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Abstract8

Root-knot nematodes (RKN) of the genus Meloidogyne spp. cause considerable yield9

losses in numerous crops worldwide. Their name comes from the galls (root knots) they10

induce on the roots of their host during the establishment of their feeding site that enables11

nematodes to hijack plant resources. Plant reaction to parasitism by RKN strongly depends12

on the plant species and cultivar. This study focuses on tolerant plants, which are plants13

able to cope with nematode infections with limited yield losses. We aim at identifying the14

mechanisms underlying plant tolerance through an original model of plant–RKN interactions.15

We built an original mechanistic model of plant–RKN interactions that explicitly links16

plant physiology and pest demography. The model represents both the free-living and within-17

root dynamics of RKN, the latter depending on plant resources. On the plant side, it18

differentiates the root, shoot and fruit compartments and it takes into account the carbon19

and water resources, that are altered by nematode infection. We calibrated the model on20

experimental data of two annual horticultural crops: tomato and pepper, the latter being21

considered more tolerant to nematode infection. We compared both plants to get insights22

on parameters and traits that could explain their different tolerance levels.23

The calibration results show a good fit to the experimental data for both species, cap-24

turing growth trends and infection dynamics. Nematode damage was greater in tomato25

than in pepper, with higher gall severity observed in tomato. Early fruiting in pepper lim-26

ited resource diversion to nematodes, preserving yield while allowing moderate nematode27

populations. Virtual tomato experiments revealed that tolerance arises from a combination28

of traits: high resource acquisition, vigorous root and shoot growth, and a robust carbon29

allocation towards fruits, which individually or synergistically mitigate the effects of RKN30

parasitism. Moreover, these traits remained robust across different RKN virulence scenarios.31
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1 Introduction80

Root-knot nematodes (RKN), of the genus Meloidogyne spp., are microscopic roundworms that81

are among the most devastating plant-parasitic nematodes worldwide. These obligate endopar-82

asites infect a broad host range of commercially important crop families such as the Solanaceae83

(pepper, potato, tomato), Fabaceae (soybean), Malvaceae (cotton), Amaranthaceae (sugar beet),84

and Poaceae (maize, wheat, rice) (Sato et al., 2019). Typical symptoms include stunted growth,85

wilting, chlorosis, and reduced fruiting, which reduce both yield and produce quality (Downton,86

1977; Wilkes and Kirkpatrick, 2020; Mu and Chen, 2021). RKN feed on plant roots, causing87

the formation of galls or knots that disrupt normal root architecture. This makes plants more88

susceptible to drought stress and reduces nutrient uptake efficiency (Williamson and Hussey,89

1996; Jammes et al., 2005), often increasing vulnerability to other soilborne pathogens (Jones90

et al., 2013).91

The economic impact of RKN is substantial, with crop losses estimated in the billions of92

dollars annually (Ralmi et al., 2016; Subbotin et al., 2021), highlighting the global threat they93

pose to food security and agricultural profitability. Losses are particularly severe in African94

countries, where farming conditions may be suboptimal (Ajayi, 2020). For instance, in tropical95

vegetable crops, yield reductions range from 17-20% in eggplant, 18-33% in melon, and 24-38%96

in tomato (Sasser, 1979). Another study reported that RKN can decrease crop yields by 2-45%,97

depending on the crop and infestation severity (Anwar and Mckenry, 2012).98

Plant species differ markedly in their responses to nematode parasitism and are generally99

classified as susceptible, resistant, or tolerant. Susceptible plants are highly vulnerable to ne-100

matode attacks, often suffering substantial yield losses. Resistant plants, whether qualitative or101

quantitative, possess specific genetic mechanisms that inhibit or block nematode development102

(Cook et al., 1997; Tomczak et al., 2009), typically through pattern-recognition receptors that ac-103

tivate defense responses (Sato et al., 2019). Only a limited number of resistance genes have been104

identified, so far, though, and only in horticultural crop species, including tomato (Mi-1 ), pep-105

per (Me1, Me3 ), soybean (Rhg1, Rhg4 ), and potato (H1 ) (Ornat et al., 2001; Djian-Caporalino106

et al., 2007; Cook et al., 2012; Pineda et al., 1993). Moreover, experiments have shown that pro-107

longed used of resistance plants can lead to the emergence of virulent nematodes thus reducing108

its long-term efficacy (Meher et al., 2009; Djian-Caporalino et al., 2011).109

Between these two extremes lie tolerant plants, which have the ability to withstand nema-110

tode infection with minimal impact on yield (Cook et al., 1997). Quantitative resistance blocks111

pathogen multiplication, whereas tolerance mitigates the damage caused by infection without112

restricting nematode development, which can pose epidemiological risks for subsequent crops113

(Bishop, 2012; Barbary et al., 2015). Within the Solanaceae family, pepper is generally consid-114

ered more tolerant than tomato to RKN (Castagnone-Sereno et al., 1992), making it a valuable115

option in crop rotations or under high nematode pressure (Mekete et al., 2003; Hallmann and116

Meressa, 2018).117
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Unlike resistance, tolerance is not always considered from a strictly genetic perspective, as118

it may involve a variety of phenotypic mechanisms (Ney et al., 2013). Consequently, the mech-119

anisms underlying tolerance remain difficult to characterize, likely reflecting a wide range of120

physical, molecular, and physiological traits that, alone or in combination, enable plants to121

mitigate or compensate for nematode-induced damage while maintaining essential functions for122

growth and reproduction (Wallace, 1987; Wise and Abrahamson, 2005; Ney et al., 2013).123

Better understanding the mechanisms underlying tolerance is a key challenge for nematode124

management as it can lead to the selection of new crop varieties that are more resilient. Mech-125

anistic modelling provides valuable tools to integrate biological knowledge, quantify system dy-126

namics, and support the design of sustainable control strategies. Many existing models address127

plant–pest dynamics; however, most either focus solely on the pest or the plant, overlooking128

their interactions, or they simplify essential physiological and epidemiological processes, thereby129

limiting their practical relevance (Aggarwal et al., 2006; Dietze and Matthes, 2014).130

Several epidemiological models have been proposed to study the dynamics of soilborne pests131

and their impacts on host growth. In most cases, the infection dynamics are restricted to root-132

level processes without explicitly accounting for plant physiology. For example, Cunniffe and133

Gilligan (2011) developed a theoretical model to explore various strategies for managing soilborne134

fungal pathogens. Tankam-Chedjou et al. (2020) developed a semi-discrete model of banana and135

plantain infestation by R. similis with limited host–pathogen coupling, and Nilusmas et al. (2020)136

proposed an epidemiological model describing avirulent and virulent RKN dynamics to optimize137

resistance deployment. Similarly, Yadav and Kumar (2022) built a prey–predator model for138

banana–nematode interactions but oversimplified host physiology. Such models mainly describe139

pest populations and their effects on hosts, without incorporating host responses or environmental140

factors.141

Plant growth models such as STICS (Brisson et al., 2003), DSSAT (Jones et al., 2003),142

AquaCrop (Steduto et al., 2009), and CropSyst (Stöckle et al., 2003) are simulation-based that143

describe how plants grow and develop over time under various environmental, genetic, and man-144

agement conditions. However, plant parasitism is rarely considered in these models, despite being145

a key factor for agronomic, ecological, and economic sustainability (Kropff et al., 1995). For ex-146

ample, in SIMBA-NEM model (Tixier et al., 2006), which simulated the population dynamics147

of two major plant-parasitic nematode species of banana Radopholus similis and Pratylenchus148

coffeae, a simple logistic function was used to represent pest population growth. In most cases,149

pest dynamics are incorporated only as a single growth function or as exogenous stress factors150

and neglect the developmental biology of the parasites.151

There is a clear need for models that explicitly integrate both epidemiological and ecophysio-152

logical perspectives to capture the complexity of plant–nematode interactions. A notable attempt153

is the framework of Zaffaroni et al. (2020), who integrated aphid population dynamics with plant154

growth. This coupled approach allowed for a more dynamic understanding of how pest popu-155

lations affect plant development and how plants defend themselves. However, there are some156

modifications that need to be made for its adaptation to RKN systems. For instance, the aphid157

in their model is an airborne pest, whereas RKN are soilborne, which introduces different eco-158

logical dynamics, particularly in how nematodes interact with the root system. Additionally,159

their study was focused only on the plant vegetative stage, whereas RKN infestations also affect160

the reproductive stage, which could be crucial to better quantify the damage and assess plant161
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productivity. More recently, Penlap Tamagoua et al. (2025) developed a generic model linking162

plant and nematode development through resource allocation. While their framework can ac-163

commodate most soilborne parasites, the representation of plant growth requires greater detail164

to capture distinct developmental stages.165

The objective of this study is to elucidate the physiological mechanisms underlying plant166

tolerance to RKN infestation in horticultural crops. To this end, we: (i) develop a mechanis-167

tic model that captures the interplay between plant physiology and RKN population dynamics.168

RKN infestation disrupts plant physiology by depleting plant resources, and the plant physio-169

logical status influences the success and development of the RKN population; (ii) calibrate the170

model using experimental data from tomato and pepper, two species with contrasting tolerance171

levels; (iii) compare the parameter values and dynamical patterns of both species, to identify172

candidate mechanisms of tolerance.173

This paper is organized as follows: Section 2 is devoted to the formulation of a mechanis-174

tic model of plant–nematode interactions based on plant physiology and nematode life cycle.175

Section 3 covers the materials and methods used to calibrate the model. Experimental data176

are described in Section 3.1, and the calibration procedure in Section 3.2. Section 4 presents177

the calibration results for healthy and infested plants, compares tomato and pepper parame-178

ters, identifies tolerance-related traits, and tests their robustness under different epidemiological179

scenarios. Section 5 concludes with a discussion on the dynamical patterns of the two species,180

providing insights on the plant tolerance mechanisms and discussing the impacts of nematode181

infestation on plant health.182

2 Modelling plant–RKN interactions183

Our dynamical model, coupling plant physiology and nematode demography is illustrated in184

Figure 1. We first describe the healthy plant model in Section 2.1. Then we present the RKN185

dynamics and their interactions with the plant in Section 2.2.186

2.1 Healthy plant model187

The plant model is based on the transport-resistance formalism, introduced by Thornley in the188

late 70s (Thornley, 1972; Thornley and Johnson, 1990). Accordingly, the plant is described as a189

collection of compartments, sharing essential resources via a resistive transport network. With190

respect to the original models, which focus on the vegetative phase, we added a fruit compartment191

as an additional and competitive carbon sink for plant.192

Plant growth is described through the assimilation and allocation of two main resources :193

carbon and water. Carbon is acquired by shoots via photosynthesis and is converted in structural194

biomass within the plant. Water is absorbed by the roots and follows an upward circulation to195

supply the different plant compartments. We decided not to include nitrogen, since it does not196

influence nematode infestation (Spiegel et al., 1982).197

Carbon transport from shoots to roots and fruits is modeled following the approach of Minchin198

et al. (1993), who explored a mechanistic 1-source 2-sink model of phloem transport. to explain199

the concept of sink priority. Water transport is described following an electric analogy, based on200

compartment-specific water potentials and hydraulic resistances between compartments (Dewar,201
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Figure 1: Scheme of the plant–nematode interaction model: root-knot nematode dynamics (left
side) and plant dynamics (right side). Nematodes. Their life cycle is summarised in four
stages: eggs (E) hatch and become juvenile larvae (J2) in the soil; they enter the roots and
become infesting larvae (J); they induce gall formation and mature into females (F ), which lay
eggs outside the roots. Plant. It is subdivided in three compartments: shoots (index s), roots
(index r), and fruits (index f). Each compartment is characterised by its structural dry mass
(W ), carbon concentration (C) and water potential (ψ). Two resources are considered: carbon
and water. Carbon uptake occurs in the shoots through photosynthesis, is transported using a
transport-resistance model, and is released in the soil through rhizodeposition. Carbon is used for
growth and maintenance. Water transport from the soil is driven by leaf transpiration and based
on water potentials. Interactions. Nematodes in the roots divert carbon for their development
and galls increase root hydraulic resistance (dark blue). Carbon shortage in the roots reduces
egg laying, larvae establishment and triggers male development (dark red). Phloem (carbon
transport) and hydraulic resistances decrease with the dry masses of the connected compartments
(not represented); we assume that there is no resistance between shoots and fruits (ψf = ψs).

