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Soil water and transpiration 
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Impact of water deficit on transpiration

Gardner and Ehlig, 1963



Partial dependency of stomatal conductance (gs) on measured leaf water potential
(ψleaf, in MPa) in (a) temperate gymnosperm species, (b) temperate angiosperm
species, (c) tropical deciduous species, and (d) tropical evergreen species.

Anderegg et al., 2017

Stomtal resistance



Objectives

• Understand the key factors controlling 
uptake by roots and transpiration 
dynamics.

• Develop simplified but biophysically 
sound representations of plant water 
dynamics in terrestrial, crop or soil 
hydrological models

• Develop tools to help tackle soil-plant 
water management problems.

5



Outline

• 3D root system hydraulic architecture
• From explicit to implicit RSHA:

• Root system scale parameters (Couvreur)
• From local traits to root system parameters

• Adding rhizosphere resistance – root activity
• Conclusions



Principles of water flow in the soil-plant system

Between bulk soil and the 
atmosphere, the water flows
towards lower water potential



Water flow resistances in the SPAC
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Main resistances
xylem vs. soil hydraulic conductivity

Carminati and Javaux, TiPS, 2020



Main resistances

Radial root vs. soil
hydraulic conductivity

Draye et al. JExpBot, 2010



Root hydraulic architecture: root system

• Root topology (fibrous, taproots,…)
• Root types/orders
• Root depth or RLD
• Plasticity

Figures and parameter sets available at https://figshare.com/collections/CRootBox_parameter_files/3745478



Root hydraulic architecture: radial transport

• Different pathways

• Radial conductivity Kr: function of 
root anatomy,membrane
permeability and maturation

• Short and long term control by 
plant/environment

• Kr= f(root order and age) 

Couvreur et al., PP, 2018



Root hydraulic architecture: xylem flow

• Kx: Axial conductance 
• Varies with root diameter, root type and 

root age
• Embolism

Li et al., 2009
Heymans, 2021



Root hydraulic architecture

Connected system of root segments 
with specific hydraulic properties,  that
develops with time due to age, 
maturation and plasticity



Root system hydraulic architecture

Water flux 
dynamics

Transpiration

Evaporative
demand

Soil/rhizosphere

Water dynamics
Root traits



Couvreur et al., 2014

Impact of local root traits on uptake



By combining 
information on 
the root hydraulic 
properties and on 
the root system 
architecture, we 
can explicitly 
model uptake as 
a function of soil 
and root 
resistances

3D modeling
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Explicit modeling: FSPM

- Soil water flow
- Root water flow
- Soil-root mechanical interactions
- Hormone transport 
- Rhizoshere modeling

Landl et al., 2016

Huber et al., 2015



• Lupin
• Tracer : Gd-DTPA in water
• Drought experiment -

>accumulation
• Scan of the root with MRI
• 3D distribution of accumulation: 

MRI

Tracer experiment
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Axelle Koch



Koch et al., JExpBot,2109

3D modeling

Modeling with R-SWMS:
• 3D explicit architectural model 

(MRI)
• Soil water flow  and solute 

transport
• Measured boundary conditions and 

soil hydraulic properties
• Hypothesis: no solute uptake



Koch et al., JExpBot,2109

Inverse modeling

Results: in situ parameterization of 
root hydraulic properties



Outline

• 3D root system hydraulic architecture:
• Definition
• Key traits

• From explicit to implicit RSHA:
• Root system scale parameters
• From local traits to root system parameters

• Adding rhizosphere resistance – root activity
• Conclusions



Modeling approaches : 
explicit

Root map

Root Hydraulic
properties

Explicit 3D modeling
(R-SWMS) 

Water flux 
dynamics

Transpiration

Water dynamics



Root map

Root Hydraulic
properties

Modeling approaches : 
Effective parameterization

Water flux 
dynamics

Transpiration

Water dynamics
Plant effective 
representation

+ Spatial extent



Root system-scale hydraulic properties

Questions: 

- How to simplify a complex network system?

- How can we represent the ability of a RS to extract water?

- Which traits influence these root system scale properties?

Method:

- Catenary hypothesis, steady-state

- Mass conservation and Thevenin theorem



Root system hydraulic properties
How can we represent the ability of a RS to extract water?

