D E F G
Variables
Nombre Variable Unidad Comentario
LAI Leaf Area Index m3/m3
An Fotosintesis neta pmaolm CO2 m-2s-1
gs Conductancia estomatica pmolm H20 m-2s-1
TDV Trunk diameter variation pm

<+ S



BASIC CONCEPTS: DATA ORGANIZATION

& Autoguardado :. :' = = Ejemplo datos grupo » Guardado en Este PC P Buscar
wchivo  Imicio  Insertar  Disposicién de pagina  Férmulas  Datos  Revisar  Vista  Ayuda  Acrobat
ﬁﬂ 4 |Calibri Yn LA A= | &~ 25 Ajustar texto | General .| = @ Ej & B B 2. Autosuma > :
E@ i - Rellenar +
Pegar N K § « I = = == 3= Combinar v centrar  ~ g ~ 9% om 0 00 Formato Darformato  Estilos de  Insertar Eliminar Formato Ore
- - - - - —I= = ! = o W20 condicional v como tablav  celda - - v & Borrar~ fil
Paortapapeles s Fuente [ Alineacidn = Mimero [ Estilos Celdas Edicit
B31 ~ fr ID de la subreplica; E.g. 1
| A B £ D E F G
Proyecto Variables
! ECOLIMA | Nombre Variable Unidad Comentario
i LAI Leaf Area Index m3/m3
Finca An Fotosintesis neta pmolm CO2 m-2s-1
i |Sanabria | gs Conductancia estomatica pmolm H20 m-2s-1
i TDV Trunk diameter variation pum
" |Responsable datos [variables)
Menganito An, gs
| Fulanita LAL
Sebastian TDV
Tratamientos [Definicidn)

Control 100% ETc irrigation

FS40RDI 40% ETc RDI controlled with sap flow

PT40RDI 40% ETc RDI controlled with turgor probes

Definiciones

Proyecto Nombre del proyecto; E.g: Riegafruit

Localizacion Mombre de la localizacion del estudio; E.g. Lo Hompa

Especie Mombre comun de la especie y variedad si es relevante; £.g. Olivo
Variedad Mombre de la variedad; E.g. Arbequina

Tratamiento Nombre corto del tratamiento, como se define en el apartado superior; E.g. FS40RDI

Tratamiento 2 En caso de haber combinacion de tratamientos, nombre del segundo tratamiento aplicado

[=TR= " R R R R =S R N T R T - B (= R [ T R S R e

Parcela |D de la parcela o blogue; E.g. 1
Individuo |D del individuo; E.g. 1
Fecha Fecha de muestreo; E.g. 12/05/2023
DOY Dia del afio o dia julianc; E.g. 145
Hora Hora de muestreo; E.g. 14:30
Replica D de la replica; E.g. 1

1 |Subreplica |D de la subreplica; E.g. 1

2 |*variable* Valor de la variable. Rellenar como indicado en la pestafia de instrucciones

3

4

5

f

Instrucciones ~ Metadatos  variable LAl Licor TDV
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BASIC CONCEPTS: DATA ORGANIZATION

u Autoguardado @ Z;' '(N = Ejemplo datos grupo = Guardado en Este PC ~ /D Buscar

irchivo Inicio  Insertar  Disposicién de pagina  Férmulas Datos  Revisar  Vista Ayuda  Acrobat
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- & - - - B com inary centrar = % 00 =0 ondicional v comotablav  celda > - - v &
Portapapeles M Fuente ] Alineacidn ] Mimero ] Estilos Celdas

A B = F G H K L M N
h e a d e r Proyecto  Finca-Localiz Especie  Variedad lratamientcratamiento Parcela  Individuo Hora Replica Subreplica An

2 Sanabria Clivo 1

OLIMA anabria Olivo ontro 05/05/20 g 8. 0.054
1 |ECOLIMA Sanabria Olivo Control 4 03/05/2013 129 5 10.4 0.113
3 |ECOLIMA Sanabria Olivo Control 4 09/05,/2013 129 3] 16.0 0.226
3 |[ECOLIMA Sanabria Olivo Control 7 09/05/2013 129 11 6.2 0.051
7 |ECOLIMA Sanabria Olivo Control 7 09/05/2013 129 12 5.3 0.029
3 |[ECOLIMA Sanabria Olivo Control 16 09/05/2013 129 23 5.0 0.040
3 |ECOLIMA Sanabria Olivo Control 16 09/05/2013 129 24 12.4 0.134
0 |[ECOLIMA Sanabria Clivo FS40RDI 3 09/05/2013 129 3 6.6 0.044
1 |ECOLIMA Sanabria Clivo FS40RDI 3 09/05/2013 129 4 4.5 0.035
2 |[ECOLIMA Sanabria Clivo FSA0RDI 5 09/05/2013 129 7 6.8 0.074
3 |ECOLIMA Sanabria Clivo FS40RDI 5 09/05/2013 129 8 9.7 0.088
A ECOLIMA Sanabria Clivo FSA0RDI 10 09/05/2013 129 17 7.4 0.060
5 |[ECOLIMA Sanabria Olivo FS40RDI 10 03/05/2013 129 18 6.6 0.0685
6 |ECOLIMA Sanabria Olivo FSAORDI 13 09/05/2013 129 21 3.0 0.031
7 |[ECOLIMA Sanabria Olivo FS40RDI 13 03/05/2013 129 22 10.3 0.099
8 |[ECOLIMA Sanabria alivo PT40RDI 6 09/05/2013 129 g 13.2 0.162
5 |[ECOLIMA Sanabria Olivo PT40RDI 6 03/05/2013 129 10 8.7 0.083
0 |ECOLIMA Sanabria alivo PT40RDI 8 09/05/2013 129 13 16.5 0.231
1 |[ECOLIMA Sanabria Clivo PT40RDI 8 03/05/2013 129 14 16.3 0.160
2 |[ECOLIMA Sanabria Olivo PT40RDI 9 09/05/2013 129 15 8.0 0.077
3 |[ECOLIMA Sanabria Olivo PT40RDI 9 03/05/2013 129 16 21.2 0.275
4 |ECOLIMA Sanabria Olivo PT40RDI 11 09/05,/2013 129 19 9.1 0.098
5 |[ECOLIMA Sanabria Olivo PT40RDI 11 03/05/2013 129 20 9.5 0.111
B8 |[ECOLIMA Sanabria Olivo Control 2 06,/06,/2013 157 1 9.2 0.077
7 |[ECOLIMA Sanabria Olivo Control 2 06/06/2013 157 2 6.2 0.055
8 |[ECOLIMA Sanabria Olivo Control 4 06/06/2013 157 5 8.1 0.092
5 ECOLIMA Sanabria Clivo Control 4 06/06/2013 157 1 7.1 0.109
0 ECOLIMA Sanabria Olivo Control 7 06/06/2013 157 11 6.3 0.098
1 |ECOLIMA Sanabria Clivo Control 7 06/06/2013 157 12 6.1 0.111
2 |[ECOLIMA Sanabria Clivo Control 16 06/06/2013 157 23 5.6 0.035
3 |ECOLIMA Sanabria Clivo Control 16 06/06/2013 157 24 11.4 0.149
4 ECOLIMA Sanabria Olivo FS40RDI 3 06/06/2013 157 3 7.9 0.097
5 ECOLIMA Sanabria Olivo FSAORDI 3 06/06/2013 157 a4 7.9 0.118
6 |[ECOLIMA Sanabria Olivo FS40RDI 5 06/06/2013 157 7 9.2 0.096
7 |ECOLIMA Sanabria Olivo FSAORDI 5 06/06/2013 157 8 7.9 0.119

< > Instrucciones ~ Metadatos ~ Variable LAl Licor  Tpy 4F I 4 CEE——



BASIC CONCEPTS: DATA ORGANIZATION

u Autoguardado @ Z;' '(N = Ejemplo datos grupo = Guardado en Este PC ~ /D Buscar

irchivo Inicio  Insertar  Disposicién de pagina  Férmulas Datos  Revisar  Vista Ayuda  Acrobat
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A B c D E F G H 1 J K L M O b servation
L |Proyecto  Finca-Localiz Especie Variedad lratamientcratamiento Parcela  Individuo Fecha DOY Hora Replica Subreplig An gs
2 |ECOLIMA Sanabria Clivo Control 2 03/05/2013 129 1 0.103
3 |ECOLIMA Sanabria Olivo Control 2 09/05/2013 129 2 0.054
1 |ECOLIMA Sanabria Olivo Control 4 03/05/2013 129 5 0.113
3 |ECOLIMA Sanabria Olivo Control 4 09/05,/2013 129 3] 0.226
3 |[ECOLIMA Sanabria Olivo Control 7 09/05/2013 129 11 . 0.051
7 |ECOLIMA Sanabria Olivo Control 7 09/05/2013 129 12 . 0.029
3 |[ECOLIMA Sanabria Olivo Control 16 09/05/2013 129 23 . 0.040
3 |ECOLIMA Sanabria Olivo Control 16 09/05/2013 129 24 0.134
0 |[ECOLIMA Sanabria Clivo FS40RDI 3 09/05/2013 129 3 . 0.044
1 |ECOLIMA Sanabria Clivo FS40RDI 3 09/05/2013 129 4 . 0.035
2 |[ECOLIMA Sanabria Clivo FSA0RDI 5 09/05/2013 129 7 0.074
3 |ECOLIMA Sanabria Clivo FS40RDI 5 09/05/2013 129 8 . 0.088
A ECOLIMA Sanabria Clivo FSA0RDI 10 09/05/2013 129 17 g 0.060
5 |[ECOLIMA Sanabria Olivo FS40RDI 10 03/05/2013 129 18 X 0.0685
6 |ECOLIMA Sanabria Olivo FSAORDI 13 09/05/2013 129 21 . 0.031
7 |[ECOLIMA Sanabria Olivo FS40RDI 13 03/05/2013 129 22 0.099
8 |[ECOLIMA Sanabria alivo PT40RDI 6 09/05/2013 129 g 0.162
5 |[ECOLIMA Sanabria Olivo PT40RDI 6 03/05/2013 129 10 . 0.083
0 |ECOLIMA Sanabria alivo PT40RDI 8 09/05/2013 129 13 0.231
1 |[ECOLIMA Sanabria Clivo PT40RDI 8 03/05/2013 129 14 0.160
2 |[ECOLIMA Sanabria Olivo PT40RDI 9 09/05/2013 129 15 A 0.077
3 |[ECOLIMA Sanabria Olivo PT40RDI 9 03/05/2013 129 16 0.275
4 |ECOLIMA Sanabria Olivo PT40RDI 11 09/05,/2013 129 19 5 0.098
5 |[ECOLIMA Sanabria Olivo PT40RDI 11 03/05/2013 129 20 . 0.111
B8 |[ECOLIMA Sanabria Olivo Control 2 06,/06,/2013 157 1 . 0.077
7 |[ECOLIMA Sanabria Olivo Control 2 06/06/2013 157 2 . 0.055
8 |[ECOLIMA Sanabria Olivo Control 4 06/06/2013 157 5 . 0.092
5 ECOLIMA Sanabria Clivo Control 4 06/06/2013 157 1 . 0.109
0 ECOLIMA Sanabria Olivo Control 7 06/06/2013 157 11 . 0.098
1 |ECOLIMA Sanabria Clivo Control 7 06/06/2013 157 12 . 0.111
2 |[ECOLIMA Sanabria Clivo Control 16 06/06/2013 157 23 X 0.035
3 |ECOLIMA Sanabria Clivo Control 16 06/06/2013 157 24 0.149
4 ECOLIMA Sanabria Olivo FS40RDI 3 06/06/2013 157 3 0.097
5 ECOLIMA Sanabria Olivo FSAORDI 3 06/06/2013 157 a4 0.118
6 |[ECOLIMA Sanabria Olivo FS40RDI 5 06/06/2013 157 7 0.096
7 |ECOLIMA Sanabria Olivo FSAORDI 5 06/06/2013 157 8 .

< > Instrucciones ~ Metadatos ~ Variable LAl Licor  Tpy 4F I 4 CEE——
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DESCRIPTIVE STATISTICS

Statistical
Methods

ﬁ_l_i

Estimation

Descriptive Inferential
Statistics Statistics

Hypothesis
Testing




DESCRIPTIVE STATISTICS

Descriptive Statistics

Measures of —_ Mod\e
Median Median
Central Tendency | . i
Mean &
Median — < — ;
Negatively skewed Positively skewed

Median

Mode Mode

Normal (no skew)



DESCRIPTIVE STATISTICS

Descriptive Statistics

Measures
of Dispersion

Hange
Standard Deviation

Quartile Deviation

Variance

facebook.com/pedromics

Absolute Deviation




DESCRIPTIVE STATISTICS

Descriptive Statistics

Measure of Dispersion Measures
A - i
of Dispersion
Hange
| > Standard Deviation

Quartile Deviation

Variance

Absolute Deviation

Chingtiap




ERENTI

Descriptive statistics are used
to describethe characteristics
or features of a dataset.

Examples:
Mean
Median
Mode
Skewness
Standard Deviation
Kurtosis

Descriptive

Statistics

Population

Inferential
Statistics

Sample

Descriptive Statistics

Inferential statistics focus on
generalizing about a larger
populaton based on a
representative sample of that
population.

Examples:

a. T-test(1or2samples)
b. Pearsoncorrelation (2)
c. Spearman correlation (2)
d. Linear Regression(2)

The True Population Mean
(This is unknown and &
we’re trying to estimate it) /

1
1\
i \
/ | %
/ Y J \\
/ I A\
| \
/ \
1 \
i \
1
.
1
I
1

The Sample
Distribution

Interval Estimate of the Population Mean
based on sample data
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Inferential statistics

Hypothesis testing Estimation
Hypothe-5|s s.et !e.vel il Choosing test Decision approach Decision Pf)mt
formulation significance estimate

. e Interval estimate
| il h,‘!p?,t hesis a error Ruaniiatiue p-value Accept H, “Confidence
H, data . ”
interval
Alternative Qualitative Critical .
hypothesis “H,” data value Hejeshi




INFERENTIAL STATISTICS: examples

| have an idea! Let's
use ANOVA and find
out! I

Are all of us peas of | |,
the same pod ?




INFERE L STATISTICS: examples

control treatment

group group
mean




INFERENTIAL STATISTICS: examples

= Used for Comparing several means.

= To compare >2 means, this can be done by use of several t-tests that can
consume more time & lead to spurious significant results. So, we must use
analysis of variance or ANOVA.

The main idea in the ANOVA is that we have to take into account the variability
within the groups and between the groups and value of F is equal to the ratio
between the means sum square of between the groups and within the groups.

F = between-groups MS / within-groups MS.

A
Between-group variation Within-group variation
(i.e. Differences among group means) (i.e. Variability within each group)




INFERENTIAL STATISTICS: examples
Types of ANOVA

One-Way ANOVA - Mixed ANOVA

| Two-Way ANOVA MANOVA

Repeated
Measures ANOVA



Height (dm)

=R N
o wu o

o wv

INFERENTIAL STATISTICS: examples
Types of ANOVA

One-Way ANOVA

Two-Way ANOVA

1 e Low
o High

l
oojoo
ooloe

|
ooloe
ocjoo

Cold Warm Hot



L STATISTICS: examples

Simplified...

Types of ANOVA

INFERE

.—__—h_\_.
One-Way Repeated L
Measures ANOVA L -~ v\ -
? ’H’ .
’ﬁ t -+ -
‘ ...therapy has no influence.
Time 1 Time 2 Time 3 Time 4
Repeated - 2 o
Measures ANOVA
[ 3 - *
. - -




INFERENTIAL STATISTICS: examples
Types of ANOVA

- Mixed ANOVA

eeeeee



INFERENTIAL STATISTICS: examples

N o, ==
Types of ANOVA ﬁf‘: é T

supp EJ o0 = vo

MANOVA




INFERENTIAL STATISTICS: examples

CORRELATION REGRESSION

One uayiable

) Relationship % e [ =

| 2 Movement
v together

cavse and. effect 5

"

R i
;é!.;:. ('t
Correlation Vs Regression




INFERE L STATISTICS: examples

a b
CORRELATION i -
o
o
o
o L]
L]
Positive linear Negative linear
82 -70
(c) (d) (e)
o ® L]
° ° - °
:. * o
° ]
- L]
Independent Curvilinear Curvilinear
r=0.00 r=0.00 r=0.00

REGRESSION




EXPERIMENTAL DESIGN IN AGRICULTURE



Experimental design

The True Population Mean Experimental error
(This is unknown and

we’re trying to estimate it)

*

The Population
Distribution

The Sample
Distribution

= -‘W
Interval Estimate of the Population Mean
based on sample data

C T KX BYER
QOO rnrss
(Y X X BEYY
QOO® : 51

Randomisation
prevents any other uncontrolled sources
of variation from biasing the results




Experimental design

Replication + randomisation Q EXPERIMENTAL DESIGN

www.quicktrials.com
How to choose your experimental design



Completely randomised design

L ARNY BENY K

A B Seed varieties

* . . Treatments
1, 2, 3 Repetitions

www.quicktrials.com
How to choose your experimental design



Completely randomised design
L o .60% ETc . 30% ETc

t |Finca ' 1100% ETc
0000000000000 0000000000000000000000000000000000000000000000

Q.....QQ....O...U"‘....’5'5""."3.’.-.".'3. 00000000000000

16 ; 15 ! 14

oooooooooooooco.napnocooaqnsoooqpqnqoo

CAMINO

0000000000000 OOQQQQOOE 000000000000 00

00000000.00.0.0“‘5000 0:000090000000:0000000000000000

4

.Q..Q.Q..Q..CQ.CQQQQ’OQ. Ci..’..ﬂ.ﬂ:b..‘:.‘-.&é....Q.QQ.Q.Q..QQ

Fernandez et al. 2013




Randomised complete block design

‘ Repetition 1 ‘ Repetition 2 ‘ Repetition 3 ‘
|

One block contains all the treatments

Blocks are aligned in the direction of variability

o e.g. soil type or water quantity.
Seed varieties

Treatments

www.quicktrials.com
How to choose your experimental design



Randomised complete block design

_ B |
Treatment @ Cn Tr Treatment @ Cn Tr

| i
& "4 “ |

Cn Tr a bcde f gh i |j
Treatment block

14

12+

~ ..l.:'_: e ®e

Fixed factors: treatment
Random factors: block



Randomised complete block design

\k

P

* Weather Station
—— Walnut Creek

[ Cabbage

klm im

2
3
~ ’ ~
Orbweaver :_i’\ Walnut Creek
5 '; [ Perennial vegetation
' f [ Row Crop
-—w

iy “~ o 02 04 08km '
R i 2
i = S

Hernandez-Santana et al. 2013



Split plot design

‘ Repetition 1 ‘ Repetition 2 ‘ Repetition 3 ‘

Cultivation type arranged into large plots Treatments rate as a sub-plots
within the large plot

* . . Treatments
- No till ||||||| Plough

www.quicktrials.com
How to choose your experimental design



Split plot design

‘ Repetition 1 ‘ Repetition 2 ‘ Repetition 3

Cultivation type arranged into large plots Treatments rate as a sub-plots
within the large plot

* . . Treatments
- No till ||||||| Plough



Split plot design

Factor #1: species I !

e Levell: almond
e Level2: lemon

N
Q

Factor #2: irrigation treatments
e Levell: Well-watered
e Level2: Water stress

Subfactor: fruit removal tréatments
e Sublevell: Fruits
e Sublevel2: No fruits



Split plot design

Factor #1: species I !

e Levell: almond
e Level2: lemon

N
Q

Factor #2: irrigation treatments
e Levell: Well-watered
e Level2: Water stress

Subfactor: fruit removal tréatments
e Sublevell: Fruits
e Sublevel2: No fruits



Split plot design
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W) Check for updates

On-Farm Experimentation to transform global
agriculture

Myrtille Lacoste ©'2%, Simon Cook ®'3, Matthew McNee?, Danielle Gale®?, Julie Ingram®?3,
Véronique Bellon-Maurel®?, Tom MacMillan©8, Roger Sylvester-Bradley®, Daniel Kindred ©°,

Rob Bramley @10, Nicolas Tremblay ©", Louis Longchamps©', Laura Thompson©™, Julie Ruiz®,
Fernando Oscar Garcia®™, Bruce Maxwell”, Terry Griffin ©'®, Thomas Oberthiir ©129,

Christian Huyghe?', Weifeng Zhang??, John McNamara?® and Andrew Hall©2*

Restructuring farmer-researcher relationships and addressing complexity and uncertainty through joint exploration are at
the heart of On-Farm Experimentation (OFE). OFE describes new approaches to agricultural research and innovation that are
embedded in real-world farm management, and reflects new demands for decentralized and inclusive research that bridges
sources of knowledge and fosters open innovation. Here we propose that OFE research could help to transform agriculture glob-
ally. We highlight the role of digitalization, which motivates and enables OFE by dramatically increasing scales and complexity
when investigating agricultural challenges.