6



1993; Thornley, 1996). Interactions between water status and plant processes are described by202

threshold-dependent regulatory function of the water potential.203

2.1.1 Plant model equations204

Based on the choices presented above, we obtained a plant model structured in three compart-205

ments: shoots (index s), roots (index r) and fruits (index f). The model, depicted in Figure 1,206

describes the dynamics of the structural dry mass Wx and carbon concentration Cx in each207

compartment (x = s, r, f), as shown in the following equations:208

Shoot



dWs

dt
= ks fk(ψs)

Cs

Ks + Cs
Ws︸ ︷︷ ︸

Growth

− ds

(
1 +

Kn
m

Kn
m + Cn

s

)
Ws,︸ ︷︷ ︸

Mortality

dCs

dt
= p

Ku

Ku +Ws
fp(ψs)︸ ︷︷ ︸

Uptake

− 1

Ws
(Tr + Tf + Ta)︸ ︷︷ ︸

Transport

− c (ks + vs) fk(ψs)
Cs

Ks + Cs︸ ︷︷ ︸
Growth+Respiration

−ms
Cn
s

Kn
m + Cn

s︸ ︷︷ ︸
Maintenance

− 1

Ws

dWs

dt
Cs︸ ︷︷ ︸

Dilution

,

Root



dWr

dt
= kr fk(ψr)

Cr

Kr + Cr
Wr︸ ︷︷ ︸

Growth

− dr

(
1 +

Kn
m

Kn
m + Cn

r

)
Wr,︸ ︷︷ ︸

Mortality

dCr

dt
=

1

Wr
Tr︸ ︷︷ ︸

Transport

− c (kr + vr) fk(ψr)
Cr

Kr + Cr︸ ︷︷ ︸
Growth+Respiration

−mr
Cn
r

Kn
m + Cn

r︸ ︷︷ ︸
Maintenance

− z Cr︸︷︷︸
Rhizodeposition

− 1

Wr

dWr

dt
Cr︸ ︷︷ ︸

Dilution

,

Fruit



dWf

dt
= kf fk(ψf )

Cf

Kf + Cf
Wf︸ ︷︷ ︸

Growth

− df Wf︸ ︷︷ ︸
Mortality

,

dCf

dt
=

1

Wf
(Tf + Ta)︸ ︷︷ ︸

Transport

− c (kf + vf ) fk(ψf )
Cf

Kf + Cf︸ ︷︷ ︸
Growth+Respiration

−mf

Cn
f

Kn
m + Cn

f︸ ︷︷ ︸
Maintenance

− 1

Wf

dWf

dt
Cf︸ ︷︷ ︸

Dilution

.

(1)
We describe below the processes that affect the healthy plant dynamics. Parameters are given209

in Table 1.210

Water transport and stress: Water transport in the plant is driven by leaf transpiration211

and based on compartment-dependent water potentials ψx (x = s, r, f). We assume that the212

water potential of the soil ψsoil is constant. The water potentials decrease from soil to shoots:213

the higher the hydraulic resistance, the higher the decrease. Hydraulic resistances are decreasing214

functions of the compartment dry masses. We assume that the resistance of aerial xylem vessels215

between shoots and fruits is negligible, so ψf = ψs. The dynamics of the root ψr and shoot ψs216

water potentials, together with the hydraulic resistance functions, are detailed in Section A.1. It217

leads to two additional dynamic equations for the plant model (13).218

Processes such as growth (index g) and photosynthesis (index p) are affected by water stress,219

which occurs when the water potential ψx decreases below a process-dependent threshold value220

Kz (with z = k, p). To represent this effect, we introduce the following decreasing Hill functions:221

fz(ψx) =
Kn

z

Kn
z + ψn

x

. (2)

We assume that growth is affected before photosynthesis, so Kk > Kp. The Hill coefficient n222

determines the steepness of the sigmoid.223
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Carbon uptake: Carbon uptake in the shoots occurs through photosynthesis. The carbon224

uptake per unit of shoot dry mass occurs at rate p and decreases when the dry mass increases,225

due to self-shading. Moreover, it is also reduced in case of water stress.226

Carbon transport: Sap flows within phloem vessels along carbon concentration gradients,227

from shoots to roots and fruits. We use a transport-resistance model based on a 1-source 2-sink228

approach, as described in (Thornley and Johnson, 1990; Minchin et al., 1993). We assume that229

compartment-specific phloem resistances decrease with the compartment dry mass. We also230

consider an additional active carbon transport Ta from shoot to fruit for fruit ripening (Fishman231

and Génard, 1998; Liu et al., 2007). More details are provided in Section A.2.232

Fruit onset: As the plant grows, fruits start to appear once the shoot dry mass reaches a233

threshold denoted Wonset, corresponding to plant maturity. This switch is modeled by the fol-234

lowing Hill function:235

M(Ws) =

(
Wn

s

Wn
onset +Wn

s

)
. (3)

The latter acts on transport allocation to roots or fruits as well as on the active transport236

Section A.2.237

Growth: In each compartment, growth corresponds to the transformation of free carbon into238

structural biomass (c being the carbon fraction in structural dry matter). Growth follows a239

Michaelis-Menten kinetics with compartment-dependent saturation value kx and threshold Kx240

(with x = r, s, f). During the growth process, part of the carbon used is lost through growth241

respiration at rate vx. The maximum growth rate is reduced in case of water stress.242

Maintenance: It corresponds to the carbon used to sustain the plant physiological activity,243

independently of growth processes. When carbon is abundant compared to threshold Km, main-244

tenance is constant at rate mx. However when carbon becomes scarce compared to a threshold245

Km, the maintenance is limited and plant mortality increases, in order to alleviate carbon short-246

age.247

Mortality: Each dry mass compartment is affected by natural mortality at a basic rate dx,248

that increases and can be doubled in case of carbon shortage.249

Rhizodeposition: Plant roots release organic compounds into the soil. In particular, 5-10% of250

carbon fixed by photosynthesis is released (Barber and Martin, 1976). This process is introduced251

in the model, with a constant rate z.252

Dilution: The dilution term in each carbon concentration equation is due to compartment253

growth.254

The plant model, described in equations (1) and (13), was subjected to a series of abiotic255

tests to support its consistency with biological observations (see Section D.3).256
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2.2 Coupled plant–nematode model257

2.2.1 Nematode model258

The pest population model is based on the RKN life cycle. In brief, adult females deposit eggs259

on the surface of the root. Infective J2 larvae hatch in the soil, migrate towards suitable hosts260

and penetrate the root from the apex. Once inside the root, the RKN establish a feeding site261

and divert nutrients from the plant host. The larvae moult twice (J3 and J4 stages) until they262

become mature females, thus closing the cycle. Under unfavourable conditions, some of the263

larvae may develop into males, which eventually leave the root without contributing to RKN264

proliferation (Moens et al., 2009).265

Accordingly, we distinguish four stages of nematode development in this model: eggs (E),266

juvenile larvae (J2), infesting larvae (J), which include sedentary J3 and J4 stages and mature267

females (F ). Males are not explicitly introduced in the model, as they affect neither pest re-268

production nor plant growth, but their emergence is accounted for in the dynamics of the J269

larvae. The dynamics of the RKN population (left side of Figure 1) is described by the following270

equations:271

Free



dE

dt
= ρ(Cr)F︸ ︷︷ ︸

Egg laying

− λE︸︷︷︸
Hatching

− µE E︸ ︷︷ ︸
Mortality

,

dJ2
dt

= λE︸︷︷︸
Hatching

− β J2Wr︸ ︷︷ ︸
Root entering

− µJ2 J2︸ ︷︷ ︸
Mortality

,

In the root



dJ

dt
= ω(Cr)β J2Wr︸ ︷︷ ︸

Root establishment

− η J︸︷︷︸
Maturation

− µJJ︸︷︷︸
Mortality

− ν(Cr)J︸ ︷︷ ︸
Male development

,

dF

dt
= η J︸︷︷︸

Maturation

− µF F︸ ︷︷ ︸
Mortality

.

(4)

Eggs hatch and become juvenile larvae at rate λ. These larvae enter root tips at infection272

rate β, but only a fraction ω(Cr) manages to establish its feeding site in the root, depending273

on the carbon availability. This fraction becomes infesting larvae, which develop into mature274

females after an average maturation period 1
η . Females lay eggs at rate ρ(Cr) which depends on275

carbon availability in the roots. All stages undergo stage-dependent natural mortality µY (with276

Y = E, J2, J, F ). The development of larvae into males is represented by an additional carbon-277

dependent mortality rate ν(Cr) (Snyder et al., 2006). RKN parameters are described in Table 2.278

Plant impact on nematode dynamics, represented in dark red in Figure 1 and equations (4), is279

based on root carbon concentration Cr. Carbon shortage reduces egg laying, prevents larvae280

establishment and triggers male development. Corresponding equations, based on Hill functions,281

are illustrated in Figure 2 and given by:282

ρ(Cr) = ρmin+(ρmax−ρmin)

(
Cn
r

Kn
ρ + Cn

r

)
, ω(Cr) =

(
Cn
r

Kn
ω + Cn

r

)
, ν(Cr) = ν

(
Kn

ω

Kn
ω + Cn

r

)
.

(5)
283
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(a)

ρmin

Cr

ρmax

ρ(Cr)

Kρ

ρmax + ρmin

2

(b)

0
Cr

1

Kω

1
2

ω(Cr)
(c)
ν(Cr)

0
CrKω

ν

2
ν

Figure 2: Influence of plant carbon availability on nematode development: (a) reproduction
ρ(Cr); (b) establishment ω(Cr); (c) male development ν(Cr).

2.2.2 Infested plant model284

The presence of nematodes strongly affects plant physiology, introducing additional terms in285

equations (1). When nematodes successfully establish their feeding sites in roots, they create286

galls. Galls grow faster than healthy roots. So we chose to represent the dynamics of galls as a287

new variable Wg distinct from the healthy root biomass Wr:288

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

dWr

dt
= krfk(ψr)

Cr

Kr + Cr
Wr︸ ︷︷ ︸

Growth

− dr

(
1 +

Kn
m

Kn
m + Cn

r

)
Wr,︸ ︷︷ ︸

Mortality

−ω(Cr) ϵ β J2 Wr︸ ︷︷ ︸
Gall formation

,

dWg

dt
= ω(Cr) ϵ β J2 Wr︸ ︷︷ ︸

Gall formation

+ kgfk(ψr)
Cr

Kg + Cr
Wg︸ ︷︷ ︸

Growth

− drWg︸ ︷︷ ︸
Mortality

,

dCr

dt
=

1

(Wr+Wg)
Tr︸︷︷︸

Transport

− cfk(ψr)

Wr+Wg

(
(kr + vr)

Cr

Kr + Cr
Wr+(kg + vr)

Cr

Kg + Cr
Wg

)
︸ ︷︷ ︸

Growth + Respiration

− z Cr︸︷︷︸
Rhizodeposition

−mr

(
Cn
r

Kn
m + Cn

r

)
︸ ︷︷ ︸

Maintenance

− Cr

(Wr+Wg)

(
dWr

dt
+
dWg

dt

)
︸ ︷︷ ︸

Dilution

− 1

(Wr +Wg)
γ

(
Cr

Kγ + Cr

)
(J + F )︸ ︷︷ ︸

Nematode feeding

.