- Root system conductance (Krs)
- Root hydraulic spatial distribution (SUF/SSF or SUD)
- Root compensation conductance ≈ Root system conductance
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Valentin Couvreur



The  complex root hydraulic architecture is summarized into ‘effective parameters’ that 
exactly represent its hydraulic behavior 

Other upscaling approaches
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• H control (Couvreur et al., HESS, 2012):

• H+C control (Huber et al., PLSO, 2015):

• C control
(Huber et al., PLSO, 2015):
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Root Hydraulic
properties

Meunier etal., 2017

Root architectural 
traits 

Water flux 
dynamics

Transpiration

Water dynamics
Plant effective 
representation

+ Spatial extent

Modeling approaches : 
Effective parameterization



From traits to RS hydraulic properties
• Architectural and hydraulic traits control Krs and SUF:

• Radial conductivity, and its evolution with root segment age
• Axial conductance, and its evolution with root segment age
• Distance between laterals, number of primary roots

• Architectural traits control root spatial invasion (Vroot):
• Growth rate
• Lateral angles
• Number of primary roots

• Challenge: finding an analytical solution, which predicts directly the 
root ability to extract water and its extent based on local traits without
the need of an explicit architecture



Strategy:
• Develop analytical solution of the water flow equations for root 

branches, function of root traits

• To combine root branches into an ‘ideal’ implicit root system and 
estimate plant scale parameters

Meunier et al, 2017ab

From root traits to root system properties

Félicien Meunier



Implicit Root system architecture

Blue envelope: difference betwen architectural explicit model and Marshal
Meunier et al, 2019



Root conductance estimation

We can estimate root conductances based on local traits!

Meunier et al, 2019



Meunier et al, 2017ab

Krs
Standard Uptake 

Fraction

https://plantmodelling.shinyapps.io/marshal/

MARSHAL

From root traits to root system properties



Defining new ideotypes for drought
tolerance

• Generation of 10000 
« genotypes »

• Investigation of how root 
conductane and invasion 
evolve with root age



Outline

• 3D root system hydraulic architecture:
• Definition
• Key traits

• From explicit to implicit RSHA:
• Root system scale parameters (Couvreur)
• From local traits to root system parameters

• Adding rhizosphere resistance – root activity
• Conclusions



Rhizosphere resistance
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(Gardner, 1960, Schroeder et al, 2007;2008) 

• Function of soil/rhizosphere hydraulic
properties

• Function of transpiration flux and bulk 
water potential

• Function of root length/surface
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Root activity

• Active fraction of the root system
• Key factor for rhizosphere

conductance
• Generally (very) low
• Most roots are ‘active’
• Root active fraction (RAF) : factor in 

root length-based models



Objectives

• Provide a new definition of root activity
• Quantify the influecne of different soil and root 

properties on root active fraction
• Determine ‘realsitic’ root active fraction

Ali Mehmandoost Kotlar 



Root water uptake distribution

P50 of the RRWA: good 
estimate of RWU uniformity

Simulation exercise:
How does P50 change with 
root and soil hydraulic 
property distribution?
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Single homogeneous root

• Hydraulic properties of 
single root affect RWU

• Meunier et al. (2017), 
Standard uptake fraction



Single heterogeneous root system

Roots with three
« zones »



Root system architecture
FIBROUS TAP ROOT



Root system architecture (heterogeneous soil)



Drying soil with rhizosphere K drop

ARF reaches
values below 10 
in certain soils



Conclusions
• Catenary hypothesis allows representing real root systems

• A series of  modeling tools exist to estimate plant conductances

• Effective parameters exist, that represent the complex 3D root system 
hydraulic architecture (Krs, SSF, Couvreur et al., 2012)

• Effective parameters can be linked to root traits with the need of a root 
system map (Meunier et al.,2017, 2019)

• (root hydraulic traits can be measured or deducted from anatomical 
measurements)

• The distribution of uptake plays a key role on the soil resistance: 
architectural models show ARF below 10% when variability in  soil and root 
properties is accounted for



Thank you

• R-SWMS: https://sites.uclouvain.be/RSWMS/

• MARSHAL: https://marshal-root.github.io/

• Lab: https://javaux.wixsite.com/soilroothydraulics

https://sites.uclouvain.be/RSWMS/
https://marshal-root.github.io/
https://javaux.wixsite.com/soilroothydraulics


