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1. Preliminary concepts
Water potential

The water potential, ¥, is the potential energy of water relative to pure water under reference
conditions. It quantifies the tendency of water to move from one area to another.
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Gravity

Osmotic potential (negative)

(negative, living cells)
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(positive or negative) (negative, soils)

But not all components are equally relevant in all contexts
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Soil water retention curves

The water retention curve of a soil (or soil moisture characteristic curve) is the relationship between
volumetric soil moisture content ( 8 in m? - m =2 of soil excluding rock fragments) and the
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1. Preliminary concepts

Soil water retention curves

The water retention curve of a soil (or soil moisture characteristic curve) is the relationship between
volumetric soil moisture content ( 8 in m? - m =2 of soil excluding rock fragments) and the
corresponding soil water potential ( ¥, in MPa)

Two water retention curve models are available in medfate:

1. Saxton model:

6(T) = (T/A)P

= Saxion
a0+ == ¥an Genuchien

where A and B depend on the texture and, if
available, organic matter in the soil.

2. Van Genuchten model:

esat _ eres
L+ (@ @)

0(‘11) = Ores +

Moisture content (%% saturation)
o

where 6(1) is the water retention, 6, is the
saturated water content, 6,., is the residual

water content, « is related to the inverse of the 204 :
air entry pressure, and n is a measure of the
pore-size distribution.

z 4 [
Soil water potential (-MPa)
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1. Preliminary concepts
Water potential drop in plants

When stomata are closed (e.g. pre-down), plant leaf water potential is assumed to be in equilibrium
with the water potential in the rhizosphere (neglecting gravity effects).
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1. Preliminary concepts
Water potential drop in plants

When stomata are closed (e.g. pre-down), plant leaf water potential is assumed to be in equilibrium
with the water potential in the rhizosphere (neglecting gravity effects).

When stomata are open, a larger transpiration flow (E) implies (in steady state) a larger drop in
water potential along the transpiration pathway:

Closed stomata (D Open stomata_ ‘@"w

H:0  CO:

[
! High
[
E 204!
- |
£=
= Metastable
s 151, water
g 10 4
- | Drying
I soil —— Gravity + Dry soil
—— Gravity + Dry soil + Flow
0 r v r v
0.0 05 1.0 1.5 2.0 25

Xylem sap pressure (-MPa)

Venturas et al. (2017). . Int. PL Biol, 59, 356-389.
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1. Preliminary concepts

Drought impacts on plants

The decrease in soil water potential caused by drought has multiple effects on plants, with some
processes ceasing to occur and others becoming important or being promoted, depending on the
plant response strategy.

Process or variables Reduction in tissue water potential w and turgor P

affected ol —5 —2/-12 MPa

Cell growth —
Growth respiration — .
ABA release —

Stomatal conductance
Jtranspiration

Leaf energy budget i —
Photosynthesis
Xylem cavitation

Root disconnection T p———
B ] from soil
Stomatal conductance Maintenance _ .

respiration
NSC transport e —

. Leaf turgor loss —
- Cuticular conduciance ] Leaf shedding

| - T —
B .Ier storage 7

1 | | | 1
Increasing drought stress

- Leaf shedding 3

>

Decreasing 7,

Choat et al. (2018). Nature, 558, 531-539. Fatichi et al. (2016). WIRE: Water, 3, 327-368.
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2. Forest water balance in medfate

Water balance components

The water balance models in available in medfate simulate the following vertical water flows in a
given forest stand.

4 4 ..................
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Runoff ge———o soil infiltration !
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Percolation sty
redistribution |
A J

Deep drainage




2. Forest water balance in medfate

Water balance components

The water balance models in available in medfate simulate the following vertical water flows in a
given forest stand.

