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Medical doctors comparing fluid
transport in animals and plants
Marcello Malplghl William Harvey
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From Marcello Malpighi’s Anatome Plantarum (1675)



Stephen Hales as the pioneered the
cohesion theory of plant water (18™ century)

“plants imbibe moisture so vigorously up their
fine capillary vessels; which moisture,..., by
the action of warmth, thereby gives the sap-
vessels liberty to ... attract of fresh supplies; ...
sap-vessels are adapted by their exceeding
fineness, to raise a sap to great heights”

Hales’ Vegetable Statics (1727)

Heinrich Cotta identified sapwood as
sap conductive pathway (19t century)
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Eduard Strasburger: only dead cells are
involved in plant water transport (1891)

Experiments

Stems of living trees killed

Acer platanoides by heat or poison taken up
in solution

Conclusions
 Involvement of living cells
excluded

 Physical forces of an unknown
nature are active (but not
- 30 liters/14 davs .
30 liters/14 days barometric pressure or root
- wood impregnated up to 20 m pressure)

Credit: L. Taiz, E. Zeiger, lan M. Mgller, and A. Murphy




J. Joly and H. H. Dixon recognize cohesion-

tension as the driver of sap flow in plants
(1894)

3 MPa




Gottlieb Haberlandt recognized sapwood
as unsaturated, with both water and air

“Vessels and tracheids normally contain
both air and water, the relative amounts
of the two substances varying according
to the season and the time of day.”

Physiological Plant Anatomy (1914)
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Sapwood is made of conduits
containing water and air embolisms
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Tyree, M. T. & M. H. Zimmerman Venturas. M. D.

(2002) et al. (2017)°



Vulnerability Curve (VC): loss of branch
conductivity with decreasing water potential

Sperry et al. Ag For. Met. (2000)
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Water flow through vessels is Poiseuille and
through pit membrane pores is Sampson.

Hagen-Poiseuille flow: Q = — AP

3
Sampson flow: @, = 5—’; AV
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Air-seeding: pit membranes stop
bubble spread in flowering plants

EMBOLISED FUNCTIONAL

meniscus ~

Tyree, M. T. and Zimmerman, M.H. (2002) 13



Xylem model:
represents
anatomy and
ohysics of water
flow

Model freely available online!
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Embolism spread is modeled as an air-
seeding process at the vessel level

o
o
=
=

AP




\Vilelel=
measL

This Photo by Unknown Author is licensed under CC BY-SA

ed Maple VC matches
rement using only anatomy

——Empirical
—a—Modeled: a,
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Modeled

(ensemble over many
network configurations
and emboli placements)

Shaded area 1 std.
from empirical
mean

Empirical curve: Lens et al. (2011) New Phytologist
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http://commons.wikimedia.org/wiki/File:Bi-colored_Maple_Tree.jpg
https://creativecommons.org/licenses/by-sa/3.0/
http://commons.wikimedia.org/wiki/File:Acer_glabrum_10491.JPG
https://creativecommons.org/licenses/by-sa/3.0/

The xylem network scale stands between
the anatomy and total sapwood
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Tyree, M:I. and Zimmerman,-V1.H. (2002)




scale property

Example of ‘network’
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Tapping into graph theory: vessel
connectivity
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Increasing connectivity: a trade-off between
redundancy and embolism spread speed
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Percolation as a model of embolism
spread in xylem

Probability = 0.2




3D model to accurately represent plant
porous media

a) Modeled Ring

# of conduits

Grouping Index, GI = S —

. Acer negundo (Boxelder) 2



The percolation threshold declines as vessel
connectivity increases = faster embolism spread
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Model confirms
‘redundancy-

spread s
trade-of

need’

ﬁ

- of

connect

Mrad et al. 2021

Vity

“The roles of conduit spread speed
Redundancy

connectivity in xylem

redundancy and

hydraulic functions
In Review, New
Phytologist

”

Average Connectivity
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On their way to the leaf, water molecules
overcome soil-root, sapwood, |leaf resistances

Heartwood “

Living phloem

Periderm (Cork)

Vascular
cambium




ow do stomata, and photosynthesis,
respond to lack of water?

I}\_ (_”‘J.';f'f:i‘”ffuif-ﬁ' 07l i\.‘ffl”,fff{f.

By Francis Darwin, F.R.S.

Received May 31,—Read June 16, 1898,
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e Hamiltonian mathematically
oresents the trade-off

Mrad et al. 2019 “A

dx Dynamic Optimality
H s, X, d_ At | = — A Principle for Water Use
t Strategies Explains
Isohydric to
Anisohydric Plant

irrigation

evapotranspiration s Responses to Droughth
Frontiers in Forests
and Global Change

capillary
rise percolation
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Water-use strategy (WUS) as a

“terminal” gain term
f H X ) de+
0 gS’x’ dt’ ) ]T
High A = conservative WUS
where Low A = aggressive WUS
Jr = A x(T)

Manzoni, Stefano, et al. Advances in Water Resources (2013).



A limit to transpiration is enforced using

soil-stem-leaf Vulnerability Curves

Vulnerability curve description
Steep and resistant
--- Gradual and resistant
Steep and vulnerable
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Mrad et al. 2019 “A
Dynamic Optimality
Principle for Water Use
Strategies Explains
Isohydric to
Anisohydric Plant
Responses to Drought”
Frontiers in Forests
and Global Change
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The model reproduces an 87-day dry-
down for 16 Aspen saplings
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Venturas, M. D., et al. New Phytologist (2018)
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The end
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