Engagement Data management Analysis Interpretation
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_ ) 3. What causes the variation?
Joint 4. Assets KPIs? e.g. resource
use efficiency
Digital and spatial 5. Management KPIs? e.g. Ral,
: skills, risk

Fig. 1| The OFE process. OFE follows an iterative process during which
practical information is generated that farmers can easily understand,
assess and readily convert to farm practices. Practically, OFE involves
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Fig. 2 | OFE designs to capture field-scale variations. a, Experimenting at the field scale may involve straightforward assessments of

variation, especially in smaltholder and subsistence farming but also because farmers may attach low priority to statistical results and
raplications. One objective of OFE is to capture and uiflize spatial and temporal vartability. This is 2 problem that ¢ tional trial methods
cannot solve. ANOVA, analysis of variance. b, OFE Inltiatives across the world are developing a range of field-scale designs to addrass the issue.
Challenges Include add 1 machinery reg data collection, spatial analytics and managerial relevance. Siratagles range from

the observations of yearly changes (1) to purposeful sampling (3, 4) or the utilization of the entire field (2, 5-7), espadially in precision
agriculture (3-6). Digital technologles add beneflts (for example large datasets, ease of Implementation, automation) as well as challenges
(such as data processing).
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Practical excencise: Qesigning an Agriculiuwal Reseanch Experniment

Objective: Develop a comprehensive experiumentiold plown te addiesd o veseanchv
quedlion i agriculiwe.

1.

Founulate o Reaeanch Queastion:
Dejine a clearn and fecused question that yewu expeiment, will addrvess..
1. &.g. Whal vaniely is mene weaislont te canitation? How much Tee waten use is teduced whenw vviigaliew iy
educed te 50% Etc?

Deaign the Experniment::

1. Cheese o appuepriale experimentol desigi (e.g., tandemiged complete block, split-
plet, ev jactonial design).

2. Gpecify the independent varvicieles) (e.g., tvnigation tegumes., (ettilizen levels.,) cund
dependent variablels) (e.g., crop yield, plant height) .

3. Beteumine the numben of treatiments aund theiv levels., teplications, and plol sizes.

. Meadvwrements-:

Gpecify the vaiables te be measuned, how and when.

. Metheds and Genseny:

Descnibe the metheds fev dato cellectisn and the teols evsensony yow will use (use
prefenably seme explained duwving the week).

Glatistical Analyaes:

Pwopeae the statistical metheds needed te analyze the datow (techuigues explained such
ay ANQUA v eatment eppects., tegressisn analysiy (e telationships, etc). Jualify yowu
cheice of metheds.
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OBJECTIVES

To understand the basic structure of vascular plants and their role in water transport.

To introduce the fundamental concepts related to water relations in plants, such as water

potential, transpiration, and hydraulic conductivity.

To understand the physiological mechanisms of plant response to environmental factors.

To recognize the significance of these physiological processes in the context of

agriculture.
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BEFORE WE START... WHAT IS A VASCULAR PLANT?

To answer this question, we need to go back 450 Mya, when plants (bryophytes) first colonized land...

Figure 1.1 Cladogram showing the evolutionary relation-

ships among the various members of the plants and their
close relatives, the algae. The sequence of evolutionary
innovations given on the right side of the figure eventually

X . o L]
gave rise to the angiosperms. Mya, million years ago. (embfyi';iytes)
"4 2 N
Nonvascular plants Vascular plants
Non-plants {oryophytes) {tracheophytes)
7 2 N 2 NS - ~
Flowering plants (angiosperms)
Mosses, e - N
hornworts, Ferns, Magnolia
Red algae Green algae liverworts fern allies Gymnosperms relatives Monocots Eudicots
%o
%
LD 1, 1
% /
) .
4&6 Flowers
5 4 ;
> / Seeds
2 |
9 1, y
% Water and photosynthate
vascular transport
%, |
4&9 Land-dwelling
| adaptations
L2
Chloroplasts containing
chlorophylla + b
-

CSIC

crodriguez@irnas.csic.es

Nonvascular

Mosses,
liverworts,
hornworts

T A%
Ancestral
green alga

Vascular
Nonseed Seed
Flowering
plants
Ferns
Conifers
l First seed
irst vascular plants
plants

isUP-Agr¢p



BEFORE WE START... WHAT IS A VASCULAR PLANT?

...During this conquer of Earth, plants had to face many challenges to adapt to the new dry conditions...

From a simple, green alga ancestor that lived in the water, plants eventually evolved several major adaptations for life on land.

Shoot system

Leaves perform
photosynthesis
and gas exchange,

Stem supports
plant and

may perform
photosynthesis,

—

crodriguez@irnas.csic.es

“csIc

<« Figure 19-2 While algae
live entirely in water, a
plant lives in two environ-
ments: air and soil. A
plant’s organ systems are
adapted to these two
environments,

isUP-Agr$



BEFORE WE START... WHAT IS A VASCULAR PLANT?
Six major unifying principles common to all plants (non-vascular and vascular)

¢ Plants, and green algae, are the ultimate solar collectors, the
Earth’s primary producers.

Light energy --> Chemical energy, CO2 + H20 --> Carbohydrates
¢ Other than certain reproductive cells, plants are sessile.

They have evolved the ability to grow toward essential
resources: light, water, mineral nutrients

C S I C crodriguez@irnas.csic.es isUP_ Agr



BEFORE WE START... WHAT IS A VASCULAR PLANT?
Six major unifying principles common to all plants (non-vascular and vascular)

¢ Plants, and green algae, are the ultimate solar collectors, the
Earth’s primary producers.

Light energy --> Chemical energy, CO2 + H20 --> Carbohydrates
s Other than certain reproductive cells, plants are sessile.

They have evolved the ability to grow toward essential
resources: light, water, mineral nutrients
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BEFORE WE START... WHAT IS A VASCULAR PLANT?

Six major unifying principles common to all plants (non-vascular and vascular)

¢ Plants are structurally reinforced to support their mass as R G e
they grow toward sunlight against the pull of gravity. Y o, e "

cell

¢ Plants have mechanisms for moving water and minerals from
the soil to the sites of photosynthesis and growth, as well as
mechanisms for moving the products of photosynthesis to
non-photosynthetic organs and tissues.

Trunk
section of a
woody plant

+*» Plants lose water continuously by evaporation and have
evolved mechanisms for avoiding desiccation.

¢ Plants develop from embryos that derive nutrients from the
mother plant, and these additional food stores facilitate the

production of large self-supporting structures on land. — BN Cambial zone
Phellogen Xylem ray
\S B Phloem ray Secondary xylem
B Primary phloem B Primary xylem
W Sccondary phloem s Pith
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BEFORE WE START... WHAT IS A VASCULAR PLANT?

Six major unifying principles common to all plants (non-vascular and vascular)

¢ Plants are structurally reinforced to support their mass as they

grow toward sunlight against the pull of gravity. Atmosphere y

-95.0 MPa

Leaves | = g OR%

¢ Plants have mechanisms for moving water and minerals from the
soil to the sites of photosynthesis and growth, and for moving the
products of photosynthesis to non-photosynthetic organs and
tissues.

+** Plants lose water continuously by evaporation and have evolved
mechanisms for avoiding desiccation.

¢ Plants develop from embryos that derive nutrients from the
mother plant, and these additional food stores facilitate the
production of large self-supporting structures on land.

%
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BEFORE WE START... WHAT IS A VASCULAR PLANT?

Six major unifying principles common to all plants (non-vascular and vascular)

’0

% Plants are structurally reinforced to support their mass as they
grow toward sunlight against the pull of gravity.

%+ Plants have mechanisms for moving water and minerals from the Sutstomatal Ei'r‘éii’ﬁyma S \ aver
soil to the sites of photosynthesis and growth, and for moving the ... T \ e e (o ooa »..\
H H I ‘|i J ‘ “' [\ A H ] H "' H Jl ”
products of photosynthesis to non-photosynthetic organs and Upper— S JQ b L0 ) : /\ / I\ _J
. epidermis \ [ m/\
tissues. P ( A L\Y\/\/ \/Y\ ./V f /\/\ V\ / 7\
MR MY W\ Y. > W
xﬁiophyll ) \( \ ) O < (
\\\ J\ W High water ’;—/—.;:/ B _ Iu' S Low CO)
<* Plants lose water continuously by evaporation and have evolved (\\& \/“apm (}/& A oY J C ;J( \
mechanisms for avoiding desiccation. S 3 S S
(oJlo JICof) TXT o N0 e Mo o) Tl gle e ]
Cuticle J A;_ \—_/I\/\/I\:'—’\ = mi\—/lh‘/x Air boundary
rl'g:stijs?ggcrz l(ily,,)er/_”_ Leafstome;(tjl COZA-*"’""_ Guard cell el
. H resistance (r; omatal pore
* Plants develop from embryos that derive nutrients from the Wetarvapor—="" Lot et " High co, oA P

mother plant, and these additional food stores facilitate the
production of large self-supporting structures on land.

e
»
P
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BEFORE WE START... WHAT IS A VASCULAR PLANT?

Six major unifying principles common to all plants (non-vascular and vascular)

¢ Plants are structurally reinforced to support their mass as they
grow toward sunlight against the pull of gravity.

o R = Germinacion
Polinizacién 9%:\ del grano de
polen

¢ Plants have mechanisms for moving water and minerals from the B —> |

Fecundacion

soil to the sites of photosynthesis and growth, and for moving the —

products of photosynthesis to non-photosynthetic organs and

tissues.
Desgrmllo de
+** Plants lose water continuously by evaporation and have evolved semlliay ftto
mechanisms for avoiding desiccation. N
: \ Dispersion @ |
/(E\zzt;%\ de semilla
¢ Plants develop from embryos that derive nutrients from the et
e semilia

mother plant, and these additional food stores facilitate the
production of large self-supporting structures on land.
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BEFORE WE START... WHAT IS A VASCULAR PLANT?

...Returning to the question... We can categorize plants into two main groups:

Non-vascular plants Vascular plants

Gymnosperms

el

Mosses, liverworts, hornworts

C S ' C crodriguez@irnas.csic.es isUP_ Agr



BEFORE WE START... WHAT IS A VASCULAR PLANT?

...Returning to the question... We can categorize plants into two main groups:

Non-vascular " \
Non-plants plants Vascular plants
e A N7 s RY4 £x N
Flowering plants (angiosperms)
Mosses,
hormworts, Femns, Magnolia
Red algae Green algae liverworts fern allies Gymnosperms relatives Monocots Eudicots

-
Water and photosynthate

. | r .
%, [ SRS Most research in plant
e Land-dwelling .
] adaptations biology has focused on the
Chioroplasts containing plants that have evolved in

chlorophyila + b

the last 300 million years,
the seed plants

M
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BASIC STRUCTURE OF VASCULAR PLANTS AND THEIR ROLE IN WATER TRANSPORT

High diversity, but same basic vegetative body plan

The root

Leaf” -

Node 2\ P L (E) Root apex (D) Root Epidermis
iy (dermal tissue)

Internode
. Cortex
Pericycle }Ground

, (branch tissues
§7 meristem)

M Endodermis
Vascular il
L. | tissue ( U Phloem | vascular
Soil line i A
I Xylem | tissues
= N\ e g \ ____——Root hair
2 AR . (dermal tissue)
e R Vascular )
: & 200 pm cambium
Lateral—s 2727 —@J)—
root =7 ] . N
7 hw T
Taproot 175 \s
Root hairs = i J

/| (E) Root apex
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BASIC STRUCTURE OF VASCULAR PLANTS AND THEIR ROLE IN WATER TRANSPORT

High diversity, but same basic vegetative body plan

The stem

(C) Stem

Epidermis
(dermal tissue)

Cortex Ground
Pith tissues

Vascular
tissue

// Xylem | vascular
2 %\phloem tissues

Soil line

Vascular
cambium

é A L 3

Root hairs

ll‘ (E) Root apex
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BASIC STRUCTURE OF VASCULAR PLANTS AND THEIR ROLE IN WATER TRANSPORT

High diversity, but same basic vegetative body plan

The leaf

Axillary bud with meristem (B) Leaf
\Q&ﬂ Vv | riv".;r‘— ' -

Leaf” R

Node

Pavement cells of
upper epidermis
(dermal tissue)

Palisade
parenchyma
(ground tissue)

Bundle sheath
parenchyma

| 7 | /Xylem }Vascular
- g i b tissues
MesophylI< Ko A #2~ —phloem

Internode

Vascular
tissue

(’//
o Seans
T {;

Soil line Lower epidermis

(dermal tissue)

Guard cell

7 & " Stomate

Lateral—s5—2772 @)~
root =

Ta proot

Root hairs

Tl ® Root .
V] R ISUP-Agr@@



BASIC STRUCTURE OF VASCULAR PLANTS AND THEIR ROLE IN WATER TRANSPORT

Three key structures have the greatest impact on plants’ hydraulic function and water relations

d XYLEM

Dead cells (vessels) - loss of the cytoplasm - in which
remain the thick, lignified cell walls, which form hollow
tubes through which water can flow with relatively little
resistance, enabling to transport large guantities of

ST :
A T - |_~Gas-filled

5 > :
; /K cavitated
oy o
b, = vessel

water with great efficiency.
% |_-Scalariform
e perforation
/’# 2 IZ plate
; ‘T \‘: ‘E: < " B :// Pit
> N [\ —
25 _Liqui
S, Aj/\ water
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BASIC STRUCTURE OF VASCULAR PLANTS AND THEIR ROLE IN WATER TRANSPORT

Three key structures have the greatest impact on plants’ hydraulic function and water relations

(A) (B)

LSUDO

et

U PHLOEM

P-protein—___

Tissue, living cells, that translocates the | [

products of photosynthesis— siavaplete” NER UGN slement "y
particularly sugars—from mature | 4
leaves to areas of growth and storage,

Modified -«.1_ p
plastid i

including the roots. el X&
Smooth <L
The phloem also transmits signals ff?t(ijgﬁtlfnswmm\}\ %}3 :\v/(Companlon
between sources and sinks in the form (_'ytoplasm\—é \ [ e
of regulatory molecules, and pasma || 0 EM"L‘ ek o
redistributes water and various memmm\ ‘q 2 ? [‘ s
compounds throughout the plant body. , o Y primary wai | D T
S
'S)l(&)erv: plate R \b>(00 g}\/g\\\ Nucleus
Y e " \ \Mnochonduon

Pith
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BASIC STRUCTURE OF VASCULAR PLANTS AND THEIR ROLE IN WATER TRANSPORT

Three key structures have the greatest impact on plants’ hydraulic function and water relations
J STOMATA

Formed by two modified epidermal
cells, called the guard cells, control
water loss and carbon dioxide uptake
needed for carbon assimilation during
photosynthesis.

(B) Leaf

Stomatal pore Guard cells

L CSIC crodriguez@irnas.csic.es 1IsUP- Agr



BASIC STRUCTURE OF VASCULAR PLANTS AND THEIR ROLE IN WATER TRANSPORT

All of these structures are fundamental for maintaining the water balance of plants
What does the plant do to maintain this equilibrium?

Atmosphere N ;ZOCO
Demand Leaf area N A - / ?  Stomatal conductance
Stomata Y NS X
A Crop load % “é ~ Atmospheric demand (VPD)
1
v Soil Water potential gradient

X
Hydraulic conductivity

Supol Soil water
— Soil-root hydraulics

Plant hydraulics
Root area

C s I C crodriguez@irnas.csic.es isUP_ Agr



BASIC STRUCTURE OF VASCULAR PLANTS AND THEIR ROLE IN WATER TRANSPORT

Starting at the soil-root processes...
Sand Clay Air
particle particle fAwet soil)

How water moves in the soil...
And roots absorb the water needed by the plant...
L — Air
(drying

soil)

C s I C crodriguez@irnas.csic.es isUP_ Agr



BASIC STRUCTURE OF VASCULAR PLANTS AND THEIR ROLE IN WATER TRANSPORT
Water absorption by roots

Symplast and
transmembrane
pathways

Pericycle Xylem Phloem

ez Epidermis

Apoplast pathway /
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BASIC STRUCTURE OF VASCULAR PLANTS AND THEIR ROLE IN WATER TRANSPORT
Water transport through the xylem

|_Gas-filled Llon
cavitated P
vessel \\
-\“""--.,/Scalariform U \
perforation . —Secondary
plate cell walls
— ' \ I
u |  membrane
)
Pit cavity
[

Primary
cell walls

crodriguez@irnas.csic.es
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BASIC STRUCTURE OF VASCULAR PLANTS AND THEIR ROLE IN WATER TRANSPORT
Water movement from the leaf to the atmosphere

Substomatal Palisade

: layer
cavity parenchyma

Mesophyll
cells

Lower
epidermis

e
(oo T oD

Boundary layer
resistance (ry,) Leaf stomatal

/ resistance (r)
Water vapor Low water

vapor

——

Cuticle

g

X = —Air boundary
layer

Guard cell

Stomatal pore

‘ C s IC crodriguez@irnas.csic.es isUP_ Agr



BASIC CONCEPTS RELATED TO WATER RELATIONS IN PLANTS

For all of the previous functions to occur, H,0
three main plant processes are involved ;Oz
e T {
TRANSPIRATION
[ Stomatal conductance )
X

@tmospheric demand (VPD)J

X
[ Hydraulic conductivity ]

HYDRAULIC
CONDUCTIVITY
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BASIC CONCEPTS RELATED TO WATER RELATIONS IN PLANTS
Water potential, a fundamental thermodynamic concept to understand water movement

@ 4

Represents the ability It comes from the , A
of a system to gain thermodynamic concept -; 2
or give up water of FREE ENERGY e e¥
[capacity of a system to o
perform work]

.ﬁ%
43

¥ high tendency to give up water

¥ low tendency to gain water

Movement of water

high ¥ » low ¥

[-0.5 MPa] [-1.5 MPa]

CSIC crodriguez@irnas.csic.es iSUP—Agl‘ @@



BASIC CONCEPTS RELATED TO WATER RELATIONS IN PLANTS

Water potential at cell level & Components

It is measured in pressure
units (bar, MPa...) and it is
NEGATIVE

[pure water: ¥ = 0 MPa]

Reflects the gravitational
LIJ pull of the water column

¥ ¥, = pudl)

l

0.01 MPa m-!

M

C s | C crodriguez@irnas.csic.es

=W+ P+

solutes pressure gravit

l

0.1 MPa

t h=10m

increase in ¥
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BASIC CONCEPTS RELATED TO WATER RELATIONS IN PLANTS

Water potential at cell level & Components

Represents the effect of
\IJ dissolved solutes on ¥
S

It is NEGATIVE and
the addition of solutes
always decreases ¥

(A) Pure water

! |

] Pure water
| '

| ‘f’p = 0 MPa

|‘ l!/s =0MPa

| l{l =l{lp+llus
= 0 MPa

C S I C crodriguez@irnas.csic.es

Y=+ P,

solutes pressure

(B) Solution containing 0.1 M sucrose

'/'/0.1 M Sucrose solution

T ¥, =0MPa
| | ¥s =-0.244 MPa
| 1 tlu = ll,p = qls

= 0-0.244 MPa
L4 ) =-0.244 MPa
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BASIC CONCEPTS RELATED TO WATER RELATIONS IN PLANTS

