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Introduction Models Calibration Validation Conclusion

Root-Knot Nematodes (RKN), Meloidogyne spp.
• small soil worms,
• obligate root endoparasites,
• ubiquitous polyphagous pest
• 14% of global crop losses worldwide [1]

[1] Djian-Caporalino, EPPO Bulletin, 2012

Main impacts
• root deformation

(galls)
• stunted growth and

wilting
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Plant variability
Strong variability in plant response to RKN parasitism among crop
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

dWs
dt = ks f (ψs)

Cs
Ks + Cs

Ws︸ ︷︷ ︸
Growth

− Γs Ws︸ ︷︷ ︸
Natural mortality

− Γs

( Kn
m

Kn
m + Cn

s

)
Ws ,︸ ︷︷ ︸

Additional mortality due to carbon shortage

dCs
dt = σc f (ψs)︸ ︷︷ ︸

Uptake

− 1
Ws

(Tr + Tf + Ta)︸ ︷︷ ︸
Transport

− (fc + rg ,s) ks f (ψs)
Cs

Ks + Cs︸ ︷︷ ︸
Growth

Respiration growth

− rm,s

( Cn
s

Kn
m + Cn

s

)
︸ ︷︷ ︸

Maintenance respiration

− 1
Ws

dWs
dt Cs︸ ︷︷ ︸

Dilution

Root



dWr
dt = kr f (ψr )

Cr
Kr + Cr

Wr︸ ︷︷ ︸
Growth

− Γr Wr︸ ︷︷ ︸
Natural mortality

− Γr

( Kn
m

Kn
m + Cn

r

)
Wr ,︸ ︷︷ ︸

Additional mortality due to carbon shortage

dCr
dt = 1

Wr
Tr︸︷︷︸

Transport

− (fc + rg ,r ) kr f (ψr )
Cr

Kr + Cr︸ ︷︷ ︸
Growth

Respiration growth

− rm,r

( Cn
r

Kn
m + Cn

r

)
︸ ︷︷ ︸

Maintenance respiration

− crh Cr︸ ︷︷ ︸
Rhizodeposition

− 1
Wr

dWr
dt Cr︸ ︷︷ ︸

Dilution

Fruit



dWf
dt = kf f (ψf ) Cf

Kf + Cf
Wf︸ ︷︷ ︸

Growth

− Γf Wf︸ ︷︷ ︸
Natural mortality

− Γf

(
Kn

m
Kn

m + Cn
f

)
Wf ,︸ ︷︷ ︸

Additional mortality due to carbon shortage

dCf
dt = 1

Wf
(Tf + Ta)︸ ︷︷ ︸

Transport

− (fc + rg ,f ) kf f (ψf ) Cf
Kf + Cf︸ ︷︷ ︸

Growth

Respiration growth

− rm,f

(
Cn

f
Kn

m + Cn
f

)
︸ ︷︷ ︸

Maintenance respiration

− 1
Wf

dWf
dt Cf︸ ︷︷ ︸

Dilution
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Mathematical equations

Shoot



dWs
dt = ks f (ψs)

Cs
Ks + Cs

Ws︸ ︷︷ ︸
Growth

− Γs Ws︸ ︷︷ ︸
Natural mortality

− Γs

( Kn
m

Kn
m + Cn

s

)
Ws ,︸ ︷︷ ︸

Additional mortality due to carbon shortage

dCs
dt = σc f (ψs)︸ ︷︷ ︸

Uptake

− 1
Ws

(Tr + Tf + Ta)︸ ︷︷ ︸
Transport

− (fc + rg ,s) ks f (ψs)
Cs

Ks + Cs︸ ︷︷ ︸
Growth

Respiration growth

− rm,s

( Cn
s

Kn
m + Cn

s

)
︸ ︷︷ ︸

Maintenance respiration

− 1
Ws

dWs
dt Cs︸ ︷︷ ︸

Dilution

Root



dWr
dt = kr f (ψr )