(6)

Gall formation derives from successful nematode establishment in roots, described in equa-289

tion (4), with conversion parameter ϵ, which gives the healthy root dry mass diverted by a290

nematode. Once initiated, galls follow the same dynamics as healthy roots but they have a291

higher growth rate kg and a greater affinity for root carbon. Gall growth and nematode feeding292

act as additional carbon sinks for roots. Both J larvae and females are assumed to feed at a293

maximum rate γ, modulated by root carbon availability.294

In the infested scenario, the main change in carbon concentration dynamics is that the total295

root biomass, Wr, without nematodes, becomes Wr+Wg when nematodes are present. Note that296

higher root biomass Wr+Wg results in higher phloem conductivity and more carbon transported297

from shoots to roots, in order to sustain nematode development. Additionally, the presence of298

galls has an impact on water transport (Dorhout, 1991). Xylem resistance is assumed to increase299

linearly with the gall density which progressively impairs the plant ability to retrieve water from300

the soil. More details can be found in Section A.1.301
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3 Materials and methods302

We first describe the experimental data, then the model calibration based on these data, the303

initial conditions used for the model simulations, and finally some metrics used to display model304

outputs.305

3.1 Experimental data306

The study used data from an experiment conducted at INRAE in Sophia Antipolis (south of307

France) during spring 2021 Jauzion-Graverolle et al. (2025), for two Solanaceae species: tomato308

(Solanum lycopersicum cv. Saint Pierre) and pepper (Capsicum annuum cv. Doux Long des309

Landes). Thirty plants of each species were grown in a greenhouse, under standard culture310

conditions. At time zero, half of the plants were inoculated with 20,000 Meloidogina incognita311

eggs, after which plant growth and nematode development were monitored for 12 weeks, which312

corresponds to approximately two nematode life cycles.313

Destructive measurements were taken initially and at two time points six weeks apart, with six314

replicates per crop (tomato or pepper), time point, and treatment (control/healthy vs infected315

plants), except at time zero when the six same replicates were used for both treatments (no316

nematode impact yet). Plant measurements included the dry mass of shoots (Ws), roots (Wr),317

and fruits (Wf ) (Table 6), as well as the non destructive weekly monitoring of leaf number (Lf )318

(Table 5). Nematode data included the number of galls at the 6-week time point, as well as egg319

masses and eggs per egg mass at each time point. At the end of the experiment, the abundance320

of free-living larvae was estimated from contaminated soils (Table 7).321

3.2 Model calibration322

Given the limited data and the large number of parameters in the coupled model (38 for the323

plant model, 38+18 for the coupled model), we were facing an identifiability problem. Therefore,324

we had to drastically reduce the number of parameters that had to be estimated and proceeded325

as follows. We did an extensive literature review to inform parameter values and, when possible,326

directly computed parameters from experimental data, as described in Appendix C. In parallel we327

performed a global sensitivity analysis to determine the most influential parameters on the plant328

model variables, detailed in Section 3.2.1. Performing this analysis on the coupled model would329

have been too computationally costly; moreover, we had more information on root-knot nematode330

parameters, hence this choice. We thus narrowed down the estimation procedure to parameters331

that were influential or/and lacked robust estimates from the literature or experiments.332

Parameter estimation was performed independently for both crop species. For each species,333

we proceeded in two steps. First, the parameters of the plant model were estimated using healthy334

(control) plant data. Second, these parameters were set in the plant–nematode model and the335

remaining nematode and interaction parameters were estimated using data from infected plants.336

At each step, the model was initialised using experimental data at time zero, given in Section 3.3.337

To compute the distance between data and model simulations, we used criteria based on the sum338

of normalised squared errors, given in Section 3.2.2. To minimise these criteria, we combined339

global and local optimisation algorithms described in Section 3.2.3. Finally, we assessed the340

robustness of our estimates using a bootstrap-inspired method defined in Section 3.2.4.341
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3.2.1 Global sensitivity analysis342

We assessed the impact of parameter values on the plant model, the outputs of interest being343

plant model variables that vary over time. To account for the dynamical nature of our outputs,344

a multivariate global sensitivity analysis was conducted for each output, following the method345

by Lamboni et al. (2009, 2011).346

1. First, the parameter space was explored using a fractional factorial design of resolution V,347

to estimate parameter main effects and two-way interactions. The design was obtained348

using the planor R package.349

2. Second, a Principal Component Analysis (PCA) was applied, the individuals being the350

output simulated for all parameter combinations, and the variables being the output times.351

As a result, each simulation was given a “score” on each component. We then selected the352

first components explaining more than 95% of inertia.353

3. Third, for each selected component, we used the Analysis of Variance to get the variance354

decomposition, based on a linear model with two-way interactions between the output355

score and the parameters. For each parameter main effect or interactions, we computed356

the Sobol sensitivity index (SI) as the ratio between the sum of squares of the term and357

the total sum of squares.358

4. Fourth and finally, the generalised sensitivity index (GSI) of each term (main effect or359

interaction) was calculated as the sum of the sensitivity indices corresponding to the term360

on the selected PCA components, weighted by the inertia of the component.361

This analysis was performed on eight outputs, corresponding to the plant state variables:362

the structural biomasses (Ws, Wr, Wf ) and the carbon concentrations (Cs, Cr, Cf ) in the three363

plant compartments, whose dynamics are described in (1), and the water potentials (ψs, ψr) in364

the shoots and roots, whose dynamics are given in (13). Among the plant parameters, some365

were set according to Section C.3. The 24 remaining parameters were varied over three levels,366

covering the range of reported literature values shown in Table 8. In total, 19683 simulations367

were performed.368

3.2.2 Optimisation criteria369

Based on the experimental data presented in Section 3.1, two criteria were used to calibrate the370

healthy plant model (1,13) and the coupled plant–nematode model (1,13,4,6). As the model was371

initialised using experimental data at time zero (inoculation time), only the two subsequent time372

points, at 6 and 12 weeks post-inoculation, were used for the parameter estimations.373

For the healthy plant model The data available corresponding to plant model variables374

were the structural dry masses Wx of shoots (x = s), roots (x = r), and fruits (x = f).375

To make full use of the available measurements, we complemented these data with leaf count376

observations collected over the same experiment. To relate these observations to a model variable,377

an allometric relationship was established between the shoot dry mass (Ws) and the number of378

leaves (Lf ), following the approach commonly used in the literature (Le Maitre and Midgley,379

1991; Zeinali et al., 2014) and detailed in Section C.1.380
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The criterion to be minimised is hence the following sum of normalised squared errors:381

Ep = π1p
1

2

∑
i=6,12

(Wmod
s −W obs

s

W std
s

)2

t=i

+

(
Wmod

r −W obs
s

W std
r

)2

t=i

+

(
Wmod

f −W obs
s

W std
f

)2

t=i


︸ ︷︷ ︸

Control plant data

+ π2p
1

12

12∑
j=1

(
Wmod

s −W leaf
s

W leaf
s

)2

t=j︸ ︷︷ ︸
Additional leaf data

.

(7)

Here, i indicates the two destructive data time points and j the 12 weekly non destructive data382

time points (time t in weeks); exponents “mod”, “obs”, and “std” correspond to model simulations,383

mean experimental observations (over six replicates), and their associated standard deviations,384

respectively; π1p = 0.8 and π2p = 0.2 are weighting coefficients. W leaf
s represents the equivalent dry385

mass obtained from the allometric relation applied on the leaves measurements. This normalised386

criterion was chosen to give more weight to more consistent measures, the weighting coefficients387

to favour data directly linked to model variables.388

For the coupled plant–nematode model As for the healthy plant model, the plant data389

available were the structural dry masses. To relate nematode data to model variables, the number390

of observed egg masses EM was equated to the number of mature females F , as a female produces391

a single egg mass. The mean number of eggs per egg mass EEM was compared to ρ/µF , where392

ρ is the nematode egg laying rate (5), which varies with carbon concentration and hence time,393

and 1/µF represents the average time spent by a mature female in the egg-laying stage. The394

number of J2 larvae in the soil was only measured at the end of the experiment (t = 12 weeks).395

The number of galls observed G was approximated in the model as the number of mature396

females F plus a fraction ξ of larvae inside in the roots, a newly-formed gall being too small397

to be detected: G ≈ ξJ + F . We estimated this fraction as ξ = 1 − τη, with 1/η the average398

duration of the within-root larval stage and τ the time required for the development of feeding399

sites, particularly the growth of giant cells, which become visible only several days after infection400

(Berg et al., 2009). Reported values of τ are approximately 7 days for tomato and 10 days for401

pepper, capturing the species-specific delay in gall appearance (Shepherd and Huck, 1989; Joshi402

et al., 2020). The number of galls was only measured at the first point (t = 6 weeks); at the403

second time point, galls are too numerous to count.404
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The criterion to be minimised is hence the following sum of normalised squared errors:405

Ec = π1c
1

2

∑
i=6,12

(Wmod
s −W obs

s

W std
s

)2

t=i

+

(
Wmod

r −W obs
s

W std
r

)2

t=i

+

(
Wmod

f −W obs
s

W std
f

)2

t=i


︸ ︷︷ ︸

Infected plant data

+ π2c

1
2

∑
i=6,12

((
Fmod − EMobs

EM std

)2

t=i

+

(
ρmod/µF − EEMobs

EEM std

)2

t=i

)
︸ ︷︷ ︸

Nematode data

+

(
Jmod
2 − Jobs

2

J std
2

)2

t=12

+

(
Gsol −Gobs

Gstd

)2

t=6

]
︸ ︷︷ ︸

Nematode data

.