Water potential at cell level & Components
\P Represents the effect of

hydrostatic pressure on ¥ \P — \I’ -+ \{’
S S P

epending on the system, it can
be POSITIVE or NEGATIVE solutes pressure
+ ¥, —-> increases ¥
- ¥, —> decreases ¥
Water ;

\ (C) Flaccid cell dropped into sucrose solution
\L_ Flaccid cell\
Ca/ * TFoma ~ LD ¥, =0 MPa
p— ¥s =-0.732 MPa

¥ =-0.732 MPa '
HYDROSTATIC PRESSURE e —

n

+ ¥, TURGOR PRESSURE | B4
I Cell af ilibri “\ 2 f,

ter equilibrium —__!
TENSION W 0 oun MPs |

_, - ¥, =-0.636 MPa 11— )
G P = V- ¥=0392MPa || S =)
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BASIC CONCEPTS RELATED TO WATER RELATIONS IN PLANTS

Water potential at cell level & Components
LIJ Represents the effect of

hydrostatic pressure on ¥ \{J — \{’ -+ \P
S S P

epending on the system, it can
be POSITIVE or NEGATIVE solutes pressure
+ ¥, —-> increases ¥
- ¥, —-> decreases ¥

Water Plunger
ot ~ 1.2 MPa
HYDROSTATIC PRESSURE
+ \Pp Y em ~ 0.8 MPa
. W0t ~ 0.5 MPa
TENSION
_ \PD ¥_, ~0.01 MPa

: C s Ic crodriguez@irnas.csic.es
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BASIC CONCEPTS RELATED TO WATER RELATIONS IN PLANTS

Cohesion-tension theory of sap ascent

XYLEM VESSELS

A

Water

S | C s IC crodriguez@irnas.csic.es

Transpiration

ot

Y em ~ 0.8 MPa

g

|
)

Y oot ~ 0.5 MPa

Y.~ 0.01 MPa

oY Ao

x

=
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BASIC CONCEPTS RELATED TO WATER RELATIONS IN PLANTS

Cohesion-tension theory of sap ascent
SOIL LIVING CELLS Cell  plasma
Vacuole wa membrane

Root Water Sand Clay Air
particle particle (wet soil)

hair
Root r\ !\ \ [/

\Wet surface
of cell wall

— Air
(drying
soil)

Chloroplast —

Cytoplasm -
Radius of Hydrostatic
curvature (um)  pressure (MPa)
0.5 -03
0.05 -3
0.01 -15

Surface tension of water
P 7

Radius of curvature of air-water interface
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BASIC CONCEPTS RELATED TO WATER RELATIONS IN PLANTS
Another process essential for water balance of plants is TRANSPIRATION

Cell Plasma
Vac\uole wall membrane
/

Substomatal Palisade

layer
parenchyma

\Wet surface
of cell wall

Chloroplast -

Cytoplasm —
Mesophyll
Radius of Hydrostatic cells
curvature (um)  pressure (MPa)
0.5 -03
0.05 3 Q Lower
epidermis

0.01 =15

©

Cuticle e _"--// "'“i—f«ir boundary
Boundary layer ayer
resistance (n,) Leaf stoma(tSI co 2/ Guard cell

resistance (r, Stomatal pore
Water vapor //Low water High CO, P
vapor

/é\ » > 95% of water evaporates from leaves through STOMATA
7 N\™"* < 5% of water for photosynthesis and growth

-
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BASIC CONCEPTS RELATED TO WATER RELATIONS IN PLANTS
Stomatal control of transpiration
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BASIC CONCEPTS RELATED TO WATER RELATIONS IN PLANTS
Stomatal control of transpiration

Guard cells (swollen) Guard cells (shrunken)
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BASIC CONCEPTS RELATED TO WATER RELATIONS IN PLANTS
Stomatal control of transpiration FERN ANGIOSPERM

(A) Nephrolepsis exaltata (C) Tradescantia virginiana

P ‘«1

o
N

IRNAS
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BASIC CONCEPTS RELATED TO WATER RELATIONS IN PLANTS

HYDRAULIC CONDUCTIVITY is the third essential concept needed to fully understand water balance of plants
and their interactions with the environment

Transpiration / AW = Hydraulic conductivity

Atmosphere Y
-95.0 MPa

b, Dol

AW eSS
?\ GG
T

P-Agr¢y



BASIC CONCEPTS RELATED TO WATER RELATIONS IN PLANTS
HYDRAULIC CONDUCTIVITY

j =
|

<. \
\Endodermis ‘.I

/ |Casparian
| strip
o :
P o | —Gas-filled
o © s cavitated
) e
T S vessel
S riecay
%\’%’3’%}’1 - 25 |_~Scalariform
S perforation |

Symplast and
transmembrane
pathways

—

1_-Pit Photo: Jarmila Pittermann
e

/ \
Pericycle Xylem

1 _-Liquid
water

Apoplast pathway«-—
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BASIC CONCEPTS RELATED TO WATER RELATIONS IN PLANTS

crodriguez@irnas.csic.es
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BASIC CONCEPTS RELATED TO WATER RELATIONS IN PLANTS
Water stress conditions > | ¥ ... > 4 Cavitated conduits >4 K
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BASIC CONCEPTS RELATED TO WATER RELATIONS IN PLANTS
Water stress conditions - | Pylem = N Cavitated conduits >, K

- LA b Lo Gullo et al, 1998, New Phyt
£‘(? o g » Y

root
Movement upward

Xylem Endodermis
vessels Casparian
Epidermis
Symplast:
interconnected

cytoplasm of
I!vlng cells

Phloem pericycle

cells
Plasma membrane Water and
Plasmodesma ::;?el:te .
Cell wall Apoplast: minerals
© 007 Phommon Mgher Ecmon interconnected Root hair

cell-wall spaces
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BASIC CONCEPTS RELATED TO WATER RELATIONS IN PLANTS
Water stress conditions > ‘1’ b N A Cavita

Movement upward
Xylem Endodermis
vessels

Epidermis

Symplast:

interconnected

. J cytoplasm of
___living cells

s

Phloem pericycle

cells
Plasma membrane Water and
Plasmodesma g:;fg:: .
Cell wall minerals
O M eghs B interconnected Root hair

cell-wall spaces
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BASIC CONCEPTS RELATED TO WATER RELATIONS IN PLANTS

Take-home message Key element in the transport of water from the soil to the leaves
is the generation of negative pressures within the xylem

Cell Plasma
Vawsole veall memsane
\ J

/ Leaf water at
cell walls held

- i
v
1
¥

of cell wall

3&&\ Al ; ] a

S8 “Tug-of-war” (“Tira y afloja”)

Root Woater Sand Clay Air
o s e hair [\ particle particle (wet soil)

= —Air

7 g (drying
o C soil)

j \< Soil water held

N2
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PLANT RESPONSE TO ENVIRONMENTAL FACTORS

Stomatal conductance
X
Atmospheric demand

Water potential gradient
X
Hydraulic conductivity
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PLANT RESPONSE TO ENVIRONMENTAL FACTORS

CSIC

crodriguez@irnas.csic.es

Stomatal conductance
X
Atmospheric demand

Water potential gradient
(Psoil - Pleaf)
X
Hydraulic conductivity

30°C
20°C
Vapor Vapor
52 % 28 %
Relative Relative Relative
Humidity Humidity Humidity

Atmosphere
-95.0 MPa

Leaves y __ @&
-0.9 MPa




PLANT RESPONSE TO ENVIRONMENTAL FACTORS

Oxigene |ight co,

Water
vapor

Other Heat
gases
Water Minerals
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PLANT RESPONSE TO ENVIRONMENTAL FACTORS

HZOCO Demand ‘
2 I @
/ Stomatal conductance VN
X
Atmospheric demand t ﬁ
I
Water potential gradient t ﬁl —
(Wsoil - Pleaf) —
. X . e VvV I ] I
Hydraulic conductivity
Supply
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PLANT RESPONSE TO ENVIRONMENTAL FACTORS

Increasing Soil

Drought
H,0 Demand
co,
¢ Stomatal conductance AN ‘ @ —
X
Atmospheric demand — — —
" 5
Water potential gradient
(¥soil - Pleaf) ‘ =
X < 7
Hydraulic conductivity
Supply
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WHY IS THIS KNOWLEDGE IMPORTANT? RELEVANCE TO AGRICULTURE

B “ai= LM Plant ecophysiology
» Essential to optimize B - R el Under water stress
water use in Agriculture. . ; =

To optimize irrigation strategies by
monitoring water stress in real time

= To place plant sensor
outputs within a
physiological context.

= To simplify physiological @~} L 0 el

models.

06 ET P
& Q673 {Auguest-Cricher)

T
NOS =~0.81 ¢+ 0.0

MDS (mm)

’ i l'):
cmax G /\'\l 1+ (0, /K, ’]
oy, + )=, \

5 T B e T man
el ¢ Process-based model <:> Plant-based sensor [~ ‘

To predict global change impacts

on plants by integrating disparate
physiological responses
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WHY IS THIS KNOWLEDGE IMPORTANT? RELEVANCE TO AGRICULTURE

To optimize irrigation strategies by
monitoring water stress in real time

& =

Regulated
Deficit
Irrigation

A. =V
< (S

oy, + 1) - |,

A 1+ xR + f.0.)D,

IN=ET; - P, PERIOD 2
Irrigate to
80% IN PERIOD 3
PERIOD 1 if Irrigate to
Irrigate to AW<70% 100%IN rrigats
0,
100l:o IN : ; Irrigate to .-—-; depending : §
on rainfall :
mwaow [T HRN [ e

bl ! b e ——
[ 1 [ [ :
[ 1 | [ i
: ' : FRUIT GROWTH : '
I
\ | j OIL ACCUMULATION 1 E

1 L i 1| MATURITY }
FRUIT imop —»D: [;‘ ______________________________ ;_o—Pln HARDENING
[ Fobmaryl March l April l May I Jur-nb\ I July l August ISeptemb«l October l Novemberl
f MAXIMUM RATE OF f
PIT HARDENING
Fernandez et al, 2013, Plant Soil ~ F-O"ER™MPUCTION (610 w. aF8) s

Plant Physiology

Process-based model

To predict global change impacts

on plants by integrating disparate
physiological responses

|
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WHY IS THIS KNOWLEDGE IMPORTANT? RELEVANCE TO AGRICULTURE

Combination of plant sensor and mechanistic model to monitor plant water stress in a hedgerow olive orchard

T L
< comax C, + /\'\ll""’u /I\’..’]

L oy, + ) -«
14 2oR + £ )D,

£

K(y¥ X ¥rse — ¥rpe)

Ep=

C s I C crodriguez@irnas.csic.es

Zimmermann et al. 2013 Theor Exp Plant Phys

threaded rod —— s

movable toric
magnet

counterpad —> |

leaf patch turgor pressure

polymeric matrix
with pressure sensor

lower toric
magnet

cable to
ZIM-transmitter —> signals of ZIM-probe ——>

L T“'Emogy
YARA ,)))}/}}
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WHY IS THIS KNOWLEDGE IMPORTANT? RELEVANCE TO AGRICULTURE

Combination of plant sensor and mechanistic model to monitor plant water stress in a hedgerow olive orchard

VPD at maximum stomatal conductance

-Z
)

=
o N

Leaf turgor pressure (MPa

—— slope = -0.52 MPa kPa™*

o o
o

o
N

o o
o N

20 25 30 35 40
VPD (kPa)

Rodriguez-Dominguez et al. 2016 Agr Forest Meteo
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WHY IS THIS KNOWLEDGE IMPORTANT? RELEVANCE TO AGRICULTURE

Combination of plant sensor and mechanistic model to monitor plant water stress in a hedgerow olive orchard

Continuous monitoring of stomatal conductance from leaf turgor and vapor pressure deficit measurements

0.6
® 2010, 7=0.90, P<0.0001, n=12 e
@ 2011, #=0.90, P <0.0001, n =16 S
o 054 O 2012,7=086 P<00001,n=13 T
n_ # 4
> O P P ]
ﬂ 0.4 - < »
) - e S
| (@) Z 7
d | aﬂ 0.3 A >
! 0.8 E| S 7 2 C/
i = = ~024
: 0.6 Il St #
Z/T g ()] P2 =
l o B q 0§
: ) ; 7)) 0.1 4 /;
| 02 & ~ < >
| -2 0.0 & r T ,
(o
1 | 0.0 0.0 0.1 0.2 0.3 0.4
0 1 2 3 4 5 stomatal conductance (mol m2 s1)

VPD (kPa)

Increasing

water stress

Rodriguez-Dominguez et al. 2016 Agr Forest Meteo
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WHY IS THIS KNOWLEDGE IMPORTANT? RELEVANCE TO AGRICULTURE

Plant ecophysiology
under water stress

PHYSIOLOGICALLY-BASED oo | R, TR e
APPROACH Ji : & &4 To opt/m/ze irrigation strqtegles Py
T T monitoring water stress in real time
- ’( A

o

¥ 75
\ ‘“ '.'13

¥

g LEAF TURGOR PRESS. !

'/\c = ‘-'“““ ~ -( : - -
: (-°K\II""./’\-»)]
oy, + ) -« )

I
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L+ X(OR + fir)D, Process-based model <:> Plant-based sensor [
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§ To predict global change impacts
u'lc‘ on plants by integrating disparate

physiological responses
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Water Potential
A Fundamental Plant Water Status Indicator

nnnnnnnnnnnnnnnnn

£ : . Y
Celia M. Rodriguez Dominguez Transpiration arawis o o MPa
water from the leaf.
Leaf at tip of tree:
~-1.5 MPa
2"d Training School §
27t January to 315t January 2025 g
Cohesion ad adhesion =
draw water up the xylem.
- Stem:~-0.6 MPa
High
| Root cells: ~-0.2 MPa

Root hairs 4

b S0il particle

L— Water molecule
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JNLOCKING THE POTENTIAL FOR AGRICULTURAL : .
Negative water potential /ﬁ

[§
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OBJECTIVES

To understand the fundamental principles of water potential and its components.
To familiarize with key methodologies for measuring water potential in plants.

To learn practical strategies for optimizing water potential measurements in research and

agricultural management.

<
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IMPORTANCE OF UNDERSTANDING WATER POTENTIAL FOR PLANT PHYSIOLOGY

CSIC

-‘

crodriguez@i.

Pl

~— | & v ¢

| .

RTINS
”,

Water Demand

Atmosphere
Leaf area
Stomata

Crop load

Soil
Soil water
Soil-root hydraulics

Plant hydraulics
Root area

A

\4

Water Supply
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IMPORTANCE OF UNDERSTANDING WATER POTENTIAL FOR PLANT PHYSIOLOGY

Ouiside air ¥
= ~100.0 MPa

Leaf WV (air spaces)
= 7.0 MPa

Leat ¥ (cell walls)
= -IO Mpél

J Fundamental to understand WATER
MOVEMENT. It governs transport
across plasma membranes.

O It allows unambiguous description
of PLANT WATER STATUS.

Trunk xylern ¥
= ~0.8 MPa

Trunk wylem
= 0.6 MPa

Soil ¥
= =0.3 MPa

e

+CSIC

crodriguez@irnas.csic.es
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BASIC PRINCIPLES

It comes from the R nts the abilit
thermodynamic concept e1|c:)rese ts te abiity
of FREE ENERGY of a system Lo gain

or give up water
[capacity (potential) of a g P
system to perform work]

¥ high tendency to give up water

¥ low tendency to gain water

Movement of water

high ¥ » low ¥

[-0.5 MPa] [-1.5 MPa]

C s l C crodriguez@irnas.csic.es

Higher
potential for
performing
work

Lower
potential for
performing
work

isUP-Agr®



BASIC PRINCIPLES & COMPONENTS

. . 1 Pa=107°atm
It is measured in pressure
units (bar, MPa...) and it is 1 MPa =108 Pa =10 atm
NEGATIVE 1 atm = 0.1 MPa ~ 1 bar = 760 mm Hg

[pure water: ¥ = 0 MPa]

Factors that increase FREE ENERGY of water, increase ¥ (capacity to give up water)
[e.g. high pressure]

Factors that decrease FREE ENERGY of water, decrease ¥ (capacity to gain water)

[e.g. presence of solutes]

Major factors influencing FREE ENERGY of water, and hence, V:

Y=¥Y .+ Y¥Y +Y
S P g
[solutes] pressure gravity
CSIC crodriguez@irnas.csic.es iIsUP- Agr@@
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BASIC PRINCIPLES & COMPONENTS: THE GRAVITATIONAL POTENTIAL

=W+ P+

[solutes]

It is measured in pressure

units (bar, MPa...) and it is
NEGATIVE

[pure water: ¥ = 0 MPa]

Reflects the gravitational
\Ij pull of the water column

| ‘PgZng@
R

0.01 MPa m1

o

C s l C crodriguez@irnas.csic.es

pressure gravit

0.1 MPa
increase in ¥
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BASIC PRINCIPLES & COMPONENTS: THE OSMOTIC POTENTIAL

Represents the effect of

LIJ dissolved solutes on ¥ \I’ — \I’S + \pr

S It is NEGATIVE and

the addition of solutes [solutes] pressure
always decreases ¥

Van't Hoff EQUATION . 0831 MPa L mol* K

__ T: Temperature K
Y, = -RTc,

C: Osmolarity (mol L2)

OSMOLARITY i

SOLUTE | MOLARITY lari ber of |
(molarity x number of ions) (20°C = 293 K)

Sucrose 0.1 0.1 -0.244 MPa

E NaCl 0.1 0.2 -0.488 MPa

C S l C crodriguez@irnas.csic.es
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BASIC PRINCIPLES & COMPONENTS: THE OSMOTIC POTENTIAL

Represents the effect of
LIJ dissolved solutes on ¥

S It is NEGATIVE and
the addition of solutes
always decreases ¥

(A) Pure water

| II = = & ,»: _H

e

I /

| o
| | i | l’US =0 MPa

w |
L =0 MPa

C S l C crodriguez@irnas.csic.es

Y=Y+ P,

[solutes] pressure

(B) Solution containing 0.1 M sucrose

L _ ”y 0.1 M Sucrose solution
| | ¥, =0MPa
| | ¥s =-0.244 MPa
|| || = tiup + lnus
| = 0 - 0.244 MPa
I"-I'jm,‘ ’_,fl -"l = -0.244 MPa

isUP-Agr®



BASIC PRINCIPLES & COMPONENTS: THE PRESSURE POTENTIAL

Y=Y+ P,

[solutes]

Represents the effect of
\P hydrostatic pressure on ¥

p Depending on the system, it can
be POSITIVE or NEGATIVE
+ ¥, —> increases ¥
- ¥, —> decreases ¥

Water

Cap

|

HYDROSTATIC PRESSURE

+\IJp
e

TENSION

_\Ilp

o

C s I C crodriguez@irnas.csic.es

TURGOR PRESSURE

Brimary wz

pressure
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BASIC PRINCIPLES & COMPONENTS: THE PRESSURE POTENTIAL
TURGOR PRESSURE
LIlp OSMOSIS: Net movement of water \}’ _ \I’S + Lij
through a semipermeable membrane [solutes] pressure

Hypotonic solution Isotonic solution Hypertonic solution

—
— Sucrose ¢3
W
Y sucrose 1l Y sucrose 2 VY sucrose 3
Y =-RTcl Y =-RTc2 Y =-RTc3

LPceII < LPsucrose 1 \P \P ‘Pcell > ‘Psucrose 3

cell — sucrose 2

o

C S l C crodriguez@irnas.csic.es
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BASIC PRINCIPLES & COMPONENTS: THE PRESSURE POTENTIAL
TURGOR PRESSURE
LIlp OSMOSIS: Net movement of water \}’ _ \I’S + Lij
through a semipermeable membrane [solutes] pressure