4 4 ..................
iy .
Evaporation«— S -
l Transpiration’,
Interception
Bare soil
4 eVapOratiOn
A 4 Y,
Runoff ge———o soil infiltration !
1
Percolation sty
redistribution |
A J

Deep drainage

Variations in soil water content can be summarized as:
AVepir = Pr+Sm —In— Ru— Dd — Es — Ex
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2. Forest water balance in medfate

Soil water inputs

If rainfall occurs during a given day, three processes are simulated to update the water content in soil
layers:

Key variables
d i
e
Evaporation < poice
Ratio of rainfall rate to
evaporation rate
\ .
Interception Gash (1995) interception model ~ <.
............... Canopy storage capacity
(canopy LAI)
M Water capacity in the
RUNOff <g——— 5oil infiltration USDA SCS curve number method =~ e ety
first soil layer
i .
Percolation Granier et al. (1999) «

Proportion of macropores
(texture, bulk density)




2. Forest water balance in medfate

Soil water outputs

Regardless of precipitation, soil moisture can be modified due to the following processes:

Transpiration

,”’V "
<
Bare soil

Key variables evaporation
Ritchie et al. (1972) ]

v

Potential ETP

Y

Radiation extinction.~

Topsoil moisture .-

Hydraulic
redistribution §

Hydraulic conductivity ...

\/

e Deep drainage
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balance model: basic vs advanced.



2. Forest water balance in medfate

Soil water outputs

Regardless of precipitation, soil moisture can be modified due to the following processes:

Transpiration

Bare soil
Key variables evaporation
Potential ETP ... ,, Ritchie et al. (1972)

Radiation extinction.~

Topsoil moisture .+~ ).{

Hydraulic
redistribution §

Hydraulic conductivity ...

\/

e Deep drainage

Soil water uptake by plants and transpiration are modelled differently depending on the water
balance model: basic vs advanced.

Hydraulic redistribution is only simulated in the advanced water balance model.
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3. Transpiration and photosynthesis under the basic model

Maximum transpiration
Maximum canopy transpiration

Maximum canopy transpiration 7'r,,, depends on potential evapotranspiration, PET', and the
amount of transpirating surface, i.e. the stand leaf area index, thanks to:

Trmax ool
ST — —0.006 - (LAIY )?+0.134-LAI® 10— T
and therefore: |
Il
Tryx = PET - (~0.006 - (LAI,,,)* +0134- LAIL, ., i
0.4
0.2 -
0.0 = et el o]
0 1 2 3 4 8 6 7 B8 8 10

Leaf Area Index

Granier et al. (1999). Ecol. Model., 116, 269-283.
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3. Transpiration and photosynthesis under the basic model

Maximum transpiration

Maximum canopy transpiration

Maximum canopy transpiration 7'r,,, depends on potential evapotranspiration, PET', and the
amount of transpirating surface, i.e. the stand leaf area index, thanks to:

Trmax P 9 & r = Tmax/PET
PET —0.006 - (LAI,, )" +0.134-LAI, . 1.0
and therefore: |
Trmax = PET - (—0 006 - (LAI® )2 +0.134-LAI® ) g
max : stand ) stand
0.4
Maximum plant transpiration
02 -
Maximum canopy transpiration is divided among L o
plant cohorts according to the amount of light T T R EEEY.
absorbed by each one: Loaf Aven Balen
fi0.75

Tr max,i — Trmax - W
74
where f; is the fraction of total absorbed short-wave radiation that is due to cohort .

Granier et al. (1999). Ecol. Model., 116, 269-283.
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3. Transpiration and photosynthesis under the basic model

Actual plant transpiration

Actual plant transpiration depends on soil moisture and is calculated for each soil layer s separately.
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3. Transpiration and photosynthesis under the basic model

Actual plant transpiration

Actual plant transpiration depends on soil moisture and is calculated for each soil layer s separately.

A relative whole-plant water conductance, K is

S :
defined for any given soil layer s using: T — :;:z::;: - e
, E oa . Psi_extract = -4 MPa
\Il c o= T Psi_extract = -5 MPa
K(¥,) = expiIn (0.5) - |—2 g .
\Ilemtract E =
8 =+
@ i -
where W.,irqct is the water potential at which % =
transpiration is 50% of maximum, and ¥, the 2 o
water potential in layer s. * .
\':_'! _ -
= T T T T |

Soil water potential (-MPa)
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3. Transpiration and photosynthesis under the basic model

Actual plant transpiration

Actual plant transpiration depends on soil moisture and is calculated for each soil layer s separately.