(8)

As previously, i indicates the two destructive data time points (time t in weeks); exponents406

“mod”, “obs” and “std” correspond to model simulations, mean experimental observations (over407

six replicates), and their associated standard deviations, respectively. Weighting coefficients408

π1c = 0.7 and π2c = 0.3 were chosen to give twice more weight to plant measures, which are easier409

to measure and hence more reliable.410

3.2.3 Optimisation algorithm411

In this study, we adopted a hybrid optimisation approach combining both global and local search412

algorithms to estimate the model parameters.413

We first apply the Adaptive Random Search (ARS) algorithm, a stochastic global optimisation414

method that iteratively adjusts the search step (standard deviation) to efficiently explore the415

parameter space and approach the global optimum (Masri et al., 1980). The ARS requires two416

main inputs: the criterion to be minimised and the search domain defined by lower and upper417

bounds for each parameter. Because of its stochastic nature, several independent runs of the ARS418

were performed, each starting from a randomly selected point within the parameter bounds. The419

ARS algorithm was parametrised as follows. The number of iterations in the learning phase for420

each tested standard deviation was set to 200, while the number of iterations in the exploitation421

phase was set to 400. The maximum number of objective function evaluations was fixed at 10422

000. The algorithm was deemed to have converged when the maximum number of successive uses423

of the smallest standard deviation, set to 2, was reached. These values were chosen to balance424

computational cost and robustness of convergence based on preliminary sensitivity analyses. The425

best solution among the runs that converged, i.e. the one yielding the lowest criterion value, was426

retained as the global optimum candidate.427

Once the ARS provided a candidate solution, a local optimisation was carried out to refine428

the parameter estimates. For this purpose, we used the Nelder–Mead simplex method (Nelder429

and Mead, 1965), as implemented in the scipy.optimize.minimize function (Python, SciPy430

v1.11). The minimum requirement is the optimisation criterion. This two-step hybrid approach431

ensures both global exploration of the parameter space and precise local refinement of the final432

solution.433
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3.2.4 Bootstrapping434

To evaluate parameter uncertainty and assess the robustness of parameter estimation, we em-435

ployed a systematic, bootstrap-inspired approach. Bootstrapping is a resampling technique that436

estimates the variability of model parameters by repeatedly fitting the model to perturbed ver-437

sions of the original dataset. Rather than relying on a single set of observations, this approach438

allows quantification of how sensitive parameter estimates are to the specific data points used439

for calibration.440

Original parameter estimations were conducted for the two crop species and the two treat-441

ments, based on either healthy or infected plant data. Each of these four estimations was based442

on 18 independent plants, corresponding to six biological replicates destroyed and measured at443

three time points (0, 6 and 12 weeks post-inoculation).444

For the bootstrap procedure, the resampling consisted in removing two biological replicates,445

which led to
(
18
16

)
= 153 combinations of 16 plants, constituting unique data subsets. Note that446

the removal of a biological replicate triggers the removal of all associated plant and nematode447

measures. Hence, 153 extra parameter estimations were conducted for each crop×treatment, i.e.448

in total 153×2×2 = 612 estimations, based on the same optimisation criteria and algorithms as449

the original estimations. The resulting ensemble of parameter estimates provided an empirical450

distribution from which uncertainty bounds could be derived.451

3.3 Initial conditions of the model452

Unless specified otherwise, model initial conditions were set as follows. Most state variable initial453

values were derived from the data at time zero, provided in Table 6, namely:454

• the plant dry masses455

– for tomato Ws(0) = 0.25 g, Wr(0) = 0.06 g, Wf (0) = 0 g;456

– for pepper Ws(0) = 0.1 g, Wr(0) = 0.03 g, Wf (0) = 0 g;457

• the nematode populations E(0) = 20000 individuals, J2(0) = J(0) = F (0) = 0;458

• the gall mass Wg(0) = 0 g.459

The initial carbon concentrations were set to arbitrary values: Cs(0) = Cr(0) = 0.5 and460

Cf (0) = 0.461

The initial water potentials for shoots ψs(0) and roots ψr(0) were set according to (12), using462

the initial dry masses and replacing the leaf transpiration defined in (11) by A = σWWs(0) (no463

water stress initially, so fp(ψs) = 1).464

3.4 Definition of metrics465

All indicators are based on a cropping season of T = 100 days, covering two nematode life cycles.466

3.4.1 Plant carbon allocation467

We defined three carbon-partitioning indicators describing how assimilated carbon is distributed468

among plant organs over a cropping season. All indicators represent the fraction of cumulative469

carbon allocated to a specific sink (roots or fruits) from a source (shoots). Let us define Uc(t) =470
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ks fk(ψs)
Cs

Ks+Cs
Ws(t), the instantaneous carbon assimilation from shoots via the photosynthesis471

at time t.472

• Root allocation fraction (RAF): this indicator measures the proportion of total assim-473

ilated carbon that is allocated to roots. It is defined as:474

RAF =

∫ T
0 Tr(t) dt∫ T
0 Uc(t) dt

,

where Tr(t) (16) is the carbon flux from shoots to roots at time t.475

• Fruit allocation fraction (FAF): this indicator describes the proportion of assimilated476

carbon directed to fruits. It is defined as:477

FAF =

∫ T
0 Tf (t) + Ta(t) dt∫ T

0 Uc(t) dt
,

where Tf (t) (16) is the carbon flux from shoots to fruits and Ta(t) (17) the active carbon478

transport toward fruits at time t.479

• Shoot maintenance fraction (SMF): this indicator captures the remaining proportion480

of assimilated carbon that is retained by shoots for growth and maintenance. It is defined481

as:482

SMF = 1− (RAF + FAF) ,

ensuring that total carbon allocation fractions sum to unity.483

3.4.2 Gall indicators484

To quantify the impact of nematode infestation, we used several metrics of gall severity, which485

capture both the magnitude and temporal dynamics of gall development. We consider the total486

infesting nematodes (larvae J(t) + mature females F (t)) as a proxy for the total number of galls487

at time t.488

• Mean gall weight (MGW): it corresponds to the total gall biomass Wg(t) per gall, aver-489

aged over the season. It is defined by:490

MGW =
1

T

∫ T

0

Wg(t)

J(t) + F (t)
dt,

• Mean number of galls (MNG): it corresponds to the total number of galls, averaged491

over the season. It is defined by:492

MNG =
1

T

∫ T

0
J(t) + F (t) dt.

• Mean gall proportion of the total root system (MGP): this indicator reflects the493

average fraction of total root mass composed of galls, highlighting the systemic burden494

imposed on the root system over time. It is defined by:495

MGP =
1

T

∫ T

0

Wg(t)

Wg(t) +Wr(t)
dt.
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• Gall index proxy (GIP): it measures the end-of-season proportion of root biomass com-496

posed of galls, offering a snapshot of the cumulative impact of infestation on the final root497

structure. It is defined by:498

GIP =
Wg(T )

Wg(T ) +Wr(T )
.

3.4.3 Tolerance indicator499

Plant tolerance was quantified by the tolerance index (θ), which measures the plant ability to500

maintain its yield under nematode infestation. Based on a commonly used proxy of plant yield501

(Nilusmas et al., 2020), namely the integral of the healthy shoot dry mass during a cropping502

season T :503

Ŵs =

∫ T

0
Ws(t) dt,

the tolerance index θ is expressed as follows:504

θ =
Ŵ i

s

Ŵ h
s

, (9)

where W i
s and W h

s are the yield proxies in the presence and absence of nematodes, respectively.505

So, θ = 0 refers to a very susceptible plant, while θ = 1 corresponds to a highly tolerant plant.506

We further consider θ = 0.65 as a tolerance threshold, assuming that a plant must maintain at507

least 65% of its potential yield despite parasitism in order to be considered tolerant.508

Note that, for the sensitivity analyses performed on the tolerance index, the model output is509

scalar rather vectorial. As a result, the procedure described in Section 3.2.1 is simplified in this510

case: no principal component analysis is required.511

3.4.4 Epidemiological indicator512

We defined the seasonal nematode reproduction factor (ζ) to describe the magnitude of513

nematode population increase or decrease at the end of a cropping season T . It is computed as514

the ratio between the final and initial numbers of free-living nematodes:515

ζ =
E(T ) + J2(T )

E(0)
. (10)

Both eggs (E) and juvenile larvae (J2) are included at time T , but only eggs at time 0, according516

to the initial conditions defined in Section 3.3.517

Note that for a plant to be tolerant, it should not only preserve its yield under nematode518

infestation, but it should also allow nematode development, which could be assessed by the519

seasonal nematode reproduction factor. Otherwise, it would be considered as a resistant plant.520

However in this study, the plants we considered were not resistant, so we did not use this factor521

to assess their tolerance.522

4 Results523

We first concentrate on the results of the calibration procedure, which show that the model can524

describe the dynamics of tomato and pepper, with or without RKN induced-biotic stress. The525
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two crop species were selected for their contrasted responses to RKN infestation observed in the526

field. In Section 4.2, mostly based on the comparison of both crop species but not only, we527

investigate the traits underlying plant tolerance.528

4.1 Calibration to experimental data529

During the calibration procedure, to avoid identifiability issues, we set some parameter values530

based on the literature or directly computed them from the experimental data, as described531

in Appendix C. Model fits are displayed in Section 4.1.1 and parameter estimates in Section 4.1.2.532

4.1.1 Model fits for the two crop species533

Healthy plants The sensitivity analysis in Section C.4 identified four influential parameters.534

In addition, two parameters were included in the estimation process: the active transport rate535

to fruits (ta), which is difficult to quantify experimentally, and the phloem resistance coefficient536

(rph), which influences carbon allocation patterns. Altogether, six parameters were therefore537

estimated for both tomato and pepper. The remaining parameters were set from experimental538

data or the literature, as detailed in Section C.5.1. The estimation results, including the param-539

eter admissible ranges, are provided in Table 1, together with the fixed parameters. The model540

fits are illustrated in Figure 3.
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(b) Healthy pepper – Dry masses
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Figure 3: Calibration of the healthy plant model (1,13) on tomato and pepper control data. Dry
mass simulations (curves) and data points (mean and standard deviations) for shoots (Ws(t),
green), roots (Wr(t), black), and fruits (Wf (t), red). Data are listed in Table 6, model parameter
values in Table 1, and initial conditions in Section 3.3.

541

This figure shows a good fit for both crop species. The model captures the slowdown of542

the vegetative growth once fruits emerge, illustrating the competitive carbon allocation between543

organs. This transition occurs earlier in pepper, which is consistent with the higher estimated544

active transport rate ta (see Table 1).545

More illustrations of the healthy plant dynamics for both species are provided in Section D.1.546

Infested plants Contrary to the healthy plant calibration, the selection of nematode and547

interaction parameters to be estimated was not based on a sensitivity analysis. Whenever pos-548

sible, parameters were set to experimentally-derived or literature-based values, as detailed in549

Section C.5.2. Only five parameters for which reliable information was lacking were estimated in550

both species: the nematode infection rate (β), the feeding rate (γ), the gall growth rate (kg), the551
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half-saturation constant for reproduction (Kρ), and half-saturation constant for establishment552

efficiency coefficient (Kω). The estimation results, including the parameter admissible ranges,553

are provided in Table 2, together with the fixed parameters. The model fits are illustrated in554

Figure 4 and Figure 5.555

(a) Infested tomato – Dry masses
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(b) Laying rate (ρ)
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Figure 4: Calibration of the coupled plant–RKN model (1,13,4,6) on infested tomato data. (a)
Dry mass simulations (curves) and data points (mean and standard deviations) for shoots (Ws(t),
green), total roots (Wr(t)+Wg(t), black), healthy roots (Wr(t), dashed black), and fruits (Wf (t),
red). (b) Laying rate (ρ(Cr(t))), simulated from model equation (5). (c) Mature females (F (t)).
Data are listed in Table 6 and Table 7, model parameter values in Table 1 and Table 2, initial
conditions in Section 3.3.