Hypotonic solution Isotonic solution Hypertonic solution

TURGIDCELL ¥ >0

——
ﬁ%‘g 7
|
Sucrose cl1 e | 7 3 Sucrose c2 | /Sucrose c3

Py

Y sucrose 1 Y sucrose 2 Y sucrose 3
Y =-RTcl Y =-RTc?2 Y =-RTc3
LPceII < LPsucrose 1 lPceu — lPsucrose 2 ‘Pcell > ‘Psucrose 3

ﬁ The cell gains water

C S l C crodriguez@irnas.csic.es
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BASIC PRINCIPLES & COMPONENTS: THE PRESSURE POTENTIAL

TURGOR PRESSURE

LIlp OSMOSIS: Net movement of water
through a semipermeable membrane

Hypotonic solution

TURGIDCELL ¥ >0

Sucrose cl

VY sucrosel
Y =-RTcl
LPceII < LPsucrose 1

The cell gains water

o

C S l C crodriguez@irnas.csic.es

Isotonic solution

Y=Y+ P,

[solutes] pressure

Hypertonic solution

FLACCID CELL

hw ﬂ§ﬁm
———/ A
—— ~—1 Sucrose c2 I Sucrose ¢3
/ )
i y

Y sucrose 2 Y sucrose 3
Y =-RTc2 ¥ = -RTc3
\P \P ‘Pcell > ‘Psucrose3

cell — sucrose 2

The cell is in equilibrium

isUP-Agr®



BASIC PRINCIPLES & COMPONENTS: THE PRESSURE POTENTIAL

TURGOR PRESSURE
Y=Y+ P,

LI’p OSMOSIS: Net movement of water

through a semipermeable membrane [solutes] pressure
Hypotonic solution Isotonic solution Hypertonic solution
TURGID CELL ¥ >0 FLACCID CELL PLASMOLYZED CELL ¥ =0

(a

—

g/
—
Sucrose cl = R = Sucrose c2

W
3 Sucrose c3
—== ,’/

Y sucrose 1 Y sucrose 2 Y sucrose 3
Y =-RTcl Y =-RTc?2 Y =-RTc3
LPceII < LPsucrose 1 lPceu — lPsucrose 2 \Pcell > \Psucrose 3

fl;f The cell gains water The cell is in equilibrium The cell loses water

CSIC crodriguez@irnas.csic.es iSUP- Agl’@@



BASIC PRINCIPLES & COMPONENTS: THE PRESSURE POTENTIAL

Represents the effect of
\P hydrostatic pressure on ¥

p Depending on the system, it can
be POSITIVE or NEGATIVE
+ ¥, —> increases ¥
- ¥, —> decreases ¥

Water

Cap

|

HYDROSTATIC PRESSURE
+
TD
—

TENSION

s o

C s I C crodriguez@irnas.csic.es

v

Y=Y+ P,

[solutes] pressure

Atmosphere y
-95.0 MPa . Leaf water at

Leaves | ___- (o S cell walls held
-0.9 MPa ~

Soil water held

isUP-Agr¢p



BASIC PRINCIPLES: PLANT WATER STATUS

describes unambiguously plant water status,
which influence PHYSIOLOGICAL PROCESSES

Physiological changes
due to dehydration:

Abscisic acid accumulation
Solute accumulation
Photosynthesis

Stomatal conductance
Protein synthesis

Wall synthesis

Cell expansion

| | | |
-0 -1 =2 =3 -4

Water potential (MPa)
\ AN AN
h'd h'd

Well-watered Plants under

A 4

Pure water Plants in arid,
plants mild water desert climates
stress
CSIC crodriguez@irnas.csic.es

THE PLANT CELL 2023: 35: 10-23

Time for a drought experiment: Do you know your
plants’ water status?

- Thomas E. Juenger (® "* and Paul E. Verslues @ >*

d Because of transpirational water loss to the atmosphere,
plants are seldom fully hydrated.

O At different points in the SPAC, the components of water
potential differ.

Soil, matric forces of water adhering to soil particles.
Plant cell, active accumulation of solutes to drive
water uptake, cells must osmoregulate at all time to
maintain cell volume or regulate turgor.

Apoplast and xylem, tension generated by adhesion
of water molecules moving up through the plant.

isUP-Agr¢p



BASIC PRINCIPLES: CELL WATER RELATIONS
Hofler - Thoday Diagram

R =100 - RWC

RWC = Relative Water Content

€ = Elastic modulus (cell wall rigidity)

t& -> cell walls more rigid

€ -> cell walls more flexible

TLP = Turgor Loss Point

A

CSIC

crodriguez@irnas.csic.es

(a) 24
; VRWCI
r £ tip
5 04 . < ' R
5 : 10 15
=7 :
tip _3- ::;I:
_4' wleaf
(b) 4
3 e — [
i —1."'4"“
2 5
1 e
Un T 100-a,
"mtlp—r'—-T___ ' .l _ l l /R
0 5 ] 10 15 20 25 30
100-RWC,,

Bartlett et al. 2012, Ecology Letters
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BASIC PRINCIPLES: OSMOTIC ADJUSTMENT

R/
1 L] H‘\-. {
¥ Al

.I' . 11
f (|

p, = +0.5 MPa W = OMPa| & O Active (+ energy) accumulation of solutes.
w, = -2.0 MPa w, = -1.2MPa
¥, = -1.5 MPa By = -1.2MPa| =
O Essential to maintain cell turgor and volume -> cell
growth, cell and tissue rigidity.
[ Under soil drought conditions, a decrease in ‘¥,
gl allows roots to extract water.
Soil w, = “ T

1.2 MPa i

Osmotic adjustment No osmotic adjustment

CSIC crodriguez@irnas.csic.es iSUP-Agr@



BASIC PRINCIPLES: OSMOTIC ADJUSTMENT

CSIC

Example in olive trees

0
Leaf water potential 6
-14 L= By
. g:::::::::::;;,.o--"ﬁ' 0 6 § °
= &
all
= —2 - ,
e Leaf osmotic
b= .
= potential
5 3 —
®
§ —o— 77, WW plants
- —o— ng7, WS plants
@+ Yiear, WW plants
-0 Yeaf, WS plants
-5 ————— F T [T A —F L A
01/04 01/05 01/06 01/07 01/08

crodriguez@irnas.csic.es

Date

Osmotic
adjustment
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METHODOLOGIES TO MEASURE ¥ IN PLANTS
Training school: Agrosystems and Crops Monitoring

PRESSURE CHAMBER THERMOCOQOUPLE PSYCHROMETERS

“ ol —

C s l C crodriguez@irnas.csic.es
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METHODOLOGIES TO MEASURE Y IN PLANTS THE PRESSURE CHAMBER

VEGETABLE STATICKS':

Or, An AccouNTt of fomg

Statical Experiments

ON THE

SAP in VEGETABLES:

Being an ESS AY towards a
Natural Hiftory of Vegetation.

Alfo, a SPECIMEN of

An ATTEMPT to Analyle the Az, s. XVIII
By a great Varicty of HENRY 1L DIXON, 5c.D., F.RS,
CHYM10-STATICAL EXPERIMENTS; “pR!”“R!BOMB" Linioiisity - Propasar W Folany o Trintty Collivee, Diku-5 Dis

Which were read at feveral Meetings before
the ROYAL SOCIETY.

TRANSPIRATION AND
THE ASCENT OF SAP
IN PLANTS

By means of this method useful results were obtained,

e L o e i but danger attended the determmations. Despite the
ftE;r:'i/E}??-”—'—;7:;fe?{1dﬂ/f;f:tjt strength of the glass cyhinders used. two explosions occurred,
Fran. de Verul. Tnflauratio magna. f(ntun(ntol\ attended by delay m the work only, so that
B)kgf;sz’}aff,,,gﬁff;ﬁﬁ,,}i,,B,,,?Vﬂuﬁ 5 after a cnmpamhvely small number of observations, a

Teddington, Middlefex.

more suttable method was looked for.
LONDON:
Printed for W. and J. Innvys, at the Weft End of St. P;.z’s
and T. Woopwarp, over-againft St. Duxflan’s Church

in Fleetfiresz. M, DCC, XXVIL MACMILILAN AND CO., LIMITED
ST. MARTINS STREET, LONDON

® -Agr®



METHODOLOGIES TO MEASURE YW IN PLANTS: THE PRESSURE CHAMBER

Sap Pressure in Vascular Plants

Negative hydrostatic pressure can be measured in plants.

P. F. Scholander, H. T. Hammel, Edda D. Bradstreet, and
E. A. Hemmingsen

Scholander et al, 1965, Science

o

C s l C crodriguez@irnas.csic.es

cAs |
PRESSURE |

Fig. 2. Pressure bomb for measurement
of sap pressure in the xylem of a twig.
Left, direct observation; right, stepwise
sap extrusion and pressure measurement
to obtain a pressure-volume curve.
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METHODOLOGIES TO MEASURE YV IN PLANTS: THE PRESSURE CHAMBER

Today's versions...

Digital pressure transducers

Pressure-release valves

CSIC crodriguez@irnas.csic.es iSUP-Agl‘



METHODOLOGIES TO MEASURE Y IN PLANTS: THE PRESSURE CHAMBER

In the typical procedure...

.

////////////////////// /////

crodriguez@irnas.csic.es iSUP -Agl‘
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METHODOLOGIES TO MEASURE YW IN PLANTS: THE PRESSURE CHAMBER

The measurement assumes the Cohesion Tension theory for the ascent of sap
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METHODOLOGIES TO MEASURE YV IN PLANTS: THE PRESSURE CHAMBER

The measurement assumes the Cohesion Tension theory for the ascent of sap

CSIC

(B) Leaf

colurna de

agia cuando
equilibric de
presicnes(P)

cémara
crodriguez@irnas.csic.es

Apoplast and xylem sap ¥, ~ 0 MPa

Cell Plasma
Vacuole wall membrane
{

et surface
of cell wall

Cytoplasm —

Radius of Hydrostatic

curvature (um)  pressure (MPa)
0.5 -03
0.05 -3

0.01 -15
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METHODOLOGIES TO MEASURE YW IN PLANTS: PSYCHROMETERS

STEM THERMOCOUPLE PSYCHROMETERS
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METHODOLOGIES TO MEASURE YW IN PLANTS: PSYCHROMETERS

O It measures xylem ¥ through equilibrium via vapor phase of
the air in equilibrium with the xylem water.

O Psychrometric measurement based on Peltier cooling pulse
to cool Thermocouple-C sufficiently to condense water on

B mmmms e the thermocouple. The wet-bulb depression (drop of water
v evaporating), after correcting by the gradient in
& temperature between Chamber and Sample (AT), is used to
: determine V.

\

Stem

O The dryer the sample (lower W), the dryer the air in the
chamber and the faster the evaporation.

Silicone Vacuum Greasz

CSIC crodriguez@irnas.csic.es iSUP-Agr



METHODOLOGIES TO MEASURE YW IN PLANTS

X

I
1 PRESSURE CHAMBER | VS THERMOCOUPLE PSYCHROMETERS

° Semi-invasive

° Reliable within a wide range of ¥ ° Reliable within a wide range of ¥

Destructive

** with exceptions except Y¥close to zero

° Not suitable for continuous monitoring Suitable for automatic and continuous
monitoring

CSIC crodriguez@irnas.csic.es iSlTP- Agl”@



METHODOLOGIES TO MEASURE YW IN PLANTS: ADVANCED AND ALTERNATIVES
"AQUADUST"

A B C YN=0 Emission

(Low FRET)
4

s—Upper epidermis e .
. uorophores
- AquaDust No FRET T

Josl : ‘ -Mesophyli
Qraa: PAR PR R "R i Bundle sheath g . . O
- > e S Xylem Excitation r
o AguaDust AquaDu§t '® A sty mET
infiltration zone ¥ Leaf clamp N A . As-| ower epidermis T
A — /] Syringe - ] One AquaDust
wStem ’ — == : i i; = Light env
by ' = | |source W< 0
Tw f
Spectrometer
v ol LERET Efficiency,
((wleaf) . .)
B )

Exeitation

w Jain et al., 2021, PNAS
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METHODOLOGIES TO MEASURE YW IN PLANTS: ADVANCED AND ALTERNATIVES

“"DENDROCAMS”

CSIC

crodriguez@irnas.csic.es
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OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

IYREE, M T, & J DAINTY. The watw:
hemlack ( Isuga canadensis) 11 11
exchange between the
31: 1481-1489. 1972

FYREE MT., M. BENIS & ) DAINTY

of hemlock (Tsuga canude nsis) (11, 1)

ymplast and i

lh;pt:n(h_‘nl ¢ of water exchange in « pri
Bot. 51; 1537-1543. 1973

1974

TYREE, MUT., J. DAINTY & DM HUD
relations of hemlock (Tsuga canadensi
dependence of the balance prossure on
measured by the pressure-bomb technic
52: 973-978, 1974

Mel Tyree at Bombference, Davis (CA), 2018

f ! p
1977; )/ |
\I'YRH.:, L &YNS cHEuNG Resistance to w

[T ‘lyﬂ]l n Fag
graidifolia loaves Can. I. Bot, 55 2591.2599 ;:l"vrm HEARS
1978~ '

IYJ&J"I'. M.T,, YN.S CHEUNG. M.F
TALBOT, The cl
the Uissue-water rel tons of 4eer P,
Bot. 56 655-647, 1978

TYREE, M. T, M.I MacGR] GOR, A, PETROV

SOHIPANSOn of systematic errors betw

M‘n_.h]{l GOR & A1 B
mracterisiics of seasonal and ontogenetic changes In

4)_/”.‘.‘,'-". /\",“11[, and /“l':'l a. ( ‘““‘ ‘lb

& M0 UPENIEKS A
veen (he Richards and Hammel

methaods of measuring tissue-water relations parameters, Can, J. Bot.

56: 2153-2161, 1978

1979:

YREE, M. T, M.E MacGREGOR & S CAMERON Ontogenetic
tactors affecting the osmotic pressure and bulk maodulus of L:E.I\ULI(“\
of poplar leaves. Poplar Research, Management and tilization in
Canada, (D.C'F. Fayle, I, Zsufta & H.W. Anderson, Eds. ) Ontarto
Ministry of Natural Resources, Forest Research Information Paper
No. 102. Report 14 pp 1-11, 1979

1980:

TYREE, MT. & A.J. KARAMANOS Water stress as an ecological
factor In: Plants and Their Atmospheric Environment (] Grace,

E.D. Ford & P.G. Jarvis, Eds) Blackwells, Oxford pp.237-261, 1980,

Envin 4 300,37,y
I'YREE, MT. The relationship between the bulk modulus of
elasticity of g complex tissue and the mean modulus of jts
cells. Ann. Bot. 47 547-559, 198
['YREE, M.T. & H RICHTER. Altsrative methods of
analysing water potential isotherms: Some cautions and
clanfications, 1. The impact of non-ideality and of some
cXperimental errors. J, Exp: Bot, 32 643-653, 1981
MT Tyree, AJ Karamanos Water Stress as an ecological
factor Symposium-British Ecological Society 1981
1982:
IYREE, M.T, & H. RICHTER. Alfernate methods of analysing
water potential isotherms: Some cautions and clacifications
I Curvilinearity in water potential tsotherms. Can, J, Bot.
60: 911-920, 1982. J
T'YREE, M.T. & P.G, JARVIS., Water in tissues and cell, Tn;
Enc_\'cl(»pediu of Plant Vl"h_vsiology NS Physiological Plant
Ecology Vol. 12B pp 35-77, 1982. 0
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OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

Table 52. Seminal reviews and studies focused on or related to leaf water potential measurements with the pressure chamber.

Reference

Brief description

Assumptions/Precautions/Recommendations

Relation to our study

Waring and Cleary, 1967, Plant
moisture stress: Evalustion by
pressure bomb, Science.

Early design of a portable pressure chamber and one of the first studies
demonstrating the relation between plant distribution and weter stress
measured with the pressure chamber with attempts to standardize
collection and preparation of samples.

Errors in the method related to rate of
pressure increaze and sample preparstion are
discussed. They used ztm and positive values
for water potential units. They mentionead
that higher readings were obtzined at rapid
rates of pressure increase, and recommended
to minimize the amount of stem outside the
chamber to less than 2 cm.

Techmically related to pressure chamber
mezsurements, but the very few recommendations
included are not supported with other reports.

Boyer, 1363, hMeasuremsnt of
the water status of plants,
Annual Review of Plant

Phryziclogy.

Bazic concepts related to the water status of plamts and technigues
zvailzble by then for measuring it, such as pressure-volume curves.

fWigre related to the theory behind pressure
chamber measurements. He mentioned that
srcuracy tend to vary from species to species
and explained by variable compressions of the
tissue and consideration of other tizsues than
xylem filled with ==p during the
mezsurement.

Mot specifically focused on pressure chamber
Mmessurements.

Ritchie and Hinckley, 1975, The
pressure chamber 3s an
instrument for ecological
research, Advances in
Ecological Research.

To the best of our knowledgs, this is one of the most complete review of
the pressure chamber technigque. It includes theorstical considerations, a
historical perspective (very enjoyable to read), applications on ecological
studies plus other applications in other fizlds, and most impartzntly,
assumptions tested by then, independent measurements of water
potentizls with other technigues to validate the pressure chamber
technique and unresoheed questions. They zlso included unpublished data
im am atbempt at synthesis and evaluation.

Rodriguez-Dominguez et al. 2022, Plant Cell Environ

Recommendation of peeling phloem and bark
im conifers, but fior facilitating insertion into
the rubber gland. They alzo already pointed at
the dizzgreement between what they called
the combined gravitational and frictional
potentials {F) and the water potential | 1} at
lowy lewels of water potentials, and they
explzined these dizcrepancies due to the
sppearance of embolized vessels. Pand ¥
should be egual when matric and osmaotic
potentials are negligible. Concduding remarks:
Preszure chamber measzures the gravitationzl
and frictionz| cormponents of the total water
potential in the xylem; Assumption that
asmotic and matric potential of the xylem z=p
are negligible s=emed to be valid for many
species; Recutting is not recommended;
Amount of tissue inside and outside the
chamber should be standardize;
heasurement should be done rapidly after
excizion; Equilibrium must be permitted
during the measurement, so low rates of
pressure zpplication (0.1 - 0.3 bars 5-1) are

ra~mmmandsd s Snecific peacsdoras sra

Specifically focused on pressure chamber
measurements. However, some recommendations |
precautions may need to be updated. For instance,
they reported that recutting the stem of twigs or the
petiole of leaves can induce ermors in some species.
Recent studies, in contrast, did not find an effect in
vina leaves (Levin, 2013, Azricultural Water
Manzzement). They recommended to measure rapidly
sfter excision, and when this is not possible, to store
the sample in @ humid chamber {avoiding rehydration)
znd in darkness (in agreement with our rezults, but
without mentioning time of storage or it the leaves are
transpiring or not).
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OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER
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ORIGINAL ARTICLE B% WILEY

Leaf water potential measurements using the pressure
chamber: Synthetic testing of assumptions towards best
practices for precision and accuracy

Celia M. Rodriguez-Dominguez’? @ | Alicia Forner®* | Sebastia Martorell® |
Brendan Choat® @ | Rosana Lopez’ | Jennifer M. R. Peters® |

Sebastian Pfautsch? @ | Stefan Mayr'® | Madeline R. Carins-Murphy'! |
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Virginia Hernandez-Santana® @ | Paulo E. Menezes-Silval® © |

Jose M. Torres-Ruiz’®* @ | Timothy A. Batz?> | Lawren Sack?

Validation of 8 assumptions commonly used in ¥ _; measurements with
the pressure chamber by a multitude of laboratories around the world

Asumptions related to:
|  Sampling conditions or sample handling prior to measurement.
w * Measurement technique.
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OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

How many of you measure / have measured with the pressure chamber??

» e

r— WE NEED TO
= = DISCUSS
ABOUT THIS...

1. [I'll present the ASSUMPTION.