A relative whole-plant water conductance, K is

S .
defined for any given soil layer s using: T — :;:z::;: - e
r 8 e . Psi_extract = -4 MPa
\Il c o= T Psi_extract = -5 MPa
K(¥,) = expiIn (0.5) - |—2 g .
\Ije:vtract E =
8 =+
@ i -
where W.,irqct is the water potential at which % =
transpiration is 50% of maximum, and ¥, the 2 o
water potential in layer s. * .
\':_'! _ -
= T T T T |

Soil water potential (-MPa)

The water extracted by a plant cohort from soil layer s and transpired, 1'rs, is the product:
Trs = Trpax - K(¥s) - FRP,

where F'RP; is the proportion of plant fine roots in layer s.
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3. Transpiration and photosynthesis under the basic model

Actual plant transpiration

Actual plant transpiration depends on soil moisture and is calculated for each soil layer s separately.

A relative whole-plant water conductance, K is

S .
defined for any given soil layer s using: T — :;:z::;: - e
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where W.,irqct is the water potential at which % =
transpiration is 50% of maximum, and ¥, the 2 o
water potential in layer s. * .
\':_'! _ -
= T T T T |

Soil water potential (-MPa)

The water extracted by a plant cohort from soil layer s and transpired, 1'rs, is the product:
Trs = Trpax - K(¥s) - FRP,
where F'RP; is the proportion of plant fine roots in layer s.

The transpiration summed across soil layers is:

Tr = ZTT‘S
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3. Transpiration and photosynthesis under the basic model

Plant photosynthesis

Gross photosynthesis for a plant cohort, A, is estimated as a function of transpiration, 7', using:

Ay =Tr - WUEpay - (LPAR)WUBacc

where WU E .« is the maximum water use efficiency of the cohort under maximum light
availability, L” AR is the proportion of PAR available and WU Ej.cq, is an exponent.
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The basic water balance model does not estimate the water potential drop from soil to the leaf.
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3. Transpiration and photosynthesis under the basic model

Plant photosynthesis

Gross photosynthesis for a plant cohort, A, is estimated as a function of transpiration, 7', using:

Ag = T’l" * WUEmaX . (LPAR)WUEdecay

where WU E .« is the maximum water use efficiency of the cohort under maximum light
availability, L” AR s the proportion of PAR available and WU Ej.cq, is an exponent.

Plant water potential

The basic water balance model does not estimate the water potential drop from soil to the leaf.

Despite its simplicity, a gross surrogate of 'plant’ water potential, ¥;4,¢, may be obtained using:

plant — (Z K FRPS)

which can be intuitively understood as an average of soil water potential taking into account fine root
distribution.
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4. Transpiration and photosynthesis under the advanced model

Hydraulic network

The analogy of a set of resistances in an electric circuit is often used to represent the resistance to
water flow in an hydraulic network:

Soil layer 1
IIIm tsurf, 1 lp&””‘ 1
Soil layer 2
N & II’mot rf, 2 IIJ,voil, 2
'—_-_O—_-—O Soil layer S
lIImotsmf N lIJxoil, N

Rhizosphere
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4. Transpiration and photosynthesis under the advanced model

Vulnerability curves

The concept of vulnerability curve can be used to specify the relationship between water potential, ¥
, and hydraulic conductance, k, in any portion along the flow path.
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4. Transpiration and photosynthesis under the advanced model

Vulnerability curves

The concept of vulnerability curve can be used to specify the relationship between water potential, ¥
, and hydraulic conductance, k, in any portion along the flow path.

Rhizosphere Xylem

Conductance is modelled as a van Genuchten Conductance is modelled using a two-
(1980) function: parameter Weibull function:

k(T) = kmag - v/ L (1 — p)=1/m )2 () = Emag - e~ (¥/9))
; 3 2+ - === leaf

5_6 2 ] h— Sandy loam ‘-‘ —— stem xylem ( rig_in )}

E. — - Silt loam X - steTx;lyelfnm( avitated)

A o _| -- Clay = o 4

0 @ o

X s

E 9o | T e d Y

s © &

£ £

E <o g

X ¥ S

) =

2 & 2 o

@

g o

£ | | T | T | | | e+t mm

Canopy pressure (-MPa)

Soil hydraulic pressure (-MPa)
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4. Transpiration and photosynthesis under the advanced model

Hydraulic supply function

The supply function describes the steady-state rate of water flow, E, as a function of water potential
drop.
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4. Transpiration and photosynthesis under the advanced model

Hydraulic supply function

The supply function describes the steady-state rate of water flow, E, as a function of water potential
drop.