Cr
Kr + Cr

Wr︸ ︷︷ ︸
Growth

− Γr Wr︸ ︷︷ ︸
Natural mortality

− Γr

( Kn
m

Kn
m + Cn

r

)
Wr ,︸ ︷︷ ︸

Additional mortality due to carbon shortage

dCr
dt = 1

Wr
Tr︸︷︷︸

Transport

− (fc + rg ,r ) kr f (ψr )
Cr

Kr + Cr︸ ︷︷ ︸
Growth

Respiration growth

− rm,r

( Cn
r

Kn
m + Cn

r

)
︸ ︷︷ ︸

Maintenance respiration

− crh Cr︸ ︷︷ ︸
Rhizodeposition

− 1
Wr

dWr
dt Cr︸ ︷︷ ︸

Dilution

Fruit



dWf
dt = kf f (ψf ) Cf

Kf + Cf
Wf︸ ︷︷ ︸

Growth

− Γf Wf︸ ︷︷ ︸
Natural mortality

− Γf

(
Kn

m
Kn

m + Cn
f

)
Wf ,︸ ︷︷ ︸

Additional mortality due to carbon shortage

dCf
dt = 1

Wf
(Tf + Ta)︸ ︷︷ ︸

Transport

− (fc + rg ,f ) kf f (ψf ) Cf
Kf + Cf︸ ︷︷ ︸

Growth

Respiration growth

− rm,f

(
Cn

f
Kn

m + Cn
f

)
︸ ︷︷ ︸

Maintenance respiration

− 1
Wf

dWf
dt Cf︸ ︷︷ ︸

Dilution
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Integrated plant-pest model

Shoot Carbon 
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Carbon uptake

Increased hydraulic 
resistance
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Hydraulic resistance
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Plant status on RKN development

Free



dE
dt = r(Cr ) F︸ ︷︷ ︸

Egg laying

− h E︸︷︷︸
Egg hatching

− µe E︸ ︷︷ ︸
Mortality

dJ2
dt = h E︸︷︷︸

Egg hatching

− β J2 Wr︸ ︷︷ ︸
Larvae infection

− µJ2 J2︸ ︷︷ ︸
Mortality

RKN



dJ
dt = Ω(Cr )β J2Wr︸ ︷︷ ︸

RKN entry

− η J︸︷︷︸
Maturation

− µj J︸︷︷︸
Mortality

dF
dt = η J︸︷︷︸

Maturation

− µF F︸ ︷︷ ︸
Mortality

rmin

Cr

rmax

severe stress

light stress

r(Cr)

0
Cr

1

Ω(Cr)
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RKN effects on plant growth

Root



dWr
dt = kr f (ψr )

Cr
Kr + Cr

Wr︸ ︷︷ ︸
Growth

− γr

(
1 + Kn

m
Kn

m + Cn
r

)
Wr︸ ︷︷ ︸

Mortality

−Ω(Cr ) ϵ β J2 Wr︸ ︷︷ ︸
Infected roots

dG
dt =Ω(Cr ) ϵ β J2 Wr︸ ︷︷ ︸

Gall formation

+ kg f (ψr )
Cr

Kr + Cr
G︸ ︷︷ ︸

Growth

− Γr G︸︷︷︸
Natural mortality

dCr
dt = 1

(Wr + G) Tr︸︷︷︸
Transport

− (fc + rg ,r )
(kr Wr + kgG

Wr + G

)
f (ψr )

Cr
Kr + Cr︸ ︷︷ ︸

Growth

− rm,r

( Cn
r

Kn
m + Cn

r

)
︸ ︷︷ ︸

Maintenance respiration

− crhCr︸ ︷︷ ︸
Rhizodeposition

− Cr
(Wr + G)

(dWr
dt + dG

dt

)
︸ ︷︷ ︸

dilution

− γ(Cr ) F︸ ︷︷ ︸
RKN feeding

0
Cr

1

Ω(Cr)

0
Cr

γmax

γ(Cr)
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Calibration of models

Steps
➤ select parameters to be estimated based on sensitivity analysis

➤ least squares criterion between model simulations and data

➤ find parameter values that minimize the criterion
• Global search: ARS (Adaptive Random Searches)
• Local search: Nelder-Mead from minimize() python module

Strategy
➤ calibration of plant model on control data

➤ calibration of plant-RKN model on inoculated plants & RKN
data
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Which data?