2. Participate!! What do you think??

3. Empirical check. What did the data tell us??

CSIC crodriguez@irnas.csic.es iSUP-Agl‘@



OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

SAMPLE
CONDITIONS

CSIC

Do we need to equilibrate the leaf after excision? How?

Assumption #1. After leaf excision, especially when the leaf is transpiring, \V',..; changes to an

equilibrium.
Assumption #2. Once equilibrium is reached, it is maintained if leaves are stored conveniently.

'mfr"rleaf {MPB}

crodriguez@ir

0.4 -
0.2 ~

0.0

0.2 -
0.4 -
06 -

0.6

0.4 4
0.2 1

0.0

-0.2 -
0.4 -
06 -

S |
o
@ _9~
T e °0g© e
o =
® o
® /
: — @
e ,+30 min ®
0 //./
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Wiear @t t, (-MPa)
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]
o®
L d ®
6]
e {,+4 hours
o 1,;+1.5 days o
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Wieat at rt:]+3£rr'r1ir'u ('Mpa]

isUP-Agr



OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

SAMPLE
CONDITIONS

CSIC

crodriguez@irnas.csic.es

Do we need to equilibrate the leaf after excision? How?

Assumption #1. After leaf excision, especially when the leaf is transpiring, \V',..; changes to an
equilibrium.

Assumption #2. Once equilibrium is reached, it is maintained if leaves are stored conveniently.

moist exhalation |
. 051 - A
& .
= 00 o of - e ® o 4
— ® s} e®
z e
3 0571 e t+10min " °
e [,+1 hour
‘1.0 T T T T T T
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
Yoo At t, (-MPa)
1.0 :
moist - exhalation
— D.5 N . B
E 0 * @ °
E 0. g' 5 f_%
- -0.5 -
E "
2 101 e t*+4hours
154 e t;+1day b
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5

Viear At £,4, (-MPa)
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OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

SAMPLE
CONDITIONS

Do we need to equilibrate the leaf after excision? How?

Assumption #2. Once equilibrium is reached, it is maintained if leaves are stored conveniently.

sttt

t.+1 day

]
e t,+6 hours e [+2days
e t,+12 hours o [+3days
o t+1day e [;+4days
0.8 = =
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_— ) .
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e 4 W
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CSIC crodriguez@irnas.csic.es
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OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

SAMPLE | Do we need to equilibrate the leaf after excision? How?
CONDITIONS | Conclusions after testing assumptions #1 and #2

Helianthus annuus

Sy (MPa)

. -2.50
. -2.25
-2.00

v’ It is advisable to equilibrate leaves, especially
if they were previously transpiring, and to
measure once the equilibrium is reached.

-1.75
-1.50
N o125
| . -1.00
. -0.75
. -0.50
 -0.25
. 0.00

v’ Equilibrium time may vary depending on the
species.

v’ Storage conditions:

H P H - E, =2.09 mmol m?s” '3 4 = 6.27 mmol m?s’
High humidity, Darkness, Confined space. Upier apK - o R e
Ejower epig = 291 mmol m™s E\ower epia = 2.91 mmol m*s
d‘//upper epid = -0.77 MPa ()."Vupper owid ™= -2.48 MPa
d‘//lower epid =-0.95 MPa ‘)‘("/Iower epid =-1.44 MPa

Buckley et al, 2015, Plant Phys
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OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

SAMPLE | Do we need to equilibrate the leaf after excision? How?
CONDITIONS | Conclusions after testing assumptions #1 and #2

v’ It is advisable to equilibrate leaves, especially

if they were previously transpiring, and to after equilibration

measure once the equilibrium is reached. s
v’ Equilibrium time may vary depending on the T

species. potential

v’ Storage conditions:
High humidity, Darkness, Confined space.

O
\ /' 2

M
tissue volumes ::)lgher-:; tissues T
Se water

lower-y tissues
— J L gain water |

xylem ————> epidermis

CSIC crodriguez@irnas.csic.es Tom Buckley at Bombference, Davis (CA), 2018




OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

Do leaves equilibrate with their bearing stems when placed under

Assumption #3. Covered leaves or branches under conditions of non-transpiration equilibrate their

SAMPLE
HANDLING | non-transpiring conditions?
water potentials.
0.6 -
0.4 - = &
— 0.2 1 ‘ 0‘ ® .‘ ®
T 00 M’f:—ﬂ—‘-’ *
= 024 °® ° 9 °s
3:-?’]“ 041 o short twig
'gg | ® needle y
el P<0.05
'1 .D T T T T T T
00 05 1.0 15 20 25 3.0

CSIC

Pinus cembra

crodriguez@irnas.csic.es

control y (-MPa)

-100 -

-120

T T L] T LE T

05 1.0 15 20 25 3.0
control y (-MPa)

o
1@
o
o
0

0.
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OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

SAMPLE Do leaves equilibrate with their bearing stems when placed under
HANDLING | non-transpiring conditions?

Assumption #3. Covered leaves or branches under conditions of non-transpiration equilibrate their
water potentials.

Ligustrum ovalifolium Prunus lusitanica

A A . i .
o . Il ® | Un-bagged Yeat : < °
= 191 : T | ®
% 1.0 - |' ® | Ystem - |
— | ® |
2 06 ® 1 | °e
@ i i i ”.‘ :! o
<, ‘O ' !" =|l :'i P | 8
<1 0.5 - 6 ® g |
1.0 - i . : |
]
8 - ! :
— | | -7
nﬁ_ﬁ 6 - I . | P
= | . | /,-—i
— 4 ! ) | | //
5 " — 1:1line | /:,
P 2- : ——— P50
¢ e <
0 T ] I T ] T L] T
0 2 4 6 8 0 2 4 6 8

control v, (-MPa)
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OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

SAMPLE Do leaves equilibrate with their bearing stems when placed under
HANDLING | non-transpiring conditions?

Assumption #3. Covered leaves or branches under conditions of non-transpiration equilibrate their
water potentials. B N

v’ In general, ¥ equilibrates between
connected tissues that have been under
non-transpiring conditions

v' At certain ¥levels some particularities
may occur depending on the species**

** Case study later

CSIC crodriguez@irnas.csic.es iSUP-Agl‘@



OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

SAMPLE Can we cut part of the leaf lamina to lengthen the petiole?
HANDLING | Assumption #4. If the ', . in the leaf is in equilibrium, sub-sample measurements

give the same ¥, . value.

' o
0.2 - v Y
B a0 "
T 00 LMy 0600 T
s % ve LY ” L g
| < Yy ,00 e
‘ , *\E G v O
| 3 | T
04 - L 4 o
A
—— P<0.001
-[}-ﬁ 1 1 I ] ]

00 0.5 1.0 186 20 25

@ control v (-MPa)

CSIC crodriguez@irnas.csic.es isUP- Agr@



OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

SAMPLE Can we cut part of the leaf lamina to lengthen the petiole?
HANDLING | Assumption #4. If the Y’,eaf in the leaf is in equilibrium, sub-sample measurements

give the same ¥, . value.

0.2 A
v’ In general, part of the leaf lamina can & Ly
be trimmed without affecting the ‘¥, %
very much E 0.2 1
<]
v’ High variability, recommended test in St
study species -

co 05 10 156 20 25
control y,_.; (-MPa)

CSIC crodriguez@irnas.csic.es iSUP- Agl’@@



OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

MEASUREMENT
TECHNIQUE

with the pressure chamber.

X
X
— =0T S
— < 0.001
— P <0.001
Boyer, Measuring the Water ' T T T T T
Status of Plants and Soils, 0 1 2 3 4 5 6 T

1995 control ¥, (-MPa)

CSIC

crodriguez@irnas.csic.es

AVjeat (70)

-100])1
-120§1

20

® @ &H
S O o

-140

Can we measure "bare" leaves inside the chamber?

Assumption #5. ¥, can change rapidly in contact with air, especially when measured

2

control v, (-MPa)

I

3

4

3]

6

7
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OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

MEASUREMENT
TECHNIQUE

Can we measure "bare" leaves inside the chamber?

Assumption #5. ¥, can change rapidly in contact with air, especially when measured

Ay« (MPa)

with the pressure chamber.

T_' 3 A
— P =0015
v — P <0.001
v — P <0.001

0 1 2 3 4 < 6

control y,_.; (-MPa)

ﬁﬂ”leaf (%')

20

-20

-140

|%e
,“
40 A v

60 -

.80 A
-100 A
-120 ~

vV v

0
L 5|
A

X

2 3 4 5
control ¥, (-MPa)

6

7

v’ Although the effect was clearer at higher potentials, it is recommended to always
use high humidity and a covered leaf inside the chamber.

CSIC

crodriguez@irnas.csic.es
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OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

MEASUREMENT | Can we measure leaves whose surfaces are wet?
TECHNIQUE

Assumption #6. ¥, measurement assumes pressurization of air through the
intercellular spaces, not crushing of the leaf.

2.0

15 -
x
S 1.0 -
< 05 -
—_——
3

0.0 -

'0.5 ] I | I ]

0o 05 10 15 20 25

control y,__ (-MPa)

CSIC crodriguez@irnas.csic.es iSUP-Agr@



OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

MEASUREMENT | Can we measure leaves whose surfaces are wet?
TECHNIQUE

Assumption #6. ¥, measurement assumes pressurization of air through the
intercellular spaces, not crushing of the leaf.

2.0
1.5~
v' Measuring leaves with liquid water on their L 40-
surfaces increases ¥, =
E 05-
v' Recommendation to dry leaves before <
measuring 0.0 -
'0.5 1 ! 1 I 1

0.0 05 1.0 1.6 20 25

control v, (-MPa)

‘lr S|
"V |

D

N

CSIC crodriguez@irnas.csic.es isUP-Agr(‘ 7
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OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

Can we measure either continuously or by applying pressure

of measurement, apply pressure in ‘pulses’ until the

MEASUREMENT
TECHNIQUE "pulses"?
Assumption #7. For accurate ¥,
balance pressure is reached.
20
0.2 -
z 0
&
—~ 011 ¢ v * -20
o A i L
= 00 S % bv—o & — -40
@
T 3 A < -60
01477 3
= -80
A v
-0.2 1 v —— P=0.017 A6
—— P=0.043
-0.3 : ; . . ; -120
00 05 10 15 20 25

CSIC

crodriguez@irnas.csic.es

control v, (-MPa)

[ A
A % A
‘:. j‘ £ E—¢ A
- ‘v
A
14 v
4 Vv
)0 05 Jyo 15 20 25

control v, (-MPa)
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OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

MEASUREMENT | Can we measure either continuously or by applying pressure

TECHNIQUE | "pylses"?

Assumption #7. For accurate ¥, .. measurement, apply pressure in ‘pulses’ until the
balance pressure is reached.

20 . ]
A
0 1% Slvde 4, 4
v’ Clearer effect at high '), 0] gv, ¢y
S 40 {4 v
v' Combination of recommendations depending on 5
(i) level of water stress, (ii) degree of accuracy = s
required, and (iii) speed of measurements -00
required. 1001 ¥
-120 . . . .

OQ 0.5 1)0 1.9 20 25
control v, (-MPa)

» R
A |

C s l C crodriguez@irnas.csic.es
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OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

MEASUREMENT | Can we rely on measurements made by our laboratory
TECHNIQUE | colleagues?

Assumption #8. For comparable ¥, .. measurements, a consensus among the team
members on the various steps needed is required.

MSLRT P-values: :
[ Exp. Researchers Carpinus betulus

] Non-exp. Researchers overall = 0.0498
P exp. researchers = 0.9346

non-exp. researchers = 0.0316

0.5 1.0 1.5 2.0 2.5 3.0 3.5

Vear (-MP2) isUP-Agr




OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER

MEASUREMENT | Can we rely on measurements made by our laboratory

TECHNIQUE | colleagues?

Assumption #8. For comparable ¥, .. measurements, a consensus among the team
members on the various steps needed is required.

[ Exp. Researchers MSLRT P-values:

1 Non-exp. Researchers overall = 0.0498
2 exp. researchers = 0.9346

non-exp. researchers = 0.0316

v' Recommendation of training to reach a
consensus among team members, especially new
members (students, visitors...) incorporating to []
the research group 1l

0.5 1.0 1.5 2.0 2.5 3.0 3.5
CSIC crodriguez@irnas.csic.es Vieat (-MPa) e - ),




OPTIMIZING PRACTICAL USE: THE PRESSURE CHAMBER
Most important outcome

Practical optimization of the technique and development of protocols and best practice recommendations

APPENDIX: Best practice recommendations for (e.s

1

sop\

measurement with the pressure chamber and suggestions

for further tests to be performed

1. Collecting samples

2. Equilibration and storage of samples before measurements
3. Manipulation of samples before measurements

4. Measurement technique

5. Some extra recommendations on measurement technique

CSIC crodriguez@irnas.csic.es iSUP- Agl’@@
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OPTIMIZING PRACTICAL USE: A CASE STUDY ON STEM ¥

1.5 - 2 hours

/ /
’ 4 d 7 AR SR T TRV /

PRESSURE CHAMBER
TA)

STEM PSYCHROMETERS
0

“CSIC crodriguez@irnas.csic.es
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OPTIMIZING PRACTICAL USE: A CASE STUDY ON STEM ¥
Question, Hypothesis, Objective

Could both methods be used interchangeably in these studies?

Theoretically:

equilibrated leaf

[ —
-—] Conduct two experiments in which the plant material spans a wide range of dehydration

Qf levels to test the hypothesis

CSIC crodriguez@irnas.csic.es iSUP- Agl’@




OPTIMIZING PRACTICAL USE: A CASE STUDY ON STEM ¥

Exp. #1. Study of drought-induced plant and tissue mortality Exp. #2. Study of drought-induced embolism formation

o
0]

Electrolyte leakage (EL)

/
“ CSIC crodriguez@irnas.csic.es ! S — ! — iSUP -Agl'



OPTIMIZING PRACTICAL USE: A CASE STUDY ON STEM ¥

1
?E 737 @ Vieatcg : ’CE“ _8 - ® Yieaf-eq I.
al ® Yeaf-disc-eq : & 2l ® Yieaf-disc-eq :
2 : o4 S |.ca<@ . @
8 —6 - i
& "2 :‘ ‘§ ° !
2 A 3¢ % '
s @ & :
o -1 L2 :. " ® _
Oc_ - I & o)
(3 ¢ & 8
" g i L
o i - =
= o)
> 0 ] & s

0 -1 —|2 -3
Ystem-PSY (Mpa)

~p >7
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OPTIMIZING PRACTICAL USE: A CASE STUDY ON STEM ¥

I
w
|

[ Wleaf—eq
@ lf’jleaf~disc~eq

[ BLIE SR Wy
[ ] (]
B~ ® l/jleaf-eq : ‘ -
: :

@ ¥ leaf-disc-eq

.<EL<. ; .

|
N
l

Y\eaf eq OF ¥\eaf.disc eq (MPa)
[
|
B
&
Wleaf eq or l'”Ieaf disc-eq (MPa)

o
|

| | |
0 -1 -2 -3 -4

l/jstem-PSY (MPa)
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OPTIMIZING PRACTICAL USE: A CASE STUDY ON STEM ¥

] wleaf—eq
@ ¥ leaf-disc-eq

1 | |
-1 -2 -3 -4

l/jstem-PSY (MPa)

~p 7,

“CSIC crodriguez@irnas.csic.es isUP- Agr




OPTIMIZING PRACTICAL USE: A CASE STUDY ON STEM ¥
Divergence thresholds between ¥,

® Yieaf-eq

® Yieaf-disc-eq
P50

—— P88

_ _ breakpoint
yleaf-eq

__ breakpoint
wleaf-disc-eq

_ breakpoint
yn-sap

.<EL<.

CSIC

crodrigue;

tem

b

I

-3
Ystem-PSY (M Pa)

2.0
1.5- 3
* *
x
1.0 * i
*
% x
0.5 . . ,_’_,
2o . $2140
0.0 @ ‘ 0 | @
0.5 (a)
' T T T
R’ = 0.70 1 @
60- P < 0.05 |
|
|
4.0 | d
L
|
. |
o
_O_O_O—c././ P el (c)

and ¥,

eaf-eq

Yieaf-
e @ Yieaf-eq
o '/’Ieaf—disc-eq *
*
* &
1.0 LRI
| i P ¢
0.0 :x: ® @ ; % é
1.0- ' (b)
T T T I
R’ = 0.42 I '
P < 0.05 l ]
-4.0- I
|
|
2.0 ® gl
. /
e 2P %Nl
0.0 o (d)
T T I I il
0 1 2 3 4

Leaf xylem cavitation

Leaf cells damage

(Brodribb et al. 2021, New Phyt; Mantova et
al. 2022, Trends Plant Sci; Mantova et al. 2023)
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OPTIMIZING PRACTICAL USE: A CASE STUDY ON STEM ¥
Conclusions and Implications

>> Damaged leaves give erroneous ¥ values measured with the pressure chamber due to the extra contribution of the
symplastic cell content

>> Leaf damage, as has been shown in other works, occurs at stress levels that induce cavitation

>> However, these results depend on the anatomical leaf structures of each species (e.g., it does not occur in other
woody species)

} @
10 7
Olea europaea - é "
Pid 2 r?=0.97, p < 2.2e-16 o
s
8 _®
<
= e
- e
6 g v
g
b 4 :
=
stem 2,
& %
S Angophora costata
2 o
g ' . ® Eucalyptus crebra
-2 4 12 = 0.94 ® Fraxinus oxycarpa
P < 0.00001
n=42
O T T T e
0 2 -4 -6 -8 -10
\I’ 0 2 4 6
Ieaf—eq WP with Scholander (MPa)

CSIC crodriguez@irnas.csic.es Rodriguez-Dominguez et al. 2018, New Phyt Gauthey et al. 2020, New Phyt iSUP-Agr@@



OPTIMIZING PRACTICAL USE: A CASE STUDY ON STEM ¥
Conclusions and Implications

> Implicaciones importantes a la hora de medir curvas presidn-volumen para derivar parametros fundamentales en
“ relaciones hidricas

(@ 2
1-\WRWC1I
g H
3 0- . i . R
5 : 10 15
_.U,JP_
e
4. 1
(b) 4
3: —_——1
J —HWIM,
2 2
| —~
Ue 100-a,
13-;[:;—5- .......... —— - /R

py 0 5[10 15 20 25 30
w 100-RWC,
A Bartlett et al. 2012, Ecology Letters
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OPTIMIZING PRACTICAL USE: A CASE STUDY ON STEM Y
Conclusions and Implications

T. cinerarifolium
100 + - 00
Important to find alternative or combination of methods capable for
L [ . 3 96 g
measuring ¥ within wide ranges of drought levels - e
> 92 4
g 10
§ 88 4
= % l o L 15
“"DENDROCAMS” S ol s
o 80 - ) N L 20
f-
L §” e |25
Vitam &0 e B
72 1 —— Petiole width Predswn ¥, (MPa)
T - T T -3.0
e 1 2 3 4 5 6 7 8 9 10
100 - 0.0
98¢ & - - -0.5
% 96 - -1.0
g
£ 94 15
% 92 ] - 2.0
% g 360
§ 907 g5 - -25
m 5
88 ; 1 - .30
B =
86 Vatom < v —F 35
—— Branchlet width T m@n ¥y (MP
84 +——Vrr T+ 40
0 1 2 3 4 6 6 7 8 9 10 11 12 13 14 16 16 17
CSIC crodriguez@irnas.csic.es ] Bourbia et al. 2021, Plant Phys "™

Voo (MPa)

Wi (MP2)
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QUESTIONS??