— Sandy loam
--- Siltloam

The steady-state flow rate F; through any
element ¢ is related to the flow-induced drop in
water potential across that element,

AY; = W i5un — Wyp, by the integral of the

vulnerability curve k; ():

‘I’down
E; = / ki ()d
)\

up

Flow rate (mmol-m-2-s-1)
2

where ¥, and ¥ 4, are the upstream and
downstream water potential values.

Leaf pressure (-MPa)

Sperry et al. (1998). Plant, Cell & Env., 21, 347-359.
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4. Transpiration and photosynthesis under the advanced model

Hydraulic supply function

The supply function describes the steady-state rate of water flow, E, as a function of water potential
drop.

— Sandy loam
--- Siltloam

The steady-state flow rate E; through any
element ¢ is related to the flow-induced drop in
water potential across that element,

AY; = W i5un — Wyp, by the integral of the

vulnerability curve k;(¥):

‘I’down
E = / ki (0)d®
Youp

Flow rate (mmol-m-2-s-1)
2

where ¥, and ¥ 4, are the upstream and
downstream water potential values.

Leaf pressure (-MPa)

The supply function can be integrated across the whole hydraulic network.

\Illeaf

B(¥iy) = [ KW

soil Sperry et al. (1998). Plant, Cell & Env., 21, 347-359.
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4. Transpiration and photosynthesis under the advanced model

Leaf energy balance, gas exchange and photosynthesis

If we know air temperature, wind conditions, radiative balance and water vapor pressure in which
leaves are, we can translate the supply function into several functions:

o Leaf temperature: Tjeq(¥ieqr)
« Leaf vapor pressure deficit: VPDieqt(Wieqas)
» Leaf diffusive conductance: gy, (¥seqr)
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4. Transpiration and photosynthesis under the advanced model

Leaf energy balance, gas exchange and photosynthesis

If we know air temperature, wind conditions, radiative balance and water vapor pressure in which
leaves are, we can translate the supply function into several functions:

o Leaf temperature: Tjeqf(Wieqf)
« Leaf vapor pressure deficit: VPDieqt(Wieqas)
» Leaf diffusive conductance: gy, (¥seqr)

0 _
(9]
If we know the absorbed PAR and [COs] in the o T Sondyloam
air, gross and net photosynthesis can be s &1 /S
estimated using Farquhar's (1980) model as a § o |
function of Uye,f,i.6. Agy(Piear) and Ap(Pieqr). 2 "
% o |
[}
S o o
G
o —

Leaf sap pressure (-MPa)

Farquhar et al. (1980) Planta, 149, 78-90
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4. Transpiration and photosynthesis under the advanced model

Leaf energy balance, gas exchange and photosynthesis

If we know air temperature, wind conditions, radiative balance and water vapor pressure in which
leaves are, we can translate the supply function into several functions:

o Leaf temperature: Tjeqf(Wieqf)
« Leaf vapor pressure deficit: VPDieqt(Wieqas)
» Leaf diffusive conductance: gy, (¥seqr)

25

If we know the absorbed PAR and [COs] in the o T Sondyloam
air, gross and net photosynthesis can be s &1 /S
estimated using Farquhar's (1980) model as a § o |
function of Uye,f,i.e. Ay(Piear) and Ay (Pieqr). 2 "

% o |

[}

S o o

G

o —

Leaf sap pressure (-MPa)

Important parameters of Farquhar's model are the maximum rate of Rubisco carboxylation, V4., and
the maximum rate of electron transfer, Jmaz.

Farquhar et al. (1980) Planta, 149, 78-90
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4. Transpiration and photosynthesis under the advanced model

Stomatal regulation

Stomatal regulation follows the model proposed by Sperry et al (2017).

Sperry et al. (2017) Plant Cell Env., 40, 816-830
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4. Transpiration and photosynthesis under the advanced model

Stomatal regulation

Stomatal regulation follows the model proposed by Sperry et al (2017).