Shoot Carbon 
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Calibration of plant model
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Global sensitivity analysis on plant model
Features

• goal: identify the most influential parameters
• inputs: 26 parameters, outputs: Ws , Wr , Wf , Cs , Cr , Cf

Plant traits that most affect root biomass (Wr) dynamics
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σc shoot carbon fixation rate
ks & kr shoot and root growth rates
Ks half saturation coef. of shoots
α allometry coefficient
ta fruit active transport rate
γs & γr shoot & root mortality rates
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Tomato parameter estimation

Tomato dynamics Predicted number of leaves
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Pepper parameter estimation

Pepper dynamics Predicted number of leaves
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Calibration of full model



18

Introduction Models Calibration Validation Conclusion

Global sensitivity analysis on full model
Features

• inputs: 15 parameters, plant parameters are fixed
• outputs: Ws , Wr , Wf , Cs , Cr , Cf , Eg , J2, J , F , G

Interaction traits that most affect J-larvae dynamics
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Global sensitivity analysis on full model
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Calibration on tomato
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Plant parameter patterns (Tomato vs Pepper)

Shoot carbon rate ( c)

Shoot growth rate (ks)

Root growth rate (kr)

Fruit active transport rate (ta)

Half saturation coef. of shoots (Ks)

Allometry coefficient ( )

Shoot mortality rate ( s)

Root mortality rate ( r)
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Shoot reduction vs plant age at infection

a. Cucumber dynamics b. Tomato dynamics
(Experimental results1) (Model simulations)
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1Kayani et al., Crop Protection, 2017
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Conclusion

➤ Modeling
• mechanistic model of plant functioning
• plant model coupled to RKN population dynamics

➤ Calibration
• plant parameters (8/26) & interaction parameters (6/15)
• better estimates for pepper than tomato
• estimation of pepper interaction parameters [ongoing]
• comparison of dynamical patterns of 2 species: insights on

the origin of tolerance [ongoing]
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Global sensitivity analysis (GSA)
Goal: Identifying the most influential parameters

inputs : all parameters, outputs : model variables along time
(vector)

Steps
1. fractional factorial design to explore parameter space
2. PCA to reduce output and capture its variability
3. ANOVA to compute sensitivity indices (SI)

SI.. = SS..

TSS , GSI =
components∑

k=1
SIk × inertiak

SS = sum of squares, TSS = total sum of squares
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Data from ArchiNem project

➤ 2 plant species: tomato,
pepper

➤ 2 plant categories:
• control
• inoculated by

nematodes
➤ 6 replicates (90 plants)
➤ weekly number of leaves

➤ destructive measures, 3
points in time:

• plant: fresh and dry
masses for shoot, root
and fruit

• nematodes: number of
galls, egg masses and
egg per egg masses
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Allometric relationship

Equation
W leaf

s = a Lb,

a, b allometric coefficients & weekly number of leaves (L).
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Specific impacts
• clonal reproduction
• reduced water and nutrient uptake
• hijacking of plant resources (carbon)

J2E

F

J
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Criterion for estimating plant parameters
Allometric relationship

W leaf
s = a Lb,

a, b allometric coefficients & weekly number of leaves (L).