Helianthus annuus

N

— Atmosphere:
Sy (MPa) Transpiration draws Low ~—100FI'\.1Pa
—— water from the leaf. _
-_ -225 Leaf at tip of tree:
. -2.00 --1.5 MPa
-1.75 =
Y -1.50 @
-_— -1.25 S
- -1.00 5
- -0.75 =
- -0.50 =
— -0.25 5]
m— 0.00 5]
T
' g
Cohesion and adhesion
draw water up the xylem.
- 2 -1 - 2 4 Stem:~-0.6 MPa
Eiippersp = 2.09 mmol m*s E pper epia = 8-27 mmol m2 s1
o s o
Eigver epia = 2:91 mmol m™s E\per epia = 2:91 mmol m™ s .
High
Wiyoper epid = -0-77 MPa Wy oper epig = -2-48 MPa __| Root cells: ~-0.2 MPa
""/’Iower epid -0.95 MPa ‘gwlower opid -1.44 MPa

— Soil particle

e \Water molecule
— Xylem
Negative water potential

draws water into the root.

Stem

6]

"\

Silicone Vacuum Grease
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PLANT HYDRAULICS
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OBJECTIVES

To understand the fundamental principles of plant hydraulics and its relevance to plant

function and performance.

To learn about methodologies to measure hydraulic conductance in leaves, stems, and

roots.

To explore the importance of soil-root hydraulic interactions and their role in precision

agriculture.

To understand the application of imaging techniques for plant hydraulics in agriculture.

CSIC crodriguez@irnas.csic.es isUP- Agr@@



IMPORTANCE OF PLANT HYDRAULICS IN AGRICULTURAL AND ENVIRONMENTAL CONTEXTS

Water Demand

Atmosphere A
Leaf area
Stomata

Crop load

Soil
Soil water

Soil-root hydraulics
Plant hydraulics

Plant capacity to move water ~ Rootarea M

Water Supply
g - NN Plant hydraulics helps explain how water moves from the soil
~S72 A to the roots, through the plant, and out via transpiration

CSIC crodrigueze/ isUP-Agr@



IMPORTANCE OF PLANT HYDRAULICS IN AGRICULTURAL AND ENVIRONMENTAL CONTEXTS
Amount of water used by trees

Average Daily Water Usage per Person

600
500

400

300
200 |I
8l

0. Illl

¥ Q{b \‘,\ 'b“ -« \0 .s\ ‘\’b (“ o\\ .‘} ‘\) e." \} P ‘.1 .\'5
‘0

Q>

Litres

80 cm basal-diameter trees = Conifers 50-60 litres day!

Angiosperms 400-500 litres day?
isUP-Agr®




IMPORTANCE OF PLANT HYDRAULICS IN AGRICULTURAL AND ENVIRONMENTAL CONTEXTS
This huge movement of water is driven by TRANSPIRATION and creates AV through XYLEM

> 95% of water evaporates from leaves through STOMATA
< 5% of water for photosynthesis and growth

L Understanding these processes allows farmers to optimize
irrigation practices, minimizing water waste and ensuring crops
get the right amount of water at the right time.

U Some plants have mechanisms to maintain hydraulic function
under water stress, making them better suited for arid or water-
limited environments.

O Plants with optimized hydraulic functioning can photosynthesize
more efficiently, leading to better growth and higher yields.

CSIC crodriguez@irnas.csic.es iSUP-Agl‘@



IMPORTANCE OF PLANT HYDRAULICS IN AGRICULTURAL AND ENVIRONMENTAL CONTEXTS
Drought-induced mortality — Hydraulic failure

160'W 140" 20°W  100°W 80", 50'W a0 20" W Q 20°E 4°E G0%E B80'E

1970 '80 '90 '00 '10 2018

W 1200w 100°W B0PW BOTW  A0MW 20'W 0 20'E A0'E B0°E BO'E 100E  120°E  140°E  AGU'E

66% Linked to warmer and drier conditions

Knowing how and when plants are at risk of hydraulic failure can
help farmers intervene before crops are irreparably damaged.

CSIC crodriguez@irnas.csic.es iSUP-Agl‘@
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BASIC PRINCIPLES IN PLANT HYDRAULICS

Leaf xylem pressure
<<< 0 MPa

A

vaylem
<0 MPa

AP

Water

v
Root xylem Xylem
pressure < 0 MPa

isUP-Agr
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BASIC PRINCIPLES IN PLANT HYDRAULICS

Pit pair
The XYLEM ‘\
—11— Secondary
cell walls
[Tt
—— | ﬂl membrane
- H““Pit cavity
i
Vessel cell walls
element
- o \ Vessel end
Vessel - g
Bordered
p|t5 Gas-filled
TracheidsH Perforation cavitated
plateS \ vessel
X Scalariform
Bordered =2 perforation
pits
Gimnosperms Angiosperms
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BASIC PRINCIPLES IN PLANT HYDRAULICS

Key element in the transport of water from the soil to the leaves
is the generation of negative pressures within the XYLEM

V P D Cell Plasma
g Vacuole wall membrane
S \ i Leaf water at

cell walls held

“\Wet surface
of cell wall

ye AW [ Transpiration (E;) = VPD g, =®AT ]

Root Water Sand Clay Air
hair particle particle (wet soil)

S W W

| Air
~  (drying
soil)

Soil water held

CSIC crodriguez@irnas.csic.es iSUP-Agr



BASIC PRINCIPLES IN PLANT HYDRAULICS

Soil water limiting conditions Functional Non-functional o .
vessel vessel Ca\"tat 1on

Abrupt change from liquid water
under tension to water vapor
Gas ; ¥ &
bubble . Yy
| ©INRA/Hervé Cochard

Soil water contentl
l Embolism

Yiylem << 0 MPa
crodriguez@irnas.csic.es iSUP -Agl‘




BASIC PRINCIPLES IN PLANT HYDRAULICS

Soil water limiting conditions and Cavitation

Yylem = -0.5 MPa

MiNAnmY M

Functional vessel

Non-functional vessel

e

“ CSIC crodriguez@irnas.csii iIsUP- Agl‘



BASIC PRINCIPLES IN PLANT HYDRAULICS

Soil water limiting conditions and Cavitation

Yiylem = -0.9 MPa

ITM'J Il"w.'flu' k']('llnl ].'!.;. l-'..j;d l.lllll.'.l hi'. 'I.l \ilf\

Functional vessel

Non-functional vessel

“ CSIC crodriguez@irnas.csii iSUP- Agl‘



BASIC PRINCIPLES IN PLANT HYDRAULICS

Soil water limiting conditions and Cavitation

Yiylem = -1.5 MPa

“ CSIC crodriguez@irnas.csii iSUP- Agl‘

IT Mu .hl'l i .f.u k-] i llls' l'! it l-‘- | j;.l LIT | .'.il lJi'. 'I.i lli i ,:I\

Functional vessel

Non-functional vessel




BASIC PRINCIPLES IN PLANT HYDRAULICS

Soil water limiting conditions and Cavitation

Yiylem = -1.9 MPa

IT Hu .Llll i f.u k-] i l.: 1'1 i ‘I l'- i T.J LII|I | .'.il |Li1 fl.; llu i j\

Functional vessel

Non-functional vessel

T

y ),P
W
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BASIC PRINCIPLES IN PLANT HYDRAULICS

Soil water limiting conditions and Cavitation

Yiylem = -2.3 MPa

] jil .||';=.f-1 li-:.!: 1 1.] |,.'I'|'.iI li fl. |I (y

Functional vessel

High xylem tensions
induce losses in plant
Non-functional vessel hydraulic functioning

PLC=
Percent loss of conductivity

“CSIC crodriguez@irnas.csi isUP- Agr



BASIC PRINCIPLES IN PLANT HYDRAULICS

K= (F/AP) |
V¥ =

F= water flow rate

| = sample length

AP= pressure difference
between sample ends

| £,=vPDg =Kk AY |
v v

C s I C crodriguez@irnas.csic.es

High xylem tensions
induce losses in plant
hydraulic functioning

PLC=
Percent loss of conductivity

isUP-Agr®



BASIC PRINCIPLES IN PLANT HYDRAULICS

K= (FIAP) |
! | = =

F= water flow rate
| = sample length
AP= pressure difference

[ Water stress conditions = J, '

vy |

> 4 cavitated conduits = VK

xylem
High xylem tensions
[ E,=VPDg,=KAY¥Y ] induce losses in plant
‘L \L hydraulic functioning
PLC=
:' Percent loss of conductivity

CSIC crodriguez@irnas.csic.es iSUP-Agr@
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BASIC PRINCIPLES IN PLANT HYDRAULICS
Collapse

<<<Pylem

K= (FIAP) |

e

“ CSIC crodriguez@irnas.csic.es isUP -Agl'



BASIC PRINCIPLES IN PLANT HYDRAULICS
Collapse

<<<Pylem

K= (F/AP) |
! | ==

[Ep=VPDgS=KAS”]

v v

>
W

S CSIC crodriguez@irnas.csic.es iIsUP- Agl’




BASIC PRINCIPLES IN PLANT HYDRAULICS

Pinus needles
(Pinus cembra)

q | Cryo-scanning electron microscopy [

Images from Herve Cochard’s website -d.
C S l C crodriguez@irnas.csic.es 9 5

0
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BASIC PRINCIPLES IN PLANT HYDRAULICS

How do we quantify these loses of K?

Vulnerability curves (VCs)

100

80

60 |

PLC

40 t

20

Snylem (MPa)

W PLC = Percent loss of conductivity
CSIC crodriguez@irnas.csic.es 1ISUP- Agr@@



BASIC PRINCIPLES IN PLANT HYDRAULICS
How do we quantify these loses of K?

Vulnerability curves (VCs)

100

PLC = Percent loss of conductivity
P, = ¥ at PLC=50%

P. = Air entry pressure o |
Pg; = Full embolism point -> PLC = 88%

80

PLC

40 t

20 t

5ny|em (Mpa)

e

CSIC crodriguez@irnas.csic.es isUP- Agr@



BASIC PRINCIPLES IN PLANT HYDRAULICS
Why is important to determine the vulnerability to cavitation of the species?

o

CSIC

Choat et al. 2012, Nature

G U@ ' '
O%, 8 o 3
D
o o8 o
0 O
]
§ [:ID . —
o ©
e o 6r
[ ] ~ _8a}
£
E . . . .
S 10 P Cavitation resistance is
: : > s . :
1z} ®  Decreasing resistance to . sl e linked with the level of
€ cavitation corresponding _ /’/ drought stress
14} @ . . . @ Angiosperms - e .
to increasing rainfall ® Gymnosperms 14 experienced by plants
—16 . i " " i ’ 1 1 1 1 1 1 1 |
0 1,000 2,000 3,000 4,000 5,000 . T | M m W .

Mean annual precipitation (mm) Pso (MPa)

e (Cavitation is a key mechanism of vegetation shifts and forest decline

e Useful information to predict the responses of forest ecosystems to
climate change.

crodriguez@irnas.csic.es
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Dacryocarpus dacrylioides
Metasequoia

BASIC PRINCIPLES IN PLANT HYDRAULICS Pl

Taiwana cryptomerioides
Chamaecyparis pisifera
Cunninghamia lanceolata
Abies lasiocama

Abies grandis

Picea abies e
Pseudotsuga menziesii
Chamaecyparis obtusa
Pinus flexibilis

Pinus pinaster

Pinus r_nudqo )
Sequoiadendron giganteum
Tsuga canadensis

Pinus ponderosa

Pinus contorta
Sciadopitys verticillata
Abies alba

Pinus edulis .
Cryptomena japonica .
Chamaecyparis lawsoniana

H H H Abies pinsapo
avitation resistance Pseudolarix amabilis
Pinus ucinata
° Picea engelmannii
of conifer trees LA oot aartal
Lanx occidentalis
Tsuga chinensis
Lanxdecidua
Sequoia sempervirens
Ginko biloba
Pinus halepensis
Tomeya grandis fortune
Cedrus atlantica .
Chamaecyparis nootkatensis
Thujopsis aolobrata
Tomeya nucifera
Juniperus communis
Tomeya californica
Taxus brevifolia
Taxus baccata N
Cephalotaxus harringtonii
Cedrus deodora ;
Cephalotaxus fortunei
Callitris rhomboidea
Cupressus torulosa
Juniperus osteospema
Platycladus orientalis
Juniperus scopulorum
Cupressus dupreziana
Clc.lprESSUS sempeirens
Actinostrobus pyramidalis
Callitris rhomboidea
Cui),re,ssus glabra
Callitris gracilis
Callitris preissii
: - - - A Callitris collumellaris
Data courtesy of S. Delzon

CSIC crodriguez@irnas.csic.es Xylem pressure inducing 50% loss of conductance isUP- Agl’ @”@



BASIC PRINCIPLES IN PLANT HYDRAULICS

Variability of cavitation resistance across European
beech (Fagus sylvatica L.)

Lavey 4 a

Banjaq @

Monti - ab

Garga- ab

Valea - abc

Frusk - abc

Arsit— abc
Monca 5 bc

Elspe 4 bc

Jamy -| bc

Monts |  bc

Aarni - bc

Ciron— bc

Sl b AP, = 0.74 MPa

Stend- ¢

-3.8 -3.3 -2.8
P50 (MPa)
w Cavitation resistance (Py,) is a very consistent trait within species

CSIC crodriguez@irnas.csic.es iSUP- Agl’@@
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BASIC PRINCIPLES IN PLANT HYDRAULICS

CSIC

crodriguez@irnas.csic.es

Cavitation resistance
of conifer trees

Callitris tuberculata
P50 =-18.8Mpal!

Dacryocarpus dacrylioides
Metasequoia

Pinus cembra.

Pinus albicaulis

Pinus syiestris
Taiwana cryptomerioides
Chamaecyparis pisifera
Cunninghamia lanceolata
Abies lasiocama

Abies grandis

Picea abies e
Pseudotsuga menziesii
Chamaecyparis obtusa
Pinus flexibilis

Pinus pinaster

Pinus r_nudqo )
Sequoiadendron giganteum
Tsuga canadensis

Pinus ponderosa

Pinus contorta
Sciadopitys verticillata
Abies alba

Pinus edulis .
Cryptomena japonica
Chamaecyparis lawsoniana
Abies pinsapo
Pseudolarix amabilis
Pinus ucinata

Picea engelmannii

Thuya plicata

Lanx occidentalis

Tsuga chinensis
Lanxdecidua
Sequoia sempernvirens
Ginko biloba

Pinus halepensis

Tomeya grandis fortune
Cedrus atlantica

Chamaecyparis nootkatensis

Thujopsis aolobrata
Tomeya nucifera
Juniperus communis
Tomeya californica

Taxus brevifolia

Taxus baccata N
Cephalotaxus harringtonii
Cedrus deodora ;
Cephalotaxus fortunei
Callitris rhomboidea
Cupressus torulosa
Juniperus osteospema
Platycladus orientalis
Juniperus scopulorum
Cupressus dupreziana
th.ltpressus sempeirens
Actinostrobus pyramidalis
Callitris rhomboidea
Cui),re,ssus glabra
Callitris gracilis

Callitris preissii
Callitris collumellaris

Xy lem pressure inducing 50% loss of conductance

Data courtesy of S. Delzon
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BASIC PRINCIPLES IN PLANT HYDRAULICS

100~ ) : Outliers
: a. Callitris columellaris

b. Callitris glaucophylfa

¢. Caliitris preissii

d. Actinostrobus acuminatus

e. Juniperus pinchotil

=N

~
(5}
L

Bulk cavitation occurs
rapidly at tensions of
around -22 MPa,
setting an absolute
physical limit for water
transport in trees
during drought

3

Loss of xylem hydraulic conductance (%)
N
(8]

Gymnosperms

il he_ —
Y T 1 ; e e —— T ; ™ T T 1 Y 3
30 28 26 24 22 20 18 -16 14 42 10 8 6 -4 2 0

“CSIC crodriguez@irnas.csic.es Xylem pressure (MPa) isUP-Agr@@




METHODS FOR MEASURING K AND GENERATING VCS

Leaves

Co
.

Branch and stems

Ii n I]J.; | VII | \' L ||I.d | Illl ! }I 4 Ii Ll ]‘ | J \1 | h \1 i YII%

I Flow
Roots ~ AP
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METHODS FOR MEASURING K AND GENERATING VCS

100
90 -

> k; 100
- PLC =

60 - ® k
50

40 - K
20 1
10 1
0 Flow
0 10 20 30 40 50 60 70 80 90 100 k =

A Pressure A P

max

Flow
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METHODS FOR MEASURING K AND GENERATING VCS

Leaf Rehydration kinetics method
Brodribb and Cochard 2009

K..s is measured under non-steady-state conditions whereby
leaves are allowed to rehydrate while connected to a flowmeter

IV WawInan

Calibrated
capillary
Water-filled
tube
Flow
Tl ¢ Suction
ea
o 04
AP --> AmV --> Flow l P2 P1

Pressure

Flow transducer

leaf
G- AS) W .. X Leaf area
CSIC crodriguez@irnas.csic.es 1ISUP- Agr@



METHODS FOR MEASURING K AND GENERATING VCS

Leaf Rehydration kinetics method
Brodribb and Cochard 2009

K..s is measured under non-steady-state conditions whereby
leaves are allowed to rehydrate while connected to a flowmeter

“CSIC crodriguez@irnas.csic.es
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METHODS FOR MEASURING K AND GENERATING VCS

Leaf Rehydration kinetics method
Brodribb and Cochard 2009

Ki..f is measured under non-steady-state conditions whereby
leaves are allowed to rehydrate while connected to a flowmeter

0 N h NN mmmmumunmumuuncnmumumnnnmnmnmmnmnnnnm
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()]
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(4]

()]
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T .15
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=

a

o

\ o

Flow N ey —

K =
| leaf i
G- : Y ..c X Leaf area 2.5 .
Time (s)
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METHODS FOR MEASURING K AND GENERATING VCS

Leaf Rehydration kinetics method
Brodribb and Cochard 2009

Pinus sylvestris

-6 -5 -4 -3 -2 -1 0

G, e Leaf water potential (MPa)
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METHODS FOR MEASURING K AND GENERATING VCS

Leaf Rehydration kinetics method
Brodribb and Cochard 2009

PLC = 100 x (1-native K/ maximum K)

Pinus sylvestris

S
8
PLC

-6 5 -4 -3 -2 -1 0

G. ) Leaf water potential (MPa)
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METHODS FOR MEASURING K AND GENERATING VCS

CSIC

crodriguez@irnas.csic.es

Leaf

Evaporative flux method
Sack and Scoffoni 2012

Ko IS measured under steady-state transpiration conditions

Calibrated
capillary

Water-filled
tube

AP --> AmV --> Flow

Pressure
transducer

E
A¥ x Leaf area

Kleaf —

isUP-Agr®



METHODS FOR MEASURING K AND GENERATING VCS

Stems

C s l C crodriguez@irnas.csic.es

Gravimetric method
Sperry et al, 1988

Upstream
reservoir

\
4
[
/ \ L
©
©
—
(eT0
| 0
Bypass tube for 5
ope . m
Balance equilibration
. . fusl
reservoir with balance o
2.3654

L \Eﬂ .................... 2

[=]

Tape measure

Computer Precision | 3-way
electronic balance Tray stopcocks
Torres-Ruiz et al. 2012
Flow (gs™1)
= “ap(Mpa) ‘LM
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METHODS FOR MEASURING K AND GENERATING VCS

Stems
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50 -
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Flow
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METHODS FOR MEASURING K AND GENERATING VCS

Stems

100
90 -
80 - k.
70 -
60 -
50 -
40 -
30 -
20 -
10 -

0

Flow

T T SR Flow
O 10 20 30 40 50 e0 /0 80 90 100 k —
A Pressure AP

o
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METHODS FOR MEASURING K AND GENERATING VCS

Stems
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METHODS FOR MEASURING K AND GENERATING VCS

Stems XYL EM apparatus

INANAY M
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METHODS FOR MEASURING K AND GENERATING VCS

Stems Bench dehydration
Sperry & Tyree , 1988. Plant Physiol

Air pressurization
Cochard et al., 1992. Plant Physiol |

INANAY M

Standard-centrifugation
Pockman et al., 1995. Nature

Flow-centrifugation (Cavitron)
Cochard et al., 2005. Plant Cell Environ

CSIC crodriguez@irnas.csic.es iSUP-Agl‘



METHODS FOR MEASURING K AND GENERATING VCS
Bench dehydration

Stems Sperry & Tyree , 1988. Plant Physiol

Intact plant or large branches are allowed to dehydrate freely in the air.
During dehydration, xylem water potential (¥x) and K are measured in intervals.