The hydraulic supply function is used to derive
a cost function 6( ¥y, ¢) reflecting the
increasing damage from cavitation.

1.0

"1 — Sandy loam
- Siltloam
o |
o
—
c
S @
- o
c
S
=«
B o 7
o
o
N
o
e ]
o

Leaf sap pressure (-MPa)

Sperry et al. (2017) Plant Cell Env., 40, 816-830
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4. Transpiration and photosynthesis under the advanced model

Stomatal regulation

Stomatal regulation follows the model proposed by Sperry et al (2017).

The hydraulic supply function is used to derive The normalized photosynthetic gain function
a cost function 6( ¥y, ¢) reflecting the B(¥ieqr) reflects the increase in assimilation
increasing damage from cavitation. rate, with respect to the maximum.
o e
— | — Sandy loam —
--- Siltloam
© | T «Q
o o 7
- c
&5 © _ 2 o |
5 o 8 o
c =]
> —
= % e < |
§ o 8 o
N N
© o —— Sandy loam
--- Siltloam
e 1! v 1 Clay
e I I I I | I I I e I I I | [ | | |
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Leaf sap pressure (-MPa) Canopy sap pressure (-MPa)

Sperry et al. (2017) Plant Cell Env., 40, 816-830
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4. Transpiration and photosynthesis under the advanced model

Stomatal regulation

Sperry et al (2017) suggested that stomatal regulation can be effectively estimated by determining
the maximum of the profit function:

PTOf’it(\I’leaf) = B(\IJleaf) - 9(\I’leaf)

<
—

— Sandy loam
- Siltloam
© | Clay
o
< _]
= o
°
o<
o
N
o
o
o

Leaf sap pressure (-MPa)

Sperry et al. (2017) Plant Cell Env., 40, 816-830
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4. Transpiration and photosynthesis under the advanced model

Stomatal regulation

Sperry et al (2017) suggested that stomatal regulation can be effectively estimated by determining
the maximum of the profit function:

PTOf’it(\I’leaf) = B(\IJleaf) - e(qlleaf)

<
—

— Sandy loam
- Siltloam
© | Clay
o
< _]
= o
°
o<
o
N
o
o
o

Leaf sap pressure (-MPa)

The maximization is achieved when the slopes of the gain and cost functions are equal:

5/8(\I’leaf) . 50(‘Illeaf)
5\Illeaf B 5\IIleaf

Sperry et al. (2017) Plant Cell Env., 40, 816-830
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4. Transpiration and photosynthesis under the advanced model

From leaf to the canopy

Calculating transpiration and photosynthesis following the Sperry model requires:

1. Building the supply function for each plant cohort

De Pury & Farquhar (1997) Plant, Cell & Env., 20, 537-557
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From leaf to the canopy

Calculating transpiration and photosynthesis following the Sperry model requires:
1. Building the supply function for each plant cohort

2. Dividing the canopy into vertical layers and determine the direct and diffuse radiation at
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From leaf to the canopy

Calculating transpiration and photosynthesis following the Sperry model requires:
1. Building the supply function for each plant cohort

2. Dividing the canopy into vertical layers and determine the direct and diffuse radiation at
subdaily time steps

3. Differentiating between sunlit and shade leaves (De Pury & Farquhar, 1997)
4. Determining absorbed SWR and PAR in sunlit/shade leaves at subdaily time steps

5. Calculating energy balance, photosynthesis functions and stomatal regulation for sunlit and
shade leaves at subdaily time steps.

De Pury & Farquhar (1997) Plant, Cell & Env., 20, 537-557
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4. Transpiration and photosynthesis under the advanced model

From leaf to the canopy

Calculating transpiration and photosynthesis following the Sperry model requires:
1. Building the supply function for each plant cohort

2. Dividing the canopy into vertical layers and determine the direct and diffuse radiation at
subdaily time steps

3. Differentiating between sunlit and shade leaves (De Pury & Farquhar, 1997)
4. Determining absorbed SWR and PAR in sunlit/shade leaves at subdaily time steps

5. Calculating energy balance, photosynthesis functions and stomatal regulation for sunlit and
shade leaves at subdaily time steps.