Cost function

err =αs

1
2

2∑
i=1


(
W sol

s

)
i
−
(
W obs

s

)
i

(W obs
s )i

2

+ 1
2

2∑
i=1


(
W sol

r

)
i
−
(
W obs

r

)
i

(W obs
r )i

2

+
(

W sol
f − W obs

f
W obs

f

)2


+ βs

 1
12

12∑
i=1


(
W sol

s

)
i
−
(
W leaf

s

)
i

(W leaf
s )i

2
︸ ︷︷ ︸
Addiotional data of Ws obtained via allometry

• αs and βs = (1 − αs) are the weighted coefficients
• W sol

k and W obs
k are model predictions and data respectively.

k := {s = shoot, r = root, f = fruit}
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Criterion for estimating interaction parameters

Cost function

err =αc

1
2

2∑
i=1


(
W sol

s

)
i
−
(
W obs

s

)
i

(W obs
s )i

2

+ 1
2

2∑
i=1


(
W sol

r

)
i
−
(
W obs

r

)
i

(W obs
r )i

2

+
(

W sol
f − W obs

f
wobs

f

)2


︸ ︷︷ ︸
Inoculated plant

+ βc

(G sol − Gobs

Gobs

)2

+ 1
2

2∑
i=1

(
F sol

i − F obs
i

F obs
i

)2

+ 1
2

2∑
i=1

(
r sol
i − robs

i
robs
i

)2


︸ ︷︷ ︸
Nematodes

• αc and βc = (1 − αc) are the weighted coefficients
• G sol , F sol , r sol are nematode model predictions of galls, females

and egg-laying
• Gobs , F obs , robs are nematode data
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Carbon transport (T )

Shoot



dWs
dt = ks f (ψs)

Cs
Ks + Cs

Ws︸ ︷︷ ︸
Growth

− Γs

( Kn
m
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m + Cn

s

)
Ws ,︸ ︷︷ ︸

Additional mortality due to carbon shortage

dCs
dt = σc f (ψs)︸ ︷︷ ︸

Uptake

− 1
Ws

(Tr + Tf + Ta)︸ ︷︷ ︸
Transport

− (fc + rg ,s) ks f (ψs)
Cs

Ks + Cs︸ ︷︷ ︸
Growth

− rm,s

( Cn
s

Kn
m + Cn

s

)
︸ ︷︷ ︸

Maintenance respiration

− 1
Ws

dWs
dt Cs︸ ︷︷ ︸

dilution

Root



dWr
dt = kr f (ψr )

Cr
Kr + Cr

Wr︸ ︷︷ ︸
Growth

− Γr Wr︸ ︷︷ ︸
Natural mortality

− Γr

( Kn
m
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m + Cn

r

)
Wr ,︸ ︷︷ ︸

Additional mortality due to carbon shortage

dCr
dt = 1

Wr
Tr︸︷︷︸

Transport

− (fc + rg ,r ) kr f (ψr )
Cr

Kr + Cr︸ ︷︷ ︸
Growth

− rm,r

( Cn
r

Kn
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r

)
︸ ︷︷ ︸

Maintenance respiration

− crh Cr︸ ︷︷ ︸
Rhizodeposition

− 1
Wr

dWr
dt Cr︸ ︷︷ ︸

dilution

Fruit



dWf
dt = kf f (ψf ) Cf

Kf + Cf
Wf︸ ︷︷ ︸

Growth

− Γf Wf︸ ︷︷ ︸
Natural mortality

− Γf

(
Kn

m
Kn

m + Cn
f

)
Wf ,︸ ︷︷ ︸

Additional mortality due to carbon shortage

dCf
dt = 1

Wf
(Tf + Ta)︸ ︷︷ ︸

Transport

− (fc + rg ,f ) kf f (ψf ) Cf
Kf + Cf︸ ︷︷ ︸

Growth

− rm,f

(
Cn

f
Kn

m + Cn
f

)
︸ ︷︷ ︸

Maintenance respiration

− 1
Wf

dWf
dt Cf︸ ︷︷ ︸

dilution
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Carbon transport (T )
The carbon flow3 T in phloem vessels T = q Cs , with q the volume
flow rate

S

R

shoot

Root

Rph,f
F

Fruit

Rph

q

Rph

q

qf

Then,{
(qr +qf )Rph,s+qr Rph,r = (Cs − Cr )
(qr + qf )Rph,s + qf Rph,f = (Cs − Cf )


T = (Cs − Cr )

Rph
Cs

Rph,.. = rph,..