“CSIC crodriguez@irnas.csic.es - isUP- Agr




METHODS FOR MEASURING K AND GENERATING VCS
Bench dehydration

Stems Sperry & Tyree , 1988. Plant Physiol

Percent loss of conductivity (PLC)

PLC = 100 x (1-native K/ maximum K)

Native Flushing at high pressure Maximum

K to remove the embolism K

@ We have the PLC for each ¥ value
CSIC crodriguez@irnas.csic.es 1ISUP- Agr@



METHODS FOR MEASURING K AND GENERATING VCS
Bench dehydration

Stems Sperry & Tyree , 1988. Plant Physiol

Olea europaea

e  Hecomputed data

3 =]
i — ed vulnerabil <
: | Torres-Ruiz et al. 2013 " SO VIR Y SN " i
T T T T T T : . \: -
0 -9 8 7 6 5 4 3 2 -1 0
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METHODS FOR MEASURING K AND GENERATING VCS

Air pressurization
Cochard et al., 1992. Plant Physiol

Stems

Based on the air-seeding hypothesis:

Decreasing ¥, .., by dehydration or increasing air pressure while has the same

effect on embolism induction.

Pressure
chamber

Pressure sleeve

)
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METHODS FOR MEASURING K AND GENERATING VCS

Air pressurization
Cochard et al., 1992. Plant Physiol

Stems

Based on the air-seeding hypothesis:

Decreasing ¥, .., by dehydration or increasing air pressure while has the same

effect on embolism induction.

Pressure
chamber

Pressure sleeve

)

Sample

Air

= ¥
@ pressure xylem

CSIC crodriguez@irnas.csic.es isUP- Agr@



METHODS FOR MEASURING K AND GENERATING VCS

Air pressurization
Cochard et al., 1992. Plant Physiol

Steps:

Stems

i) Remove the embolisms

] )

ii) Air pressuarization: P1

f[:

)

iii) Air pressuarization: P2

f[:

~ 8

¢
i
g;m

C s l C crodriguez@irnas.csic.es

max
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METHODS FOR MEASURING K AND GENERATING VCS

Air pressurization
Cochard et al., 1992. Plant Physiol

Stems

Percent loss of conductivity (PLC)

PLC = 100 x (1- K, , / maximum K)

100

90 A o

80 A

70 - o

60 A

PLC

50 A
40 A
30 A
20 A
10 -

(ii ) 0 1 2 3 4 5 6 7 8
Air pressure (MPa) = ¥, (-MPa)

|
C s l C crodriguez@irnas.csic.es ylem
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METHODS FOR MEASURING K AND GENERATING VCS

Air pressurization
Cochard et al., 1992. Plant Physiol

Stems

INANAY M

C S l C crodriguez@irnas.csic.es
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METHODS FOR MEASURING K AND GENERATING VCS
Centrifugation methods

Stems

- Standard centrifugation

- Flow centrifugation
(Cavitron)

C s I C crodriguez@irnas.csic.es

isUP-Agr®



METHODS FOR MEASURING K AND GENERATING VCS

Standard-centrifugation
Stems Pockman et al., 1995. Nature

B

e

S 2 Wat
13 ater
ol reservoir

isUP-Agr¢p
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METHODS FOR MEASURING K AND GENERATING VCS

Standard-centrifugation
Stems Pockman et al., 1995. Nature

Tension = - ¥,

R
Q M
= 1% Water
ol reservoir
v Ha v Yo v Y v P
KmaX K2 K3 K4
rp.m. l A r.p.m. l A r.p.m. l A r.p.m.
NN K K K
measurement measurement measurement

C S l C crodriguez@irnas.csic.es
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METHODS FOR MEASURING K AND GENERATING VCS
Flow-centrifugation (Cavitron)

Stems Cochard et al., 2005. Plant Cell Environ Binocular
Water Tension =- ¥, \D

“---" : ST
<€ e €€ mm———) €
Rotor bod
El
S 2
5% Water
2| reservoir

v
VP K V¥, &)K_g V¥, K,

Kmax 1
rpm. Y 4rpm. 2 frpm. [ 4 rp.m.
- meas ment measXment measXment
M ‘in situ’ K measurements
isUP-Agr$
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METHODS FOR MEASURING K AND GENERATING VCS

Roots Vaccum chamber method

Kolb et al. 1996, J Exp Bot
To wvacuum ﬁ
P (]
out [T
l: -, | . — »
Balance filter ‘

%—H
—p
-

M""-i-n_..._----"""I

\ [ 1

Flow

_ Flow (gs™)
K= —3p(mpay *L M

C s l C crodriguez@irnas.csic.es
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METHODS FOR MEASURING K AND GENERATING VCS

Roots Vaccum chamber method

Kolb et al. 1996, J Exp Bot
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METHODS FOR MEASURING K AND GENERATING VCS

Root pressure probe

Roots

microscope pressure
| transducer

micrometer
screw

L bl l’.-fl-i plif Ly .I' FARITANIA

Frensch & Steudle, 1989, Plant Phys

P1 P2

CF

i Sp Tyree et al, 1995, J Exp Bot
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METHODS FOR MEASURING K AND GENERATING VCS

Accuracy of the methods for
generating VCs

e

S CSIC crodriguez@irnas.csic.es iSUP-Agl’



METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY

Olea europaea Bench dehydration Air pressurization

1OO-A ®

Torres-Ruiz et al. 2014
80 -

60 -

40 -

01 ¢ o ¢ Native
1 @ Dehyd.
9 31
a 100 -
80 -
60 -
40 -
20 - | — — — 150 mm rotor. Li design |
I/ A — — — 150 mm rotor 280 mm rotor. Li design
| 280 mm rotor | 280 mm rotor. Cavitron |
0 J

w o 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

. . | i . .
C S l C CrodrigueZ@irnas.cs:c.esStandard-centrlfugatlon Xylem Tension (MPa) FIOW-centrlfugatlon iSUP'Agr{g@



METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY

Olea europaea
Torres-Ruiz et al. 2014 100

PLC
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METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY

Olea europaea
Torres-Ruiz et al. 2014 100

90 -
80 A
70 -
60 -
50 -
40 A

PLC

A

Cavitation occurs
only when the

: : xylem pressure

: Daily A¥: falls below a

< > ' ' ' ' ' threshold value?
0 1 2 3 4 5 6 7 8

Plants routinely 301~
face cavitation _ -5 .
and recover

. 10 -
from it?

0

<
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METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY

Techniques for generating vulnerability curves (VCs)

Bench dehydration

(Sperry & Tyree , 1988. Plant Physiol)

Pressure-sleeves

(‘Air-injection’)
(Cochard et al., 1992. Plant Physiol)

Static-centrifugation
(Pockman et al., 1995. Nature)

Flow-centrifugation
(Cochard et al., 2005. Plant Cell Environ)

C s I C crodriguez@irnas.csic.es

Accuracy

In short-vesseled sps

In long-vesseled sps

K KL K

@

isUP-Agr®



METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY & PROGRESS
X-ray microtomography (micro-CT)

Powerful technique to visualize xylem embolism in intact plants with a spatial resolution around 1 um

CSIC crodriguez@irnas.csic.es iSUP-Agl‘



METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY & PROGRESS
X-ray microtomography (micro-CT)

Vitis vinifera cv. Cabernet sauvignon

¥ iem=- 1.0 MPa

xylem™

PLC=5-10% PLC=10% PLC=55%
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METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY & PROGRESS
X-ray microtomography (micro-CT)

Pinus sps - Needle Olea europea - Leaf

isUP-Agr



METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY & PROGRESS

Olea europaea

Torres-Ruiz et al. 2014

100
90 -
80 -
70 -
60 -
50 -
40 -

Plants routinely 304{-4

- |
face cavitation 4+ 20 A
and recover

from it?

PLC

Cavitation occurs
only when the
xylem pressure

falls below a
threshold value?

10 -
0

o
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METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY & PROGRESS

Olea europaea

Torres-Ruiz et al. 2014

100 =
90 -
80 -
70 A
60 A
3 50 1
o
40 - > §
Plants routinely 304~ / . Cavitation occurs
face cavitation -7, | ===+ Micro-CT only when the
and recover xylem pressure
from it? 10 falls below a
0 threshold value?
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METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY & PROGRESS

Olea europaea

Torres-Ruiz et al. 2014

100 ——
90 -
80 A
70 -
60
3 50 1
o
40 A s
30 . Cavitation occurs
20 | ===+ Micro-CT only when the
xylem pressure
10°- falls below a
0 threshold value?

Cavitation and repair are not routine

o
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METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY & PROGRESS

Techniques for generating vulnerability curves (VCs)

Accuracy
In short-vesseled sps In long-vesseled sps
Bench dehydration ;é@“
(Sperry & Tyree , 1988. Plant Physiol) 1#

Pressure-sleeves

(‘Air-injection’)
(Cochard et al., 1992. Plant Physiol)

-,

[ .%
=

&

Static-centrifugation
(Pockman et al., 1995. Nature)

Flow-centrifugation
(Cochard et al., 2005. Plant Cell Environ)
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METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY & PROGRESS

Techniques for generating vulnerability curves (VCs)

Bench dehydration

(Sperry & Tyree , 1988. Plant Physiol)

Pressure-sleeves
(‘Air-injection’)
(Cochard et al., 1992. Plant Physiol)

Static-centrifugation
(Pockman et al., 1995. Nature)

Flow-centrifugation
(Cochard et al., 2005. Plant Cell Environ)

C S I C crodriguez@irnas.csic.es

Accuracy

In short-vesseled sps

In long-vesseled sps

isUP-Agr®



METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY & PROGRESS

100 [ L e
@
80 + —
Centrifugation %
® L ]
60 @ ” -
Quercus robur 9 A ¢
Ring-porous long-vesseled species 40 + ® = —
e @
20 2 e o Micro-CT _
°<
e °
O | 1 I | | | N
0 -1 -2 -3 -4 -5 -6 -7
¥ (MPa)
-1.8 MPa -2.9 MPa -3.5 MPa -4.2 MPa -5.1 MPa
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METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY & PROGRESS

Quercus ilex

- 120

W,,=-4.9 Mpa
PLC=10%
- 100
- 80
Previous
P, values L 60
o)
New P, obtained / [
by using Micro-CT
W,,=-8.7 Mpa ”
PLC =90% -0

-14 -12 -10 -8 -6 -4 -2 0

Martin-StPaul NK et al. 2015

Previously published P, values for this species ranged between -2.0 to -5.0 MPa.
Micro-CT reported a P, of -7.4MPa.
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METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY & PROGRESS

Laurus nobilis

100
90 H
80 f
70 A
60 -
50 H
40 H
30 H
20 1
10 |

PLC

@)

= Micro-CT

Q
o

@)

“csic

crodriguez@irnas.csic.es

¥

X

¥

xylem —

=-4.5 MPa

ylem —

PLC = 21%

=-7.5 MPa
PLC = 100%




METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY & PROGRESS
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METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY & PROGRESS

3D images Olea europea - Leaf

Torres-Ruiz, Cochard & Badel

CSIC crodriguez@irnas.csic.es iSUP-Agr@
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METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY & PROGRESS
The Optical Method

The optical method is based on the simple principle that light interacts differently with xylem that is
water-filled vs air-filled
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METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY & PROGRESS

The Optical Method

The optical method is based on the simple principle that light interacts differently with xylem that is

water-filled vs air-filled

SEJ”C'.JFEEHHQ

lissue
Q Water-filled
N xylem

surrounding
lissue N\

C s l C crodriguez@irnas.csic.es

Reflected Light

Water-filled  Air-filled
xylem xylem

Light reaching
sensor (brightness)

Air-filled airfwater
xylem interface

e

o T o N N

https://www.opensourceov.org/
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METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY & PROGRESS

The Optical Method

The optical method is based on the simple principle that light interacts differently with xylem that is
water-filled vs air-filled
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C s l C crodriguez@irnas.csic.es
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\\ Water-filled ™
\ xylem ::
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Transmitted Light

Water-filled Air-filled
xylem xylem

Light reaching
sensor (brightness)

O, s

Air-filled \ air/water
xylem / interface

“Watch movies”
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METHODS FOR MEASURING K AND GENERATING VCS: ACCURACY & PROGRESS
The Optical Method

The optical method is based on the simple principle that light interacts differently with xylem that is
water-filled vs air-filled
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --

Mapping xylem failure in disparate organs of whole plants [2 New
. i i ~ ’hytologist
reveals extreme resistance in olive roots T D ——

Celia M. Rodriguez-Dominguez( "), Madeline R. Carins Murphy (), Christopher Lucani (") and Timothy J. Brodribb

To measure vulnerability curves to embolisms in vivo and simultaneously in leaves, stems and roots of olive
plants using the optical method

o

How much does xylem vulnerability vary

/\

within a species?? within an individual??
among individuals?? between plant tissues??

\/

Which threshold can we define??

<
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --

Mapping xylem failure in disparate organs of whole plants E New
N

. ; . N Phytologist
reveals extreme resistance in olive roots 2018

Celia M. Rodriguez-Dominguez( "), Madeline R. Carins Murphy (*), Christopher Lucani (") and Timothy J. Brodribb (%)

stems

roots

crodriguez@irnas.csic.es
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --

100

! ~2.65 MPa
I .
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650 = -4.76 MPa >

b ] -4.13 MPa

25 1

Leaf midribs

100 A .

Cumulative embolisms (%)
N
6]

50 - P50 =-5.67 MPa
2 Olive Stem P50
=-6.10 MPa
0 4 ki I —tsa—— Torres-Ruiz et al,
100 ! 2014; Ennajeh et al,

| 2008
|
- 50 - I P50 = -7.10 MPa

25 1

~5.28 MPa

Roots |
0 (1

20-18-16-14-12-10 -8 -6 -4 -2 0
Stem water potential (MPa)

-8.92 MPa
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --

ROOTS > STEMS > LEAVES
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS

-- WITH PRACTICAL APPLICATIONS --
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --

Mapping xylem failure in disparate organs of whole plants r'z New
. i i ~ !'hytologist
reveals extreme resistance in olive roots 2018 Bl -

Celia M. Rodriguez-Dominguez( "), Madeline R. Carins Murphy (), Christopher Lucani (") and Timothy J. Brodribb

== Simultaneous monitoring of cavitation with OV method

== Variation between ind., between tissues and within tissues

RS RS S L RS LA
P50s i i i ind - Coordinated resistance to cavitation
ROOTS > STEMS > LEAVES

leaves 73
ﬂ' X =) Roots were found to be extremely
stems N resistant to water deficit compared

3 ,_ to the other organs, in contrast with
‘l'lv = e W e e e y - b many others studies

@ roots
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --

Declining root water transport drives stomatal closure in olive under
moderate water stress

2020

Celia M. Rodriguez-Dominguez'"* (¥) and Timothy J. Brodribb® (&)
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'?. To quantify each hydraulic component from the soil to the leaf and assess its impact on the decrease
°®  of g.in olive plants under water deficit SR ST g -
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --

Declining root water transport drives stomatal closure in olive under 2 New
- Dht gt
moderate water stress 2020 oy Phytologist

Celia M. Rodriguez-Dominguez"? (1) and Timothy J. Brodribb®

°

To quantify each hydraulic component from the soil to the leaf and assess its impact on the decrease
of g, in olive plants under water deficit
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --

MONITORING PLANT WATER STATUS AND STOMATAL
CONDUCTANCE DURING DROUGHT

Stem psychrometer

midday g_ (mol m? s™)

Balance interfaced with computer

o
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --
EXTERNAL REHYDRATION OF THE PLANT THROUGH THE SOIL

— -bt
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --

/ Syringe to refill the beaker

INTERNAL REHYDRATION VIA XYLEM

L 5 2-L polystyrene container filled with water
(24
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS

-- WITH PRACTICAL APPLICATIONS -- PARTITIONING HYDRAULIC PATHWAYS WITHIN THE PLANT
1/Kplant = 1/Kshoot t 1/Kroot+i
Kleaf Kstem Kroot Ki
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS

-- WITH PRACTICAL APPLICATIONS -- DECLINING IN K., DROVE STOMATAL CLOSURE
1/Kplant = 1/Kshoot + 1/Kroot+i
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
@ Rodriguez-Dominguez et al, 2018, New Phytol
\.\7 i//
S .
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-- WITH PRACTICAL APPLICATIONS --

1/Kplant = 1/Kshoot + 1/K
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS

-- WITH PRACTICAL APPLICATIONS --

1/Kplant = 1/Kshoot + 1/K
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DISCONNECTING THE ROOT FROM THE SOIL
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS

-- WITH PRACTICAL APPLICATIONS --

1/Kplant = 1/Kshoot + 1/K

CSIC

DISCONNECTING THE ROOT FROM THE SOIL

Kleaf Kstem K
1000

O
0
o

900

850

root diameter (um)

800

crodriguez@irnas.csic.es

root+i
root K i
5 s root diametIEr

. i < h Kroot+i I -
| | I T

- | | I L
| | | I

i | € I
I N0 I |

] I * e 7 @ »,\,V,. |
I il |

0 -1 -2 -3 -4 -5

l//stem (MPa)

- 1.4

1.2
1.0
0.8
0.6
0.4
0.2
0.0

K. o (Mmol m? s™ MPa™)

b

stem

= -4.73 MPa
¢ = 798.12 pm

isUP-Agr®



NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --

® New
S ) . 3
.S ] h)tu]ogsl

R/zp/(z/ report

Declining root water transport drives stomatal closure in olive under
moderate water stress

Celia M. Rudﬁgue&Dumingut:zl‘z and Timothy J. Brodribb? (: 1/Kplant = 1/K5h00t + 1/Kr00t+i

Kleaf/\K I\

stem Kroot Ki
) Novel combination of rehydration techniques allowed us to partition

hydraulic pathways within the plant

== A decrease of K. ,,; drove a decrease in Kjant ===> stomatal closure

lant

: Our method provides new opportunities to study root behaviour, its connection with the soil and
its impact on plant hydraulics
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS

-- WITH PRACTICAL APPLICATIONS -- Coarse Roots B  Fine Roots
Mechanical Failure of Fine Root Cortical Cells Initiates
Plant Hydraulic Decline during Drought! 9"
Italo F. Cuneo, Thorsten Knipfer, Craig R. Brodersen, and Andrew J. McElrone*
100
® Coarse Roots o(o‘
&  Fine Roots — +
£ .
A 180 2 . =
\ E What about the soil o
. \ 5 and soil-root Q
160 2 : : =
s Interactions???? —~
7
&
4 40 ¢
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i e
4 0 -

@ Stem Water Potential (MPa)
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --

PAUL SCHERRER INSTITUT

Seed compartment

Syringe barrels




NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --

-0.01 to -0.1 MPa R -0.1t0 -0.3 MPa

, Shru"nk/v

. hairs.
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --
-0.6 to -15 MPa -2.0to ... MPa

Shrunk %
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
=~ WITH PRACTICAL APPLICA™ ™~ ~
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0.08 o R Root hairs shrunk
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No xylem embolisms!

Rodriguez-Dominguez et al, in prep.
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --

BELOWGROUND PROCESSES — SOIL-ROOT CHANGES DURING SOIL DROUGHT AND RECOVERY

Shrunk *
—_—
root..