Corollaries

Once stomatal conductance is decided for sunlit and shade leaves, one obtains an average flow and
all water potentials along the transpiration pathway are determined.

De Pury & Farquhar (1997) Plant, Cell & Env., 20, 537-557
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4. Transpiration and photosynthesis under the advanced model

From leaf to the canopy

Calculating transpiration and photosynthesis following the Sperry model requires:
1. Building the supply function for each plant cohort

2. Dividing the canopy into vertical layers and determine the direct and diffuse radiation at
subdaily time steps

3. Differentiating between sunlit and shade leaves (De Pury & Farquhar, 1997)
4. Determining absorbed SWR and PAR in sunlit/shade leaves at subdaily time steps

5. Calculating energy balance, photosynthesis functions and stomatal regulation for sunlit and
shade leaves at subdaily time steps.

Corollaries

Once stomatal conductance is decided for sunlit and shade leaves, one obtains an average flow and
all water potentials along the transpiration pathway are determined.

Hydraulic redistribution is an emergent output of the model when soil layers have different degree of
moisture and stomata are closed (at night).

De Pury & Farquhar (1997) Plant, Cell & Env., 20, 537-557
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5. Plant drought stress and cavitation

Daily drought stress

Daily drought stress, DD.S, is defined using ¢, the phenological status, and the one-complement of
relative whole-plant conductance:
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Daily drought stress

Daily drought stress, DD.S, is defined using ¢, the phenological status, and the one-complement of
relative whole-plant conductance:

Basic model

Since K is defined as a relative whole-plant
conductance:

DDS = ¢ . (1 - K(‘Ilplant))




5. Plant drought stress and cavitation
Daily drought stress

Daily drought stress, DD.S, is defined using ¢, the phenological status, and the one-complement of
relative whole-plant conductance:

Basic model Advanced model

Since K is defined as a relative whole-plant Since the derivative of the supply function, i.e.

conductance: dE/d¥ ey, is the absolute whole-plant
conductance:

DDS = ¢ . (1 - K(‘Ilplant))

dE/d%Y,,,
DDS = ¢ - [1_M]

kmaw ,plant




5. Plant drought stress and cavitation

Cavitation
If cavitation has occurred in previous steps then the capacity of the plant to transport water is
impaired.
Basic model
Estimation of PLC:
W T
PLCgern =1 — exp{ln (0.5) - [ L ] }
\Ilcritic

Effect on plant transpiration:

KFPLC = min{K,,1.0 — PLCyp,}




5. Plant drought stress and cavitation

Cavitation

If cavitation has occurred in previous steps then the capacity of the plant to transport water is
impaired.

Basic model Advanced model
Estimation of PLC: Estimation of PLC:
\II " _ kstem(\Ilstem)
PLCstem - 1 - eXp{ln (0'5) : [ plant ] } PLCStem o 1 N kmaz stem
\Ilcm'tic 7

o Effect on the stem vulnerability curve:
Effect on plant transpiration:

KFPLC = min{K,,1.0 — PLCycm} . e penen

Xylem K (mmol-m-2-s-1-MPa-1)

Canopy pressure (-MPa)




6. Basic vs. advanced models: a summary of differences

Comparison of processes

Group
Forest hydrology

Radiation balance

Plant physiology

Energy balance

Process
Rainfall interception
Infiltration/percolation
Bare soil evaporation
Snow dynamics
Transpiration
Hydraulic redistribution
Radiation extinction
Diffuse/direct separation
Longwave/shortwave separation
Photosynthesis
Stomatal regulation
Plant hydraulics
Stem cavitation
Leaf energy balance
Canopy energy balance

Soil energy balance

Basic

[*]

Advanced

*
*

*




6. Basic vs. advanced models: a summary of differences

Comparison of state variables

Group State variable Basic Advanced
Soil Soil moisture gradients * *
Soil temperature gradients *
Canopy Canopy temperature gradients *
Canopy moisture gradients *
Canopy CO; gradients *
Plant Leaf phenology status * *
Plant water status * *
Water potential gradients *

Stem cavitation level e e




M.C. Escher - Waterfall, 1961