W α..
..

3Minchin et al., Journal of Experimental Botany, 1993
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Carbon transport (T )

S

R

shoot

Root
Rph,r

Rph,f
F

Fruit

Rph,s

qf

qr qf+

qr

Therefore,{
(qr + qf )Rph,s + qr Rph,r = (Cs − Cr )
(qr + qf )Rph,s + qf Rph,f = (Cs − Cf )


Tr = qr Cs

Tf =
( W n

s
ln + W n

s

)
qf Cs
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Carbon transport (T )

S

R

shoot

Root
Rph,r

Rph,f
F

Fruit

Rph,s

qf

qr qf+

qr

Therefore,{
(qr + qf )Rph,s + qr Rph,r = (Cs − Cr )
(qr + qf )Rph,s + qf Rph,f = (Cs − Cf )


Tr = qr Cs

Tf =
( W n

s
ln + W n

s

)
qf Cs
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Water transport

Shoot



dWs
dt = ks f (ψs)

Cs
Ks + Cs

Ws︸ ︷︷ ︸
Growth

− Γs Ws︸ ︷︷ ︸
Natural mortality

− Γs

( Kn
m

Kn
m + Cn

s

)
Ws ,︸ ︷︷ ︸

Additional mortality due to carbon shortage

dCs
dt = σc f (ψs)︸ ︷︷ ︸

Uptake

− 1
Ws

(Tr + Tf + Ta)︸ ︷︷ ︸
Transport

− (fc + rg ,s) ks f (ψs)
Cs

Ks + Cs︸ ︷︷ ︸
Growth

− rm,s

( Cn
s

Kn
m + Cn

s

)
︸ ︷︷ ︸

Maintenance respiration

− 1
Ws

dWs
dt Cs︸ ︷︷ ︸

dilution

Root



dWr
dt = kr f (ψr )

Cr
Kr + Cr

Wr︸ ︷︷ ︸
Growth

− Γr Wr︸ ︷︷ ︸
Natural mortality

− Γr

( Kn
m

Kn
m + Cn

r

)
Wr ,︸ ︷︷ ︸

Additional mortality due to carbon shortage

dCr
dt = 1

Wr
Tr︸︷︷︸

Transport

− (fc + rg ,r ) kr f (ψr )︸ ︷︷ ︸
Growth

− rm,r

( Cn
r

Kn
m + Cn

r

)
︸ ︷︷ ︸

Maintenance respiration

− crh Cr︸ ︷︷ ︸
Rhizodeposition

− 1
Wr

dWr
dt Cr︸ ︷︷ ︸

dilution

Fruit



dWf
dt = kf f (ψf ) Cf

Kf + Cf
Wf︸ ︷︷ ︸

Growth

− Γf Wf︸ ︷︷ ︸
Natural mortality

− Γf

(
Kn

m
Kn

m + Cn
f

)
Wf ,︸ ︷︷ ︸

Additional mortality due to carbon shortage

dCf
dt = 1

Wf
(Tf + Ta)︸ ︷︷ ︸

Transport

− (fc + rg ,f ) kf f (ψf ) Cf
Kf + Cf︸ ︷︷ ︸

Growth

− rm,f

(
Cn

f
Kn

m + Cn
f

)
︸ ︷︷ ︸

Maintenance respiration

− 1
Wf

dWf
dt Cf︸ ︷︷ ︸

dilution
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Water transport
Transpiration process E guiding water flow, E = σW Ws f (ψs),

ψr = ψsol − Rsr E , ψs = ψr − Rxy E , ψf = ψs .

where ψsol the soil water potential and R.. resistances.

Rsr = rsr
W αrr

, Rxy ,.. = rxy ,..

W α..
..

.

Water regulation function

f (ψ) = ψn

Kn + ψn

ψf

ψs

ψr

ψsoil

Rsr

Rxy

Rxy

Soil

E

Xy
le

m
 v

es
se

ls
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