For both crop species, simulations of the coupled model match the experimental data well.556

Compared to the healthy plant, shoot and fruit growth under nematode infestation is markedly557

reduced for tomato, but only slightly so for pepper. Fruit growth is almost completely suppressed558

for tomato, while it remains comparable to the healthy case for pepper. Nematodes act as an559

additional carbon sink with a strong sink strength: they divert assimilated carbon towards560

the root system to sustain their own development. As a consequence, the total root mass is561

higher compared to the healthy plant, but because of galls, especially for tomato. Furthermore,562

nematodes enter the roots more rapidly and are more abundant at their peak in tomato than563

in pepper. These results are consistent with pepper being more tolerant than tomato to RKN564

infestation.565

More illustrations of the infested plant dynamics for both species are provided in Section D.2.566

4.1.2 Comparison of plant parameter estimates567

We compared the estimated parameters for tomato and pepper to identify potential physiological568

traits associated with tolerance.569

Several plant parameters differ between the two species (Figure 6(a)). Pepper exhibits a570
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(a) Infested pepper dynamics
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(b) Laying rate (ρ)
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Figure 5: Calibration of the coupled plant–RKN model (1,13,4,6) on infested pepper data.(a)
Dry mass simulations (curves) and data points (mean and standard deviations) for shoots (Ws(t),
green), total roots (Wr(t)+Wg(t), black), healthy roots (Wr(t), dashed black), and fruits (Wf (t),
red). (b) Laying rate (ρ(Cr(t))), simulated from model equation (5). (c) Mature females (F (t)).
Data are listed in Table 6 and Table 7, model parameter values in Table 1 and Table 2, initial
conditions in Section 3.3.
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slightly higher photosynthesis rate (p), a higher active transport rate (ta), and a lower root571

mortality rate (dr), suggesting stronger carbon assimilation and greater sink strength of fruits in572

pepper. Tomato, in contrast, shows a higher fruit growth rate (kf ) and a higher phloem resistance573

coefficient (rph), highlighting its greater accumulation of fruit biomass but potentially reduced574

phloem transport efficiency. These differences collectively point to distinct carbon allocation575

strategies and fruit developement between species.576

For nematode-related parameters (Figure 9(b)), tomato displays higher infection rate (β),577

feeding rate (γ), half-saturation constants for reproduction (Kρ) and establishment (Kω), and578

gall-xylem resistance coefficient (ϕ). These elevated parameters indicate that nematodes infect,579

feed, and develop more effectively on tomato roots, and that galls exert stronger a resistance on580

xylem flow.581

(a) Physiological plant parameters
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Figure 6: Comparison of estimated parameters for tomato (red) and pepper (blue). Panels
show (a) physiological plant parameters and (b) nematode-related interaction parameters. Stars
denote parameter estimates obtained from the full dataset prior to bootstrapping, while the
boxplots depict the bootstrap-derived uncertainty around those estimates. Parameters without
boxplots were not estimated but differ between species.
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4.2 Identifying plant tolerance mechanisms582

Parameter comparisons in Section 4.1.2 pointed out differences in carbon allocation towards plant583

compartments and galls, which are further quantified in Section 4.2.1. We then used the tolerant584

pepper traits to virtually improve tomato tolerance in Section 4.2.2 and assessed the robustness585

of these traits under different RKN-virulence scenarios in Section 4.2.3. Finally, we broadened586

our search for tolerance traits beyond the pepper-based traits in Section 4.2.4.587

4.2.1 Contrasted carbon allocations588

Carbon allocation differed markedly between tomato and pepper, and these differences were589

amplified under nematode infestation, as shown in Figure 7. When combined with the gall590

metrics in Figure 8, they provide a mechanistic understanding of the different plant responses to591

RKN infestation.592
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(a) Healthy tomato
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(b) Healthy pepper

Shoots

83.7%

Roots

16.2%

Fruits

0.1%

(c) Infested tomato
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Figure 7: Carbon allocation in healthy and infested tomato and pepper, based on indicators
defined in Section 3.4.1: percentage of carbon allocated to shoots (SMA, blue), roots (RAF,
orange), and fruits (FAF, green).
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Figure 8: Gall metrics for tomato (red) and pepper (blue), based on the indicators described in
Section 3.4.2.

Healthy tomato and pepper exhibit intrinsically different allocation strategies In593

healthy tomato, 11.1% of the carbon stored in shoots is allocated to fruits and 4.2% to roots594

(Figure 7(a)). Healthy pepper, in contrast, directs 40.5% to fruits and 4.5% to roots (Fig-595

ure 7(b)), demonstrating a much stronger reproductive pull. These baseline differences reflect596

contrasting growth strategies: tomato maintains a predominantly vegetative allocation profile,597

whereas pepper establishes an early and substantial fruit sink, as evidenced by its higher active598

fruit transport rate ta (see Table 1). This inherent divergence sets the stage for understanding599

how nematode infestation alters carbon reallocation.600

Galls strongly redirect carbon toward the roots in tomato In infested tomato, allocation601

to fruits collapses, whereas allocation to roots increases sharply (Figure 7(c)). This rise does not602

reflect enhanced root growth but rather the need to sustain RKN proliferation through gall603

formation, as evidenced by the decline in healthy root biomass shown in Figure 4(a). Gall604

metrics in Figure 8(b,c) reinforce this interpretation: the proportion of root mass composed of605

galls is markedly higher in tomato than in pepper.606

The gall index proxy is consistent with the observations of Jauzion-Graverolle et al. (2025).607

At the end of the experiment, the number of galls was approximated by gall severity indices608

(Zeck, 1971): 6 was reported for tomato, corresponding to a major functional impairment of the609

root system, with up to 50% of the roots rendered non-functional because of galls; 3 was reported610

for pepper, corresponding numerous small galls, some of which have merged, but without yet611

compromising root function. Our results reflect the same pattern, the gall index proxy in tomato612

is approximately twice that observed in pepper (Figure 8(d)).613

Pepper maintains a more balanced allocation pattern under infestation In infected614

pepper, allocation to roots increases moderately, while allocation to fruits remains high (Fig-615

ure 7(d)). This indicates that pepper sustains a strong competing sink for fruits that prevent616

galls from monopolizing carbon resources. Gall metric in Figure 8(a) indicates that galls are not617

negligible in pepper roots in terms of quantity, but they are much smaller and lighter than for618

tomato, as shown in Figure 8(b,c).619

These results suggest that a strong carbon allocation towards fruits and small galls may620

protect the plant from RKN-induced damages.621
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4.2.2 Towards a virtual tolerant tomato: pepper-inspired traits622

From Figure 6(a), we identified five plant parameters that exhibited substantial interspecific dif-623

ferences: fruit growth rate (kf ), active transport rate (ta), phloem resistance coefficient (rph),624

photosynthesis rate (p), and root mortality rate (dr). To assess whether these traits are de-625

terminants for tolerance, we simulated virtual tomato plants by simultaneously varying these626

parameters within ranges used for the estimation and sensitivity analysis. All other plant and627

nematode parameters were kept fixed at their values in Table 1 and Table 2.628

To explore the parameter space, we used a full factorial design. For each plant trait, in629

addition to the estimated values for tomato and pepper, two intermediate uniformly-spaced630

values were included, as well as one similarly-spaced value outside the tomato-pepper interval.631

This resulted in a total of five levels per parameter. The full factorial design yielded to 55 = 3125632

parameter combinations.633
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Figure 9: Evolution of the tolerance index (θ) by: (a) varying one parameter at a time while
keeping all others fixed at their default values (Table 1, Table 2); Increasing (solid lines: tomato <
pepper) or Decreasing (dashed lines: tomato > pepper); (b) varying all parameter combinations
simultaneously; the dotted vertical line corresponds to the tolerance index of real tomato (θ =
0.55), while the dashed line represents the tolerance threshold (θ = 0.65); (c) sensitivity analysis
of θ applied to the 3125 parameter combinations and (d) histogram of parameters for which
θ ≥ 0.65.

The results show that the tolerance index increased substantially when the selected traits were634

shifted toward pepper values, with the exception of the fruit growth rate (kf ), which is higher635

in tomato (Figure 9(a)). Several virtual scenarios even outperformed the tolerance threshold636

(dashed vertical line, θ = 0.65), suggesting that combining pepper-inspired traits has strong637

potential to enhance tolerance (Figure 9(b)). In particular, high values of the photosynthesis638
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rate (p), fruit growth rate (kf ), and, to a lesser extent, the active transport rate (ta) strongly639

promote tolerance (Figure 9(d)). The wide distribution of tolerance indices could indicate that640

tolerance may emerge from both individual traits and their interactions. However, Figure 9(c)641

shows that interactions among traits play a relatively minor role compared to the contributions642

of individual traits.643

4.2.3 Robustness of tolerance traits644

The goal of this section is to assess whether the tolerance-related traits identified in Section 4.2645

remain effective under varying levels of nematode pressure.646

To this end, we defined three epidemic scenarios by varying two key epidemiological parame-647

ters: the infection rate (β), which governs the ability of nematodes to invade plant roots, and the648

maximum egg-laying rate (ρmax), which sets the upper limit of egg production per female under649

optimal conditions (Table 3). For each scenario, we evaluated the tolerance index (θ) (9) and

Table 3: Definition of epidemic scenarios based on different levels of RKN virulence, determined
by two key parameters: the infection rate (β) and the maximum rate of egg-laying (ρmax). Other
parameters are fixed to their default values in Table 2.

Virulence Infection rate (β) Maximum egg-laying rate (ρmax)

Low −30% −30%
Medium – –
High +30% +30%

Note: Default tomato parameter values (–) or default values ±30% were used (see Table 2).

650

the seasonal nematode reproduction factor (ζ) (10). These indicators were computed for the real651

tomato (Case 0) and for virtual tomato plants (Cases 1–5) in which one tolerance trait at a time652

was replaced by its pepper counterpart (Table 4). Figure 10(a) shows that the tolerance index

Table 4: Definition of the virtual tomatoes. Case 0 corresponds to tomato with its default
parameter values (Table 1), while in Cases 1–5 one parameter at a time is replaced by its pepper
value (as the points furthest to the right of Figure 9(a)). All remaining parameters were kept at
the baseline tomato values specified in Table 1.

Tomato Tolerance traits

p ta rph dr

Case 0 (real) to to to to
Case 1 (virtual) pe to to to
Case 2 (virtual) to pe to to
Case 3 (virtual) to to pe to
Case 4 (virtual) to to to pe
Case 5 (virtual) pe pe to to
Note: to = tomato value; pe = pepper value.

653

was only slightly affected by the epidemic scenarios. It tended to decrease when the virulence654

increased, but the ranking among cases was maintained. In contrast, the reproduction factor655

increased markedly with virulence (Figure 10(b)), revealing important trade-offs among trait656

combinations. Notably, Case 1 (high photosynthesis rate p) and Case 3 (low phloem resistance657

rph) reached relatively high tolerance levels but also strongly amplified nematode populations.658
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Figure 10: Robustness of tomato tolerance traits under different epidemic scenarios defined in
Table 3. (a) Tolerance index (θ) and (b) nematode reproduction factor (ζ) for real (Case 0) and
virtual (Cases 1–5) tomatoes defined in Table 4.

By contrast, Case 2 (high active transport rate ta) offered a more desirable compromise: it pro-659

duced one of the highest tolerance values while keeping the reproduction factor comparatively660

low.661

4.2.4 Are there other tolerance traits?662

Beyond the tolerance-related traits identified in Figure 6(a) and Figure 9, we aimed to investigate663

whether additional mechanisms could underlie plant tolerance. To this end, we considered a664

broader set of plant parameters that, according to the literature, may influence tolerance (Trudgill665

and Cotes, 1983; Wallace, 1987; Wise and Abrahamson, 2005; Ney et al., 2013). These additional666

traits were the growth rates (ks, kr) and mortality rates (ds, dr) of shoots and roots, xylem667

resistance (rxy), transpiration rate (σW ) and the allometry coefficient (α).668

A sensitivity analysis on the tolerance index (θ) was then performed to evaluate the relative669

influence of these 11 parameters. Each parameter was varied across three levels spanning the670

range of trait values documented in the literature (Table 8). Simulations were performed using671

a fractional factorial design of resolution V, to estimate parameter main effects and two-way672

interactions. In total, 729 simulations were carried out.673

28



(a)

0.0 0.1 0.2 0.3 0.4
SI

rxy

p
W

rph

ta

dr

ds

kf

ks

kr
Pa

ra
m

et
er

s

Main effect
Two factor interaction effect

(b)

0.0 0.2 0.4 0.6 0.8 1.0
Tolerance index ( )

0

20

40

60

80

100

120

140

160

Nu
m

be
r o

f o
cc

ur
re

nc
es

(c)

p kf ta rph dr ks kr W rxy ds
Parameters

0

50

100

150

200

Nu
m

be
r o

f o
cc

ur
re

nc
es

Figure 11: (a) Global sensitivity analysis on the tolerance index (θ); (b) histogram of the tolerance
index (θ) for all 729 parameter combinations; the dotted vertical line corresponds to the tolerance
index of real tomato (θ = 0.55), while the dashed line represents the tolerance threshold (θ =
0.65); (c) histogram of parameters for which θ ≥ 0.65.