Open questions

• xxx



A simplified soil-plant hydraulic model

𝜓𝜓xyl,leaf
Xylem 
conductance:
number and radius
vessels, cavitation

𝜓𝜓xyl,root

Root 
conductance: root 
architecture, 
anatomy, AQP

Rhizosphere 
conductance:   soil, root 
hairs, mucilage, mycorrhiza, 
root architecture

𝜓𝜓soil,root

Roots: Couvreur model (2012)
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We define the matric flux potential:

Solving the non-linearities:
The Kirchhoff transformation

Here without gravity – but it can be included



Plant hydraulic status

 3-D surface of possible 
plant hydraulic status

 Function of plant 
(root/xylem) and soil
hydraulics

 No stomatal control (yet)

0-transpiration line
ψsoil=ψleaf

Kroot



Surface validation
Fitting soil and root hydraulics properties to Passioura data (1980)
(no xylem limitation)



Physical constraints on water flow

Gardner and Ehlig, 1963

Stress functions are plant- and soil-dependent

Iso-ψleaf



Questions

• Transpiration vs. Ψsoil /vs. 
Ψleaf : two sides of the same 
coin?

• How do hydraulic limitations 
impact transpiration?

• Can we come up with a 
simple model for stomata 
control?

53



Hyp 1: Stomatal
regulation is 

needed to avoid
cavitation

Stomatal regulation

Brodribb and McAdam, 2017



Soil water depletion rate

For a steady water depletion rate of 0.1 cm³/cm³/d

Reaction time of 
stomatas (5min-
1hr)

Sandy soils

Loamy soils

Clayey-silty soils

Hyp 2: Soil water
potential depletion
rate is extremely

fast when soil
becomes limiting
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Physical constraints on water flow

Wet soil

Dry soil

Without stomatal control,
when the soil is dry, 

dE/dψleaf decreases fast

Iso-ψsoil



Physical constraints on water flow

Beyond the red line, the water flow becomes not linear (=not convenient). 

Soil-
constrained

Plant-
controled

Xylem-
constrained



Physical constraints and biological control 
on water flow

Henson et al., 1989

Isohydric behavior



Experimental evidence

Gollan et al., 1985

E

Leaf water potentil (MPa)



Xylem or soil vulnerability

No cavitation

No soil limit.



Similarity to Sperry & Love concept

Sperry and Love, 2015



Additions to Sperry‘s concept

• Soil is the main factor inducing 
non-linearities in the relationship 
between E & ψleaf

• Plants stomata close to prevent 
cavitation due to a quick decrease 
of ψsoil

• Plants can respond to it not only by 
closing stomata – they can change 
the surface.



Plant strategies

Couvreur et al., 2014



Plant strategies



Water flow resistances in the SPAC

Impacts on water fluxes:
• Xylem vessel diameter & number
• Suberization
• Aquaporin activity
• Root growth/maturation
• Root radial conductivity
• Root hairs
• …

Root conductance: root 
architecture, anatomy, 
AQP

Couvreur et al., 2018



Water flow resistances in the SPAC
Xylem conductance:
number and radius
vessels, cavitation

Li et al., 2009



Water flow resistances in the SPAC

There is a relation 
between leaf water 

potential and stomata 
conductance

Fig 1. Partial dependency of stomatal conductance (gs) on measured leaf water potential
(ψleaf, in MPa) in (a) temperate gymnosperm species, (b) temperate angiosperm
species, (c) tropical deciduous species, and (d) tropical evergreen species.

Anderegg et al., 2017

Stomatal conductance:
Regulates transpiration, 
depends on ABA, 𝜓𝜓x



Water flow resistances in the SPAC

𝜓𝜓soil,bulk

Stomatal conductance:
Regulates transpiration, 
depends on ABA, 𝜓𝜓x

𝜓𝜓xyl,leaf
Xylem conductance:
number and radius vessels, 
cavitation

𝜓𝜓xyl,root

Root conductance: root 
architecture, anatomy, 
hydropatterning, AQP

Rhizosphere 
conductance:   soil, root 
hairs, mucilage, mycorrhiza, 
root architecture

𝜓𝜓soil,root

𝜓𝜓atm



Water flow resistances in the SPAC

𝜓𝜓soil,bulk

𝜓𝜓xyl,leaf

𝜓𝜓xyl,root

𝜓𝜓soil,root

𝜓𝜓atm

When soil
dries out

Stomata
close



Impact of water deficit on transpiration

There is a relation 
between soil water 

potential and stomatal 
conductance

(function of Tpot)

Gardner and Ehlig, 1963
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