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Introduction Modelling Calibration Species comparison

Plant variability
Strong variability in plant response to RKN parasitism among crop
species
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Experimental data (ArchiNem project)
➤ 3 plant species: tomato, pepper,

cucurbit
➤ 2 plant categories:

• control
• inoculated by nematodes

➤ 3 points in time (T0, T6 = 6
wai, T12 = 12 wai)

➤ 6 replicates*category / point

➤ weekly number of leaves
➤ destructive measures:

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

• nematodes:
• number of galls (T6)
• egg masses (T6, T12)
• egg per egg masses (T6,

T12)
• soil-extracted larvae (T12)
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Integrated plant-pest model
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Calibration procedure

Two-phases strategy
➤ calibration of plant model on control data

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

Steps
➤ select parameters to be estimated based on sensitivity analysis

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

Tomato dynamics Pepper dynamics
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Plant-RKN model calibration: tomato
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Plant-RKN model calibration: pepper
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Tomato vs Pepper: Plant parameters

Shoot carbon uptake (p)

Shoot growth rate (ks)

Fruit active transport rate (ta)

Allometry coefficient ( )

Root growth rate (kr)

Shoot mortality rate (ds)

Root mortality rate (dr)

10 2
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Tomato
Pepper

Pepper: reduced mortality γr , higher growth kr , faster C allocation
towards fruits ta
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First simulations for virtual tomato plants
Are these traits really important for plant tolerance?

Virtual tomato plant
• root mortality rate (dr )
• root growth rate (kr )
• faster C allocation towards fruits (ta)

Full factorial design

To Pe

estimated value
of pepper

estimated value
of tomato

All other parametres are kept fixed to estimated values

Tolerance index (over the cropping season)

θs = Cumulative dry mass of infected shoots
Cumulative dry mass of healthy shoots
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Results
Tolerance indices

Tolerance index
 of real tomato
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Conclusion: possible more tolerant tomatoes.
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Next steps

➤ Complete comparison between tomato and pepper traits (parameter
values)

➤ Robustness of tolerance traits
• infection scenarios (low, medium, high RKN virulence)
• trade-off between tolerance vs soil infestation (epidemiological

risk)
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Tomato vs Pepper: RKN infection parameters

Infection rate ( )

Maturation rate ( )

Feeding rate ( )

Rate of increase in hydraulic resistance ( )

Gall growth rate (kg)

Half saturation coef. for reproduction (K )

Half saturation coef. for establishment (K )

Male formation rate ( )

10 610 510 410 310 210 1100 101

Tomato
Pepper

Tomato: Higher effect of plant status on RKN reproduction Kρ and
establishement Kω rates
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Tolerance Index

Yield
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Plant Model: Mathematical equations

Shoot



dWs
dt = ks fg (ψs)
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− ds
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1 + K n

m
K n

m + Cn
s

)
Ws ,︸ ︷︷ ︸

Mortality
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(
1

Ku + Ws

)
fp(ψs)︸ ︷︷ ︸

Uptake

− 1
Ws

(Tr + Tf + Ta)︸ ︷︷ ︸
Transport

− (b + rg,s) ks fg (ψs)
Cs

Ks + Cs︸ ︷︷ ︸
Growth+Respiration

− rm,s

(
Cn

s
K n

m + Cn
s

)
︸ ︷︷ ︸

Maintenance

− 1
Ws

dWs
dt Cs︸ ︷︷ ︸

Dilution

,

Root



dWr
dt = kr fg (ψr )

Cr
Kr + Cr
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Growth
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(
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m
K n
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r

)
Wr ,︸ ︷︷ ︸

Mortality
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Transport
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Cr

Kr + Cr︸ ︷︷ ︸
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− rm,r

(
Cn

r
K n

m + Cn
r

)
︸ ︷︷ ︸

Maintenance

− z Cr︸︷︷︸
Rhizodeposition

− 1
Wr

dWr
dt Cr︸ ︷︷ ︸

Dilution

,

Fruit



dWf
dt = kf fg (ψf ) Cf
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m
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Wf ,︸ ︷︷ ︸

Mortality
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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
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r(Cr)
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0
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RKN effects on plant growth

Root

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

dWr
dt = kr f (ψr )

Cr
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Growth

− γr

(
1 + K n

m
K n
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r

)
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Mortality

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

dG
dt =Ω(Cr ) ϵ β J2 Wr︸ ︷︷ ︸

Gall formation
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Cr
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G︸ ︷︷ ︸
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Natural mortality
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(
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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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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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Data processing
Objective: increase the number of data points by exploiting
non-destructive measurements (leaf number)

Allometric relation: shoot weight vs leaf number
• Spline smoothing of leaf data

• average dynamics
• Calibration of a general allometric rela-

tion (3 time-points x 3 species)

M = a Lbi , i = species 1, 2, 3

M = shoot dry mass, L= number of leaves

⇓

• Prediction of shoot dry mass from leaf
data at 12 time-points

0 2 4 6 8 10
Time [week]

10

20

30

40

50

60

70

Nu
m

be
r o

f l
ea

ve
s

Pepper
Weighted smoothing curve

0 2 4 6 8 10
Time [week]

0

1

2

3

4

5

6

7

8

M
as

s o
f s

ho
ot

s [
g]

data



10

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 )
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

We get,{
(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

We get,{
(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
Transpiration process A guides water flow, A = σW Ws f (ψs),

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

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

Rsr = rsr
W αrr

, Rxy ,z = rxy ,z
W αzz

, z = {s, r}.

Water regulation function

f (ψ) = ψn

K n + ψn

ψf

ψs

ψr

ψsoil

Rsr

Rxy

Soil

A

Xy
le

m
 v

es
se

ls
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