Figure 11(a) shows two additional plant traits with high Sobol indices (SI ≥ 0.1) that strongly674

influence tolerance to RKN infection: the growth rates of roots (kr) and shoots (ks), both of675

which tend to act as compensatory mechanisms during nematode attack. A higher kr favours676

a rapid growth of the root system, thereby diluting RKN infestation and maintaining a larger677

pool of functional roots. This vigorous root growth also stabilizes water uptake, which supports678

shoot growth and yield. A higher ks helps maintain photosynthetic capacity through sustained679

biomass accumulation, ensuring sufficient carbon supply for tissue maintenance and repair, and680

ultimately supporting yield under infestation.681

It should be noted that, except for the growth rate of roots (kr), interactions dominate, so682

there may be synergistic or antagonistic trait combinations to generate tolerance (Figure 11(a,b)).683

In particular, moderate carbon acquisition capacity p, vigorous vegetative growth (shoots ks and684

roots kr), and high carbon allocation towards fruits (ta, kf ), while, to a lesser extent, low shoot685

transpiration (σW ) and xylem hydraulic resistance (rxy) contribute to improving plant tolerance,686

as shown in Figure 11 (c).687

5 Discussion688

This study demonstrates that explicitly coupling plant physiology with root-knot nematode689

(RKN) demography provides a deeper insight into the mechanisms by which host condition690

both constrains and is constrained by RKN development. The modelling approach combines691
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several strengths rarely found together in plant–pest models: (i) inclusion of the plant reproduc-692

tive phase through a distinct fruit compartment; (ii) explicit representation of water and carbon693

resources; (iii) coupling of plant physiological functions to nematode developmental stages; and694

(iv) incorporation of the role of plant carbon in infection dynamics. This coupling reveals that695

root carbon availability acts as a central integrator of plant condition, regulating both the es-696

tablishment success and reproductive output of nematodes (Moens et al., 2009).697

The coupled model was calibrated using two horticultural crop species with contrasting phys-698

iological traits: tomato and pepper. Model fits closely matched these contrasted dynamics. In699

the healthy state, calibrated parameters reproduced species-specific growth trajectories, partic-700

ularly the earlier and stronger fruit sink in pepper. Under infestation, simulations accurately701

captured the suppression of tomato fruit growth, the diversion of carbon to gall biomass, and702

the milder shifts observed in pepper. The model also reproduced nematode traits such as lay-703

ing rate, female abundance, and gall development, confirming that the calibrated parameters704

effectively reproduces the species-specific infection outcomes. Contrasting parameters and traits705

between tomato and pepper explain their divergent physiological behaviour to RKN infestation.706

In tomato, infestation produces a strong redirection of assimilates toward the root system, driven707

by the high sink strength of galls. This causes a collapse of fruit allocation and a major reduction708

in vegetative growth, consistent with the high gall biomass, large gall index, and early deple-709

tion of healthy roots observed experimentally. In pepper, by contrast, the strong intrinsic fruit710

sink limits the dominance of galls, allowing the plant to maintain both reproductive growth and711

moderate root allocation despite infection.712

However, although our model can reproduce general field observations, some caution is war-713

ranted. For instance, the experiments of Jauzion-Graverolle et al. (2025) over which our model714

is calibrated, were conducted in pots, a condition known to restrict root expansion, alter root715

architecture, and increase local gall density by limiting available soil volume. Such spatial con-716

straints can exaggerate gall severity, particularly in species with vigorous root systems such as717

tomato. Thus, while the magnitude of gall indices is informative, their interpretation must ac-718

count for experimental context. Furthermore, nematode densities at the end of the season may719

be higher than predicted due to factors not captured by the model, such as migration to neigh-720

boring plants, survival on alternative hosts, or delayed hatching of dormant eggs (Moens et al.,721

2009; Sikora et al., 2018). This limitation, linked to the use of isolated potted plants, exists722

throughout the season but may have a greater impact at the end of the cycle, particularly if the723

plant is weakened, which increases the likelihood of nematode migration. It may also be relevant724

at the beginning of the season, for example in cases of high initial infestation, which we did725

not explore. Accounting for these processes could improve predictions of nematode population726

build-up and refine the assessment of long-term epidemiological risk.727

Our results showed that tolerance does not depend on a single factor but can arise through728

multiple physiological pathways. Virtual experiments showed that a single trait can be sufficient729

to generate tolerance, but specific trait combinations may quantitatively improve yield mainte-730

nance under RKN infection. In particular, high photosynthetic capacity, vigorous vegetative and731

root growth, and a robust carbon allocation toward fruits all contribute positively to tolerance.732

These traits provide complementary advantages: increased root growth dilutes the local impact733

of gall formation while sustaining water and nutrient uptake; a strong fruit sink, particularly734

early in the infection process, helps draw carbon away from parasitised roots and prevents ex-735
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cessive depletion of vegetative organs; enhanced photosynthetic capacity supports overall plant736

functioning as well as the additional metabolic demands imposed by the parasite. In addition,737

the tolerant traits identified by the model are consistent with conceptual frameworks of plant tol-738

erance to biotic stress, in which compensatory growth and sustained resource acquisition mitigate739

pathogen impact without reducing pathogen multiplication (Wise and Abrahamson, 2005; Ney740

et al., 2013). These traits therefore emerge as strong candidate targets for breeding strategies741

aimed at improving tolerance to root-knot nematodes.742

Among the multiple traits contributing to tolerance, fruit dynamics emerge as a particularly743

influential factor. Early and strong fruit sinks, as observed in pepper, compete effectively with744

galls for carbon and limit excessive allocation to infected roots, thereby reducing nematode-745

driven resource hijacking. However, fruit dynamics in tomato was constrained by the limited746

data available and by an experimental period that was likely too short relative to the onset747

of flowering. Consequently, parameter estimates for tomato fruit traits such as fruit growth748

rate (kf ) and active transport (ta) should be interpreted with caution. Overall, these findings749

highlight reproductive phenology, rarely considered in plant–pest models, as a major axis of750

tolerance. The latter suggests that plants with early reproductive traits could be advantageous751

in managing RKN parasitism.752

Although tolerance preserves yield, it may inadvertently sustain or enhance nematode popu-753

lation build-up, with epidemiological consequences at the cropping-system scale. Consistent with754

theory (Trudgill and Cotes, 1983; Bishop, 2012), our simulations show that pepper-like trait sets755

maintain high productivity under infestation while consistently allowing moderate to high ne-756

matode reproduction. This result reinforces the classical notion that tolerance, unlike resistance,757

does not limit nematode multiplication. Consequently, tolerant cultivars may be agronomically758

advantageous within a single season but could contribute to long-term soil contamination, partic-759

ularly in crop rotations that include susceptible species. Evaluation of tolerant cultivars should760

therefore integrate both agronomic and epidemiological criteria. In practice, this implies careful761

management of rotations and the possible use of soil sanitation or other mitigation techniques762

during intercultural periods to limit nematode carry-over.763

The coupled plant–RKN model developed in this work demonstrated substantial versatility,764

as evidenced by its ability to reproduce plant–nematode interactions across contrasting species,765

biotic pressures, and abiotic conditions within a single structural formulation. In our study,766

the same set of model equations successfully captured growth, carbon allocation, and infection767

dynamics in both tomato and pepper, requiring only species-specific parameterisation. Beyond768

interspecific differences, the model responded realistically to a broad gradient of infestation769

pressures, from low inoculum densities to severe attacks, reproducing expected shifts in plant770

carbon limitation, gall expansion, and nematode reproduction (Section 3.4.1). Importantly, the771

framework proved equally robust under abiotic stress scenarios, including shading and water772

stress. In both cases, it correctly predicted well-established physiological responses: enhanced773

shoot growth at the expense of roots under shading, and the opposite pattern under water stress,774

as shown in Section D.3. The ability of a single set of core equations to accommodate interspecific775

variation as well as biotic and abiotic perturbations indicates that the proposed model is not776

restricted to a narrow ecological context.777

Therefore, the framework opens several avenues for future research. Coupling the model with778

soil nematode dynamics over multiple cropping seasons would enable evaluation of the long-term779
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impacts of tolerance on field epidemiology (Nilusmas et al., 2020; Tankam-Chedjou et al., 2020).780

Incorporating environmental drivers, such as temperature variation or soil moisture, could reveal781

interactions between abiotic and biotic stress tolerance. Moreover, genetic variability could be782

accounted for by linking model parameters to measured traits across multiple cultivars.783

Thanks to its versatility, this modeling framework could readily be extended beyond RKN to784

other biotic or abiotic stresses and to additional horticultural crops, thereby contributing to the785

design of resilient cropping systems. This approach thus underscores the value of mechanistic,786

host-centered perspectives in studying plant–pest interactions.787

A Model complements788

A.1 Water transport modelling789
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Figure A.12: Diagram of water transport in the plant. Water potentials (ψ) decrease from soil
to roots (index r), and roots to shoots/fruits (indices s/f), depending on hydraulic resistances
(R). The water flow (A) is assumed to be “at equilibrium” in the plant.

Water transport is illustrated in Figure A.12. We assume that the water potential of the soil790

ψsoil is constant and that the water potentials of the shoots and fruits are equal, that is ψs = ψf .791

Leaf transpiration drives the water transport and is defined as follows :792

A = σW Ws fp(ψs). (11)

It is proportional to the shoot biomass and it decreases in case of water stress.793

The water fluxes, expressed through the water potentials from soil to roots (ψr) and from794

roots to shoots (ψs), are described as follows:795

ψr = ψsoil −RsrA and ψs = ψr −RxyA = ψsoil − (Rsr +Rxy)A, (12)

where the hydraulic resistance between soil and roots is:796

Rsr =
rsr
Wαr

r
,

32



and the xylem resistance between roots and shoots is:797

Rxy = Rxy,s +Rxy,r, with: Rxy,s =
rxy,s
Wαs

s
and Rxy,r =

rxy,r
Wαr

r

(
1 + ϕ

Wg

Wg +Wr

)
.

We assume that galls do not contribute to water transport, which is why the healthy root biomass798

and not the total root biomass is in the denominator of the xylem resistance in the roots Rxy,r.799

Moreover, the presence of galls hinders water transport in the roots, so we assume that Rxy,r800

increases with gall biomass by a factor of at most 1 + ϕ.801

We then derive equations (12) and obtain the dynamics of the water potentials:802

dψs

dt
= −

[
A

(
dRsr

dt
+
dRxy

dt

)
+ σW (Rsr +Rxy) fp(ψs)

dWs

dt

] [
1 + σWWs (Rsr +Rxy)

dfp(ψs)

dψs

]−1

,

dψr

dt
= −AdRsr

dt
− σWRsr

[
fp(ψs)

dWs

dt
+Ws

dfp(ψs)

dψs

dψs

dt

]
,

(13)
with803

dfp(ψs)

dψs
= −

nKn
p ψ

n−1
s

(Kn
p + ψn

s )
2
,

dRsr

dt
= − rsr αr

W
(1+αr)
r

dWr

dt
,

dRxy

dt
= −

[
rxy,s αs

W
(1+αs)
s

dWs

dt
+

rxy,r αr

W
(1+αr)
r

dWr

dt

]
without nematodes,

dRxy

dt
= −

[
rxy,s αs

W
(1+αs)
s

dWs

dt
+

rxy,r αr

W
(1+αr)
r

dWr

dt

ϕWg

Wg +Wr

]

+
rxy,r ϕ

Wαr
r

(Wg +Wr)
dWg

dt −Wg

(
dWg

dt + dWr
dt

)
(Wg +Wr)

2

 with nematodes.