Recovered
root ‘

Before -0.6 MPa After 3-4 hours
CSIC crodriguez@irnas.csic.es iSUP- Agl‘ @




NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --

= New insights on root hydraulics have been generated from both advances on high resolution in vivo imaging...

|

root K (mmol m? s™ MPa™)
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(] Kroot+i
(] Kroot
e 0.

slem
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- 0.03

o
o
)

- 0.01

0.00

g, (mol m?s™)

=) We still need to apply these advances on different plant species and soil types to generalize these processes.
In particular, to identify anatomical changes that modify soil-root mteractlons durmg soil drought, impact root

water uptake, and r

o

CSIC

crodriguez@irnas.csic.es

recover both anatomical and functionally.
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NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --

= Linking anatomical changes with their functional implications, both during drought and recovery, can help us to

better understand belowground processes.
Red: root-soil contact

|
"

02 03 04 0.5

Contact Area per Surface Area

0.0 0.1

Root Turgid Root Hairs
Root hairs facilitate water extraction by increasing the root surface

in contact with soil water

CSIC crodriguez@irnas.csic.es iSUP-Agr

Duddek et al, 2022, Plant Phys



NEW INSIGHTS FROM NEW METHODS IN PLANT HYDRAULICS
-- WITH PRACTICAL APPLICATIONS --

Roots in dry soil
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Carminati et al 2020 New Phytol
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THANK YOU!!
QUESTIONS??
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Sensing Connected to Agriculture:
Leaf Turgor Pressure-ReIated Sensor
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OBJECTIVES

To understand the principles of leaf turgor pressure and its importance in plant water

status.
To gain insights into the methodologies for using turgor pressure sensors effectively.

To learn practical use of leaf turgor pressure sensors in precision irrigation practices to

optimize water use.

<
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IMPORTANCE OF SENSING TECHNOLOGIES IN AGRICULTURE

A

70-80%!!

FAOSTAT 2023 Fereres & Soriano 2007 Journal Exp Bot

crodriguez@irnas.csic.es iSUP -Agl‘




IMPORTANCE OF SENSING TECHNOLOGIES IN AGRICULTURE

Precipitation Anomalies for July 2023 Humidity
Precipitation (mm/dy) 35 ;:urface air relati\fe humidity (%) g
' 6 ./\,\_JJ/ * & 24 '
4 &y 16
2 8
0 O Q 0
A 8

R

-2 s
N v A
§ >>Very complex scenario fOl‘ 24
Water Soil wat = . d s d - -26T ; Atmospheric
availability ol water ensuring productivity an emperature demand
' ” crop continuity << iR "‘ (VPD)
iv? - Ar 1 i
& : : R Fe 1 Fl4
b el ) |a 2
0 0
g 4

v

£0-80-£202 :paiead

-
I-12
-26

(Data: ERAS. Reference period: 1981-2010. Credit: C3S/ECMWF)
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IMPORTANCE OF SENSING TECHNOLOGIES IN AGRICULTURE

Mil millones

10
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e
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* Cifras poblacionales futuras basadas en las predicciones de la ONU

con una vanante media FUENTE: Fondo de Poblacién de la ONU

Agriculture URGENT

'$" ‘under pressure’ Solutions

Dominic Royé (@dr_xeo}
monitordesequia.csic.es
Basado en SPEI-12
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IMPORTANCE OF SENSING TECHNOLOGIES IN AGRICULTURE

Plant ecophysiology
under water stress

= Essential to optimize

water use in Agriculture. D
To optimize irrigation strategies by
monitoring water stress in real time

= To place plant sensor
outputs within a
physiological context.

Water potential gradi
ke ”

= To simplify physiological
models.

MDS = -0.11 + 0.06 ETa
6 1 = 0,633 (August- October)

v 1k S
o cmax C‘i 3 K‘[| + (o, /K‘, )]
oy, + 7 )~ T \

& = ATy x(oR + fr)D, s DH'* i mwm
x es Process-based model <:> Plant-based sensor] [= |

333333

To predict global change impacts

on plants by integrating disparate
physiological responses

C S l C crodriguez@irnas.csic.es
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BASIC PRINCIPLES: LEAF TURGOR PRESSURE

R R IR L A B

N4
{
AR

LEAF TURGOR PRESS. |
bﬁ Y o T S A O Hydrostatic pressure (+) within
P

5
\ Huclear

microtubules [ erivelone Muclealus Chromstin
4

Tubular smooth S
endoplasmicre:tir.ulwﬂ-\ \\//I —=

plant cells that maintains
structure and drives growth.

.
Cisternal rough
endoplasmic reticulum

- =

Cartical actin g v
microfilament — /

O Importance for:

= Cell expansion.

Frimary wall—

=  Stomatal function and
transpiration regulation.

Middle lamella

\ /
_/
\.
Golgi body |

p— ! = Overall plant water status.

- Plasmodesmata

Transvarualar strand

SAP FLOW

Compound
micldle lamella
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BASIC PRINCIPLES: LEAF TURGOR PRESSURE-RELATED SENSOR

Leaf Patch Clamp Pressure probe
ZIM probe

Zimmermann et al. 2013 Theor Exp Plant Phys

threadedrod — s magnetic

pressure

movable toric
magnet
counter pad

~—~ .
- .’::. f»‘v o> w - . v‘(,
’ s Ll
Ulrich Zimmermann leaf patch furgofupssyre
Biozentrum Universitat Wirzburg : . \/
A polymeric matrix —_—— '

rman _ .
cermany with pressure sensor lower toric
magnet

ZIM probes record relative changes of leaf turgor pressure

.
| |:_[ant Technolo m

R/ YARA

cable to
ZIM-transmitter

— signals of ZIM-probe =——>

(((
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BASIC PRINCIPLES: LEAF TURGOR PRESSURE-RELATED SENSOR

1

b |
P=|—|F P P_is a power function of P
P a,const™ clamp P c
g]jc -+ {9 } 210.5 mm %
Threaded rod
Pp = OQutput signal = Leaf reaction to the attractive force of the magnets ]
P_ = Turgor pressure
Pclamp
P jamp = Pressure generated by the magnet v
F, .onst = Attenuation factor = Leaf-specific attenuation factor Leaf (o} Listmerrciie: (2 Hydraulic continuum < Nesemels | T
’ A A e f
** Only a fraction of P, ., arrives at the cell level due to P_-independent Sensor chip and L~
pressure losses [compressibility of the silicone and the leaf-specific structural it ity p
elements]** p
N—1

a and b are constants that depends on the species and are related to elastic
properties In [mV]

F

Pressure calibrated  Out [mV]
telemetric unit

CSIC crodriguez@irnas.csic.es Zimmermann et al., 2010. Plant Biol. isUP-Agr



BASIC PRINCIPLES: LEAF TURGOR PRESSURE-RELATED SENSOR

1

b )
P=——|F P P, is a power function of P,
p P 4 { a,const™ clamp P
alr, +0 O banana

e —— | A grapevine

Pp = Output signal = Leaf reaction to the attractive force of the magnets - A eucaliptus
e ’ ® oak

P_ = Turgor pressure . ' A

5 " y

© % ]

Pdamp = Pressure generated by the magnet % anil= \ . ~ “ i
Q~Q_ s A, \\ )

Fa'const = Attenuation factor = Leaf-specific attenuation factor 60 - i .. | 4
) \: P A ™~ -

50 |- i o* . Aa o

** Only a fraction of P, arrives at the cell level due to P_-independent i Lo N - ™ |
pressure losses [compressibility of the silicone and the leaf-specific structural 40k e

®
elements]** .
ol A 1 i | | i 1 B l” L 1 I | 1 A
a and b are constants that depends on the species and are related to elastic p S - " o0 e
properties P. (kPa)
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BASIC PRINCIPLES: LEAF TURGOR PRESSURE-RELATED SENSOR

1

b |
P=—|F P, P_is a power function of P ; . r ; ;
) a,const™ clamp P c .
aP +b 100 - olive -
. , . o} :
Pp = OQutput signal = Leaf reaction to the attractive force of the magnets . °
@
P_ = Turgor pressure a 6o J
Q" *
Pdamp = Pressure generated by the magnet a0 b o o T~ y
Fa const = Attenuation factor = Leaf-specific attenuation factor 20 b e J
** Only a fraction of P, arrives at the cell level due to P_-independent pressure 0 100 200 300 400 500
[compressibility of the silicone and the leaf-specific structural elements]** P_(kPa)

a and b are constants that depends on the species and are related to elastic properties

F, is constant when P_ > 100 kPa (TURGID LEAVES) and P, increases linearly with decreasing P,

C s l C crodriguez@irnas.csic.es

Ehrenberger et al. 2012 Plant Biol
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BASIC PRINCIPLES: LEAF TURGOR PRESSURE-RELATED SENSOR

1

b | M)
P = FE P P_ is a power function of P — T
p a,const™ clamp P c .
CZR + {7 100 f ® olive A
However, when leaves are losing turgor... and P, becomes close to zero, 8o | -
: : ) . (3
the relationship between P, and P_is no longer linear... =
o 60} -
x
Pp :[FH.PL-Q‘J{]] ' Pclamp a®
40 = T e .
S
20} .
«l 100 200 300 400 500
P_(kPa)

Ehrenberger et al. 2012 Plant Biol
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BASIC PRINCIPLES: LEAF TURGOR PRESSURE-RELATED SENSOR

1

b —
P = F P P_is a power function of P —_—
) a,const™ clamp P c .
aP +b oof o olive -
However, when leaves are losing turgor... and P, becomes close to zero, 80t ” -
the relationship between P, and P_is no longer linear... =
o 60} .
x
PP :[FH-PL-?&G]' Pclamp o *
40 I =
S
20t 3
LIMITATION?? 1 "1 200 300 400 500
P_(kPa)

Ehrenberger et al. 2012 Plant Biol
[Application for this “limitation” in the next section]
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BASIC PRINCIPLES: LEAF TURGOR PRESSURE-RELATED SENSOR

1 This relationship between P, and P_has been

b ! determined by using the “cell turgor pressure probe"

P = E_ P P, is a power function of P,
" \alP+b) " g

s00l- olive |
@
80+ =
R X
= Y
o 60f .
X
n.a
40 O~ @ .
N =
20 »
0 100 200 300 400 500
Pc (kPa)

Ehrenberger et al. 2012 Plant Biol

Zimmermann et al. 2004 New Phytol 11:701-712 P
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BASIC PRINCIPLES LEAF TURGOR PRESSURE-RELATED SENSOR

gonship between P, and P_has been
:d by using the “ eII turgor pressure probe"

200 300
P (kPa)

Ehrenberger et al. 2012 Plant Biol

Photo: Christina Sann
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BASIC PRINCIPLES: LEAF TURGOR PRESSURE-RELATED SENSOR

1 / \
ﬂ T T L4 L) T
= L F Pl 0oF o olive -
D El,COllSl' clamp
: aP + b :
' 80 |- -
L J
60 |- E
Station 001-010 - Q_“
H Turgor-1-Plot9 100-East +3024 40 E » . 4 ‘ y ep‘ i
| 2
434 : - g : : : i i i i T 20F -
i 0 . 100 A 2 . 300 ‘ 400 ‘ 500
\ P_(kPa) /
39_ ‘r I Ehrenberger et al. 2012 Plant Biol
E 36
_ | | || P, decreases ..
P, mcreas:" Pp increases This is when leaves are well
> S . .
| i | & | hydrated, turgid, and changes in P,
P decreases | . : :
. | | mainly depends in changes in P,
224
1894

2010-06-01 2010- DS 01 2010- EIB 01 2010- DB 01 2010- DS 02 2010- DB 02 2010- DB 02 2010- DB 0z 2010- EIB 03 2010- DB 03 2010 DS 03 2010- DB 03 2010~ DB 04 2010- DB 04 2010- EIB-D
000 0g:00 12:00 1800 0000 0&:00 1200 1200 00:00 06:00 12.00 1800 a0:ao0 0E:00 1200

C s l ‘ Epoch 2010-06-01 00:00:00 .. 2010-06-04 13:00:00, 963 Records evaluated ) iSUP _A g l“ @




BASIC PRINCIPLES: LEAF TURGOR PRESSURE-RELATED SENSOR

1

% a )
P = FE P P_ is a power function of P — T
p a,const™ clamp P c .
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However, when leaves are losing turgor... and P, becomes close to zero, 8o | " -
the relationship between P, and P_is no longer linear, and F, becomes =
the main factor that influence P, o 6o} -
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BASIC PRINCIPLES: LEAF TURGOR PRESSURE-RELATED SENSOR
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BASIC PRINCIPLES: LEAF TURGOR PRESSURE-RELATED SENSOR

State | P, = (1/P,)
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the relationship between P, and P_is no longer linear, and F, becomes
the main factor that influence P,
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BASIC PRINCIPLES: LEAF TURGOR PRESSURE-RELATED SENSOR
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BASIC PRINCIPLES: LEAF TURGOR PRESSURE-RELATED SENSOR

1

b\

P = FE P, P_is a power function of P

p a,const™ clamp P c
aP +0b
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>> |t is not necessary to know this function
for our species, unless we want to know
absolute values of P, <<
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BASIC PRINCIPLES: LEAF TURGOR PRESSURE-RELATED SENSOR
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APPLICATION OF ZIM PROBES: A CASE STUDY IN OLIVE

Online-monitoring of tree water stress in a hedgerow olive orchard using the leaf * o

w;_te; Management

patch clamp pressure probe NN

| | | o N
J.E. Fernandez#*, C.M. Rodriguez-Dominguez?, A. Perez-Martin?, U. ZimmermannP, S. Ri‘lgerb, W
M.J. Martin-Palomo¢, ].M. Torres-Ruiz?, M.V. Cuevas?, C. Sann®4, W. Ehrenberger®d, A. Diaz-Espejo? f'\\%

733 © .. . . . .
- To evaluate leaf turgor sensors for monitoring water stress in super-intensive olive orchard
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APPLICATION OF ZIM PROBES: A CASE STUDY IN OLIVE

CSIC
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crodriguez@irnas.csic. __
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APPLICATION OF ZIM PROBES: A CASE STUDY IN OLIVE

E]-\ Padilla-Diaz et al. 2016 ZIM probe outputs VS pressure chamber (¥,..)
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APPLICATION OF ZIM PROBES: A CASE STUDY IN OLIVE

CSIC

ZIM probe outputs VS pressure chamber (‘¥ ;)
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APPLICATION OF ZIM PROBES: A CASE STUDY IN OLIVE

4
ZIM probe outputs VS pressure chamber (¥ ) ‘/}Q >
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APPLICATION OF ZIM PROBES: A CASE STUDY IN OLIVE

Concomitant measurements of stem sap flow and leaf turgor pressure in olive (O

trees using the leaf patch clamp pressure probe g\w
. . : o ) i '\@/&g
C.M. Rodriguez-Dominguez® ", W. Ehrenberger®<", C. Sann¢, S. Riiger€, V. Sukhorukov?®,

M.J. Martin-PalomoY, A. Diaz-Espejo?, M.V. Cuevas?, .M. Torres-Ruiz?, A. Perez-Martin?, Mii
A~

U. Zimmermann€, J.E. Fernandez*

'je; To combine leaf turgor and sap flow sensors to explore diurnal and seasonal dynamics of water relations in
o g super-intensive olive orchard

Xylem |
Water transport
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APPLICATION OF ZIM PROBES: A CASE STUDY IN OLIVE

Identification of diurnal and seasonal changes in the use of water
reserves (capacitance) and water transport efficiency (hydraulics)
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APPLICATION OF ZIM PROBES: A CASE STUDY IN OLIVE

TRANSPIRATION

QQh7]

CSIC

Pp states considered as automatic water stress indicators
easy to identify for irrigation scheduling
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APPLICATION OF ZIM PROBES: A CASE STUDY IN OLIVE

CsSIC

crodriguez@irnas.csic.es
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ZIM probes was very empirical
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A MORE PHYSIOLOGICAL USE OF ZIM PROBES?  EcoVErs ' STOMATA

Open stomata Closed stomata
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A MORE PHYSIOLOGICAL USE OF ZIM PROBES?

Sensitivity of olive leaf turgor to air vapour pressure deficit correlates with

CSIC

diurnal maximum stomatal conductance

C.M. Rodriguez-Dominguez™", V. Hernandez-Santana®, T.N. Buckley"”, J.E. Fernandez",

A. Diaz-Espejo™

°

b Agrlcugural

an
Forest Meteoroloay

To derive continuous g, from the combination of a mechanistic model and leaf turgor and meteorological
measurements in a super-intensive olive orchard

VPD at maximum stomatal conductance
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A MORE PHYSIOLOGICAL USE OF ZIM PROBES?

Cell water relations

R T

Ohm’s law analogy
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A MORE PHYSIOLOGICAL USE OF ZIM PROBES?
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A MORE PHYSIOLOGICAL USE OF ZIM PROBES?

CSIC
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A MORE PH
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A MORE PHYSIOLOGICAL USE OF ZIM PROBES?

Remember! ZIMs -> Relative changes of P_-> Normalization is needed
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A MORE PHYSIOLOGICAL USE OF ZIM PROBES?
Remember! ZIMs -> Relative changes of P. -> Normalization is needed
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A MORE PHYSIOLOGICAL USE OF ZIM PROBES?

ZIMs ---> Relative changes of P, ---> Normalization is needed

Remember!
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A MORE PHYSIOLOGICAL USE OF ZIM PROBES?

Remember! ZIMs ---> Relative changes of P, ---> Normalization is needed
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A MORE PHYSIOLOGICAL USE OF ZIM PROBES?

However, Seasonal Normalization, depending on the application, may not be the best...

Luis Sdnchez Fernandez
Master Thesis
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A MORE PHYSIOLOGICAL USE OF ZIM PROBES?
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A MORE PHYSIOLOGICAL USE OF ZIM PROBES?
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A MORE PHYSIOLOGICAL USE OF ZIM PROBES?

Seasonal Normalization ’_u_‘ Diurnal Normalization
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A MORE PHYSIOLOGICAL USE OF ZIM PROBES?

Seasonal Normalization
Almond

Diurnal Normalization

« Diurnal _normalization maintains the
actual dynamics, as the increase in P,
ranges influences the normalized values.
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A MORE PHYSIOLOGICAL USE OF ZIM PROBES?

SeasonaiNomalzaion [ gyng| | Diumal Nomalzaton
Bl M  Diurnal normalization, especially in lemon,
| improved dZ/dD vs g ., relationships.

/ « Lemon > Almond > Olive
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a4

" AZ/AVPD )

Does it mean seasonal normalization
e “ may be useless?
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A MORE PHYSIOLOGICAL USE OF ZIM PROBES?

To explore why a diurnal normalization improved dzZ/dD vs g ..., relationships, we had
to derive seasonal Z
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A MORE PHYSIOLOGICAL USE OF ZIM PROBES?

To explore why a diurnal normalization improved dzZ/dD vs g ..., relationships, we had
to derive seasonal Z

Emax = K(Wsou — qjleaf,min)

However, we did find a change in
lemon, in parallel with a changein

P
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A MORE PHYSIOLOGICAL USE OF ZIM PROBES?

To explore why a diurnal normalization improved dzZ/dD vs g ..., relationships, we had

to derive seasonal Z

Emax = K(Wsou — '"‘Uleaf,min)

However, we did find a change in ¥ in

eaf,min

lemon, in parallel with a changein

min

P =

c,min leaf,min + nmin

We did not find significant correlations neither between
Zmaxand Wiearmin and TTmin in olive, nor between Zminand
predawn leaf water potential (Wearpd) and predawn
osmotic potential () in both lemon and olive trees
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A MORE PHYSIOLOGICAL USE OF ZIM PROBES?

To explore why a diurnal normalization improved dzZ/dD vs g ..., relationships, we had

to derive seasonal Z

Emax = K(Wsou — '"‘Uleaf,min)

* However, we did find a change in ¥ ¢ min IN

lemon, in parallel with a changein

min

P =

c,min leaf,min + nmin

We did not find significant correlations neither between
Zmaxand Wiearmin and TTmin in olive, nor between Zminand
predawn leaf water potential (Wearpd) and predawn
osmotic potential () in both lemon and olive trees
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A MORE PHYSIOLOGICAL USE OF ZIM PROBES?
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CONCLUSIONS FROM THE USE OF ZIM PROBES

Two main Take-home messages:

We can extract useful information for irrigation scheduling
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to better approximate irrigation needs
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