A.2 Carbon transport modelling804

To represent carbon transport through phloem vessels, we use a transport-resistance model with805

one source, the shoots (index s), and two sinks, the roots (index r) and fruits (index f) (Minchin806

et al., 1993; Thornley and Johnson, 1990), as illustrated in Figure A.13.

S

R
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Roots
Rph,r

Rph,f
F

Fruits

Rph,s

qf

qr qf+

qr

Figure A.13: Diagram of carbon transport from shoots to roots and fruits. Phloem flow rates
(q) depend on phloem resistances (Rph).

807

Sap flows within phloem vessels along carbon concentration gradients, so Figure A.13 trans-808
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lates into the following equations:809

(qr + qf )Rph,s + qfRph,f = (Cs − Cf ),

(qr + qf )Rph,s + qrRph,r = (Cs − Cr),
(14)

where qx are the phloem flow rates and Rph,x the phloem resistances associated to the different810

plant compartments, defined as follows:811

Rph,s =
rph,s
Wαs

s
, Rph,r =

rph,r
(Wr +Wg)αr

, Rph,f =
rph,f

W
αf

f

.

We assume that carbon transport in phloem vessels is affected by the presence of galls (Wg):812

reducing the phloem resistance in the roots, they accelerate the carbon flow to the roots.813

Solving for qr and qf from (14) gives:814

qr =
1

∆
(Rph,f (Cs − Cr) +Rph,s(Cf − Cr)),

qf =
1

∆
(Rph,r(Cs − Cf ) +Rph,s(Cr − Cf )),

with: ∆ = Rph,f (Rph,s +Rph,r) +Rph,sRph,r.

Therefore, the carbon transport fluxes from shoots to roots (Tr) and shoots to fruits (Tf ) are:815

Tr = qrCs =
Cs

∆
(Rph,f (Cs − Cr) +Rph,s(Cf − Cr)),

Tf = qfCs =
Cs

∆
(Rph,r(Cs − Cf ) +Rph,s(Cr − Cf )).

(15)

As described in Section 2.1, to account for the vegetative-reproductive transition, instead of816

using a step function, we introduced the hill function M(Ws) (3) wisely in the transport term817

Tr in equation (15):818

Tr =
Cs

∆r
(Rph,f (Cs − Cr) +M(Ws)×Rph,s(Cf − Cr)),

Tf =M(Ws)

[
Cs

∆
(Rph,r(Cs − Cf ) +Rph,s(Cr − Cf ))

]
,

with: ∆r = Rph,f (Rph,s +Rph,r) +M(Ws)×Rph,sRph,r.

(16)

So, from equation (16), at the vegetative stage which corresponds to (M(Ws) ≈ 0), meaning that819

plant is not yet mature to provide fruits. The configuration of carbon transport presented in820

Figure A.13 simplifies to a 1-source 1-sink system (shoots to roots). In that case, the transport of821

carbon from shoots to roots is given by: Tr = Cs
Rph

(Cs − Cr), with Rph = Rph,s +Rph,r (Minchin822

et al., 1993).823

In conclusion, to describe the carbon allocation in a single approach for both vegetative and824

reproductive stages, we consider the transport terms in equation (16).825

Moreover, during the reproductive stage, additional carbon is pumped by fruits for their826

ripening process (Colombié et al., 2017). So, we considered an active transport term as follows:827

Ta =M(Ws)

[
ta

(
Cs

Ka + Cs

)(
Ki

Ki + Cf

)
Wf

]
, (17)
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where ta is active transport rate, Ka and Ki are half-saturation constants for shoot carbon supply828

and fruit carbon inhibition, respectively. This formulation accounts for saturation at high shoot829

carbon levels, and includes an inhibitory effect of Cf , which limits flux when fruits already830

contain abundant carbon. Such an active transport mechanism, as highlighted by Fishman and831

Génard (1998), provides a realistic description of the dominant sink strength of fruits.832

B Experimental data833

Table 5: Experimental data (Jauzion-Graverolle et al., 2025): weekly number of leaves for the
healthy control plants.

Crop
Week

1 2 3 4 5 6 7 8 9 10 11 12

Tomato 4.12 8.18 12.1 14.7 16.16 17.35 19.01 21.24 23.92 26.63 29.27 31.86

Pepper 4.27 10.71 19.48 30.74 41.67 49.16 53.34 54.72 54.64 54.53 53.83 52.72

Mean values over 6 replicates

Table 6: Experimental data (Jauzion-Graverolle et al., 2025): plant dry masses for shoots (Ws),
roots (Wr), and fruits (Wf ).

Crop Variable Treatment
Value∗ (in grams)

t0 t0 + 6 weeks t0 + 12 weeks

Tomato

Ws
control

0.25± 0.08
16.04± 3.2 26.27± 4.36

inoculated 14.25± 1.01 14.29± 3.74

Wr
control

0.06± 0.02
1.75± 0.67 1.64± 0.34

inoculated 1.93± 0.13 4.35± 1.17

Wf

control
0

– 3.07± 2.96

inoculated – 0.44± 0.98

Pepper

Ws
control

0.11± 0.03
6.9± 0.76 7.67± 0.51

inoculated 5.8± 0.84 7.12± 0.71

Wr
control

0.03± 0.01
2.11± 0.65 1.19± 0.11

inoculated 0.85± 0.19 1.85± 0.26

Wf

control
0

1.03± 0.43 9.5± 0.83

inoculated 0.51± 0.28 8.48± 1.6

∗Mean value ± standard deviation over 6 replicates
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Table 7: Experimental data (Jauzion-Graverolle et al., 2025): RKN measures.

Variable Crop
Value∗

t0 + 6 weeks t0 + 12 weeks

Number of egg masses (F )
tomato 2282± 253 548± 273

pepper 635± 511 1932± 468

Number of eggs per egg masses (ρ/µF )
tomato 328± 80 232± 15

pepper 319.79± 96 312.5± 76

Number of juvenile larvae (J2)
tomato

–
207787± 142251

pepper 83413± 57649

Number of galls (G ≈ ξJ + F )
tomato 3283± 365

–
pepper 1304± 538

∗Mean value ± standard deviation over 6 replicates
Note: At time (t0+12), the roots were severely invaded by galls, making counting impossible.

C Appendix: Setting parameter values834

This section describes how the parameters were set, outside the estimation procedure described835

in Section 3.2.836

C.1 Leaf–biomass allometry837

In order to use the leaf count data in the calibration procedure, we fit an allometric relationship838

between shoot dry mass (Ws) and number of leaves (Lf ) (Le Maitre and Midgley, 1991; Zeinali839

et al., 2014), given by:840

W leaf
s = a Lb

f . (18)

Coefficient a was estimated separately for each crop species, whereas allometric exponent b was841

estimated jointly for both.842

Before applying this relationship, the leaf measurements were pre-processed to ensure con-843

sistency and reliability. The procedure involved cleaning and smoothing to reduce irregularities,844

outliers, and measurement noise in the raw data for each species. This was achieved using the845

make_smoothing_spline Python function.846

We used the differential_evolution method (Python, SciPy v1.11) to minimise the sum847

of squared errors on the dry masses. The estimation results are shown in Section C.1.848

C.2 Parameter simplifications for the plant model849

For the calibration procedure, we simplified the parameterisation of the plant model (1,13).850

For several plant traits, we found no information specific to the three plant compartments851

(shoots, roots, and fruits), so we decided to take the same parameter value across compartments.852

This concerned: the xylem resistance coefficients set to rxy (no parameter for the fruit compart-853

ment); the maintenance rates set to m; the respiration rates set to v; the allometric coefficients854

set to α. The shoot and root phloem resistance coefficients were set to rph.855

To represent the fruit priority for carbon resources, we set fruit parameter values relatively856
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Figure C.14: Estimation of leaf–biomass allometric coefficients based on equation (18). Allomet-
ric exponent b is estimated jointly for both crop species.

to shoot values as follows: for the phloem resistance coefficient rph,f = rph/2 and for the half-857

saturation constant for growth of the fruit Kf = Ks/2.858

Thanks to these assumptions, the 38 parameters of the plant model were reduced to 28859

parameters.860

C.3 Parameter setting before the sensitivity analysis861

To choose the plant parameters to be estimated, we performed a sensitivity analysis described862

in Section 3.2.1.863

After reducing the number of plant parameters to 28, as detailed in Section C.2, we made an864

extra simplification on the half-saturation constants for water effect on photosynthesis (Kp) and865

growth (Kk), by setting the difference between the two: Kp = Kk − 200 kPa. This allowed to866

maintain the order between the two, as water stress first affects photosynthesis.867

Moreover, we excluded three parameters from the sensitivity analysis and set their values as868

follows. The Hill coefficient intervening in the water-stress functions (2) was arbitrarily set to869

n = 6, which corresponds to fairly stiff switch-like functions. As we found no specific information870

on the rhizodeposition rate (z) and the soil water potential (ψsoil), we set both parameters871

according to Dewar (1993). Values can be found in Table 1.872

Therefore, the sensitivity analysis was based on only 24 plant parameters, identified in Ta-873

ble 8. The levels used in the analysis were determined within literature-based ranges.874

C.4 Sensitivity analysis on the healthy plant dynamics875

To determine which physiological processes exert the strongest control over plant growth, we876

performed a global sensitivity analysis on the healthy plant model, described in Section 3.2.1.877

Figure C.15 shows the results for three outputs, the dry masses of the different plant compart-878

ments. The results on the other state variables, the carbon concentrations and water potentials879

(not shown), did not provide additional information.880

We defined a parameter as influential when its generalised sensitivity index (GSI) exceeded881

5%. According to this criterion, eight parameters emerged as major contributors to model882

variability: the photosynthetic rate (p), the growth rate coefficients for shoots (ks), roots (kr),883

and fruits (kf ), the maintenance rate (m) and the transpiration rate (σW ). These parameters884
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Table 8: Parameter levels used for the global sensitivity analysis on the plant model, prior to
parameter estimation (Section C.4). Parameter units are indicated in Table 7

Parameter Description Levels

p Photosynthesis rate3 (0.1, 0.6, 0.9)
σW Shoot transpiration rate‡ (5, 13, 40)
rph Phloem resistance coefficient3 (3 · 10−2, 0.1, 0.5)
rxy Xylem resistance coefficient‡ (2, 5, 8)
rsr Root water uptake resistance7 (0.2, 1, 3)
ks, kr, kf Biomass growth rates3,8 (0.1, 0.5, 0.9)
Ks,Kr Half-saturation constants for growth3 (5 · 10−3, 2 · 10−2, 0.1)
ds, df Mortality rates3 (1/80, 1/50, 1/30)
dr Root mortality rate6 (1/300, 1/200, 1/75)
ψsoil Water potential of soil7 -100
n Hill coefficient0 6
Wonset Threshold shoot biomass for fruit onset† (2, 10, 20)
Kk Half-saturation constant for water effect on growth1 (−1600,−1400,−1200)
Kp Half-saturation constant for water effect on photosynthesis Kk - 200
c Carbon fraction of structural dry matter2 0.45
α Allometric coefficient for growth† (1/3, 2/3, 1)
m Maintenance respiration rate3 (10−3, 10−2, 5 · 10−2)
v Growth respiration rate5 (10−2, 0.1, 0.2)
z Rhizodeposition rate7 (2 · 10−2, 0.1, 0.5)
ta Active transport rate4 (2 · 10−2, 0.1, 0.5)
Km Half-saturation constant for maintenance3 (5 · 10−4, 2 · 10−3, 10−2)
Ku Half-saturation constant for self-shading0 (2, 7, 14)
Ka Half-saturation constant for active transport4 (2 · 10−2, 0.1, 0.5)
Ki Half-saturation constant for fruit inhibition0 (5 · 10−2, 0.2, 0.5)
Sources: †estimated from data (Jauzion-Graverolle et al., 2025) and ‡computed in Section C.5.1;

0assumed; 1(Weng, 2000; Delfine et al., 2002); 2(Li, 2007); 3(Brugge, 1985); 4(Liu et al., 2007);
5(Thornley and Cannell, 2000); 6(Wang et al., 2024); 7(Dewar, 1993); 8(Gerlin et al., 2022).
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Figure C.15: Global sensitivity analysis on the healthy plant model (1,13). Parameter main
(black bars) and two-way interaction (grey bars) effects on the plant dry masses. Only the 10
most influential parameters are represented. All parameter levels are listed in Table 8.
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govern core physiological processes, namely carbon acquisition, biomass growth and maintenance.885

In addition to these primary drivers, two other parameters also displayed notable influence: the886

self-shading constant (Ku) and the threshold shoot biomass for fruit onset (Wonset).887

Among these eight influential parameters, one could be directly set from data (Wonset), (σW )888

computed in Section C.5.1, and two from the literature (Ku and m). That left four influential889

parameters to be estimated: p, ks, kr, and kf .890

C.5 Parameter setting before the estimation procedure891

C.5.1 Healthy plant model892

After simplifications described in Section C.2, there were 28 plant parameters. Based on the893

sensitivity analysis results in Section C.4, 4 highly influential parameters were retained for the894

estimation procedure (p, kr, ks, kf ), plus 2 for which we found little information in the literature895

(ta, rph). For the remaining 22 parameters, 4 were derived from experimental data (directly for896

Wonset and see paragraphs below for the other 3) and 18 were set from the literature. Among897

these 18 parameters, 3 were crop-specific (dr,Kk,Kp) and 15 were generic, the latter including898

the 3 parameters fixed in the sensitivity analysis (n, z, ψsoil). All the plant parameter information899

and values are summarised in Table 1.900

Xylem resistance coefficient rxy and allometry coefficient α We estimated these two901

parameters jointly for tomato and pepper, combining healthy and infested plant data (Jauzion-902

Graverolle et al., 2025), based on the allometric relationship linking hydraulic conductance L903

and shoot dry mass W :904

L = aWα, with rxy =
1

a
. (19)

We used the differential_evolution method (Python, SciPy v1.11) to minimise the sum of905

squared errors on the hydraulic conductance. Results are illustrated in Figure C.16 and resulting906

parameter values reported in Table 1.907
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Figure C.16: Calibration of the allometric relationship between hydraulic conductance (L) and
dry mass (W ) relationship based on equation (19). All data are pooled: tomato (red) and pepper
(blue), healthy plants (triangles) and infested plants (circles).
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Transpiration rate σW The transpiration rate measured in Jauzion-Graverolle et al. (2025)908

was Asec = 1mmol · m−2 · s−1. To extrapolate this value to a daily transpiration rate, it is909

necessary to account for the day length. Indeed, transpiration occurs essentially during daytime910

and is (almost) zero at night (Rice et al., 2017). The experiment took place between February911

and May, so considering approximately 10 hours of light per day, we obtain:912

Aday = 1× 10× 3600 mmol · m−2 · day−1

= 18 · 10−3 × 10× 3600 gH2O · m−2 · day−1 = 648 gH2O · m−2 · day−1

Specific leaf area (SLA) To convert transpiration rate per square meter to a rate per913

gram of leaf dry mass, we must account for the leaf density (surface-to-weight ratio), expressed as914

SLA. According to Jauzion-Graverolle et al. (2025), the SLA remains relatively constant across915

species and treatments: SLA ≈ 250 cm2/g = 2.5 · 10−2 m2/g. Thus, the transpiration rate per916

unit of leaf biomass per day is:917

σW0 = 648× 2.5 · 10−2 = 16 gH2O · g−1 · day−1.

Excluding stem contribution In our model, shoot transpiration is A = σWWsfp(ψs)918

(11), where Ws denotes the shoot biomass, which includes leaves and stems. In practice, stems do919

not contribute significantly to transpiration (although they contribute slightly to photosynthesis).920

The fraction of biomass allocated to stems varies with plant development and species (Poorter921

et al., 2012). Assuming a constant stem fraction st = 20% of shoot biomass, the transpiration922

rate becomes:923

A = [σW0(1− st)]Ws fp(ψs), with σW = σW0 × (1− 0.2) ≈ 13 day−1.

C.5.2 Coupled model924

There are 18 extra parameters in the coupled model, in addition to the plant parameters.925

We first assumed that the half-saturation constants for feeding and reproduction were equal,926

Kγ = Kρ, as both processes are linked. We also linked the half-saturation constants for gall927

formation and root growth as follows: Kg = Kr/10, to favour galls over plant growth for carbon928

resource, as RKN are efficient parasites.929

Among the remaining 16 parameters, 3 were directly derived from data (ρmin, ρmax, ϕ), 2930

were computed from expert knowledge (see below), and 6 were set from the literature (λ, µe).931

The remaining 5 parameters were estimated (β, γ, kg, Kρ, Kω). In the estimation procedure,932

we imposed that the half-saturation constant for establishment was smaller than for reproduc-933

tion, Kω ≤ Kρ, as we assumed that carbon shortage in the plant would first affect nematode934

establishment.935

The interaction and nematode parameter information and values are summarised in Table 1936

and Table 2, respectively.937

Estimation of λ and µe On average, the RKN egg hatching rate is around 46% and eggs938

typically remain in the soil for approximately two weeks. In the model, this translates as follows:939

• proportion of eggs hat become juvenile larvae J2: λ
λ+µE

= 0.46,940
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• average residence time in the egg stage E: 1
λ+µE

= 13 days.941

So, λ = 0.46
13 day−1 and µE = 0.54

13 day−1.942

D Additional illustrations of plant–RKN dynamics943

D.1 Healthy plant dynamics944
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Figure D.17: Healthy tomato dynamics, according to system (1,13), with initial conditions de-
fined in Section 3.3: (a) dry masses (Wx) for shoots (x = s), roots (x = r) and fruits (x = f),
with corresponding data points (mean and standard deviations); (b) carbon concentrations (Cx);
(c) water potentials (ψx); (d) photosynthesis flux (Uc). Parameter values are given in Table 1.

42



(a)

0 20 40 60 80 100
Time [day(s)]

0

2

4

6

8

10

12
(S

ho
ot

 &
 fr

ui
t) 

dr
y 

m
as

s [
g]

Ws

Wf

Wr

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Ro
ot

 d
ry

 m
as

s [
g]

(b)

0 20 40 60 80 100
Time [day(s)]

10 6

10 5

10 4

10 3

10 2

10 1

100

Ca
rb

on
 c

on
ce

nt
ra

tio
n 

[Ø
] Cs

Cr

Cf

(c)

0 20 40 60 80 100
Time [day(s)]

800

700

600

500

400

300

200

100

W
at

er
 p

ot
en

tia
l [

KP
a]

r

s

(d)

0 20 40 60 80 100
Time [day(s)]

0.0

0.1

0.2

0.3

0.4

Ph
ot

os
yn

th
es

is 
flu

x

Uc

Figure D.18: Healthy pepper dynamics, according to system (1,13), with initial conditions defined
in Section 3.3: (a) dry masses (Wx) for shoots (x = s), roots (x = r) and fruits (x = f), with
corresponding data points (mean and standard deviations); (b) carbon concentrations (Cx); (c)
water potentials (ψx); (d) photosynthesis flux (Uc). Parameter values are given in Table 1, data
in Table 6.

43



D.2 Infested plant dynamics945
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Figure D.19: Infested tomato dynamics, according to system (1,13,4,6), with initial conditions
defined in Section 3.3: (a) dry masses (Wx) for shoots (x = s), roots (x = r) and fruits (x = f),
with corresponding data points (mean and standard deviations); (b) carbon concentrations (Cx);
(c) water potentials (ψx); (d) photosynthesis flux (Uc). Parameter values are given in Table 1
and Table 2, data in Table 6 and Table 7.
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Figure D.20: Nematode dynamics in tomato, according to system (1,13,4,6), with initial condi-
tions defined in Section 3.3: (a) free-living stages, eggs (E) and juvenile larvae (J2); (b) within-
root stages, infesting larvae (J) and mature females (F ); (c) gall biomass (Wg); (d) number of
galls (G). Parameter values are given in Table 1 and Table 2, data in Table 6 and Table 7.
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Figure D.21: Infested pepper dynamics, according to system (1,13,4,6), with initial conditions
defined in Section 3.3: (a) dry masses (Wx) for shoots (x = s), roots (x = r) and fruits (x = f),
with corresponding data points (mean and standard deviations); (b) carbon concentrations (Cx);
(c) water potentials (ψx); (d) photosynthesis flux (Uc). Parameter values are given in Table 1
and Table 2, data in Table 6 and Table 7.
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Figure D.22: Nematode dynamics in pepper, according to system (1,13,4,6), with initial condi-
tions defined in Section 3.3: (a) free-living stages, eggs (E) and juvenile larvae (J2); (b) within-
root stages, infesting larvae (J) and mature females (F ); (c) gall biomass (Wg); (d) number of
galls (G). Parameter values are given in Table 1 and Table 2, data in Table 6 and Table 7.

D.3 Plant growth responses to self-shading and water stress946

Environmental scenario simulations were conducted on the plant model to evaluate growth sensi-947

tivity under abiotic constraints. Two types of stress were simulated. First, shading, implemented948

by reducing the photosynthesis rate p by half at t = 25 days. Second, water stress, represented949

by doubling the soil-root resistance rsr relative to its reference value, also at t = 25 days.950

The results are consistent with observed plant responses. Under shading (Figure D.23),951

aboveground growth is favored over root growth, resulting in an increased shoot:root ratio.952

This response reflects the reduced photosynthetic activity and, consequently, the limited carbon953

availability, with priority allocation to shoots. Additionally, a longer transitional period from954

the vegetative to the reproductive phase is observed compared with the unshaded scenario.955

In contrast, under water stress (Figure D.24), the plant reallocates resources to favor root956

growth at the expense of aboveground biomass. The decrease in the shoot:root ratio reflects957

this adaptive strategy, aimed at enhancing soil exploration and water uptake under limiting958

conditions. However, this reallocation comes at the cost of slower shoot growth, highlighting the959

physiological trade-off imposed by water limitation.960
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Figure D.23: Healthy plant dynamics under normal conditions (solid lines) and under shading
(dashed lines). The stress scenario is applied at 25 days. Model parameters are listed in Table 1.
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Figure D.24: Healthy plant dynamics under normal conditions (solid lines) and under water
stress (dashed lines). The stress scenario is applied at 25 days. Model parameters are listed in
Table 1.
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