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Population-scale effects of resistant or tolerant crop varieties have received
little consideration from epidemiologists. When growers deploy tolerant
crop, population-scale disease pressures are often unaffected. This only
benefits growers using tolerant varieties, selfishly decreasing yields for
others. However, resistant crop can reduce disease pressure for all. We
coupled an epidemiological model with game theory to understand how
this affects uptake of control. Each time a grower plants a new crop, they
must decide whether to use an improved (i.e. tolerant/resistant) or unim-
proved variety. This decision is based on strategic-adaptive expectations in
our model, with growers comparing last season’s profit with an estimate
of what is expected from the alternative crop. Despite the positive feedback
loop promoting use of a tolerant variety whenever it is available, a mixed
unimproved- and tolerant-crop equilibrium can persist. Tolerant crop can
also induce bistability between a scenario in which all growers use tolerant
crop and the disease-free equilibrium, where no growers do. However, due
to ‘free-riding’ by growers of unimproved crop, resistant crop nearly always
exists in a mixed equilibrium. This work highlights how growers respond to
contrasting incentives caused by tolerant and resistant varieties, and the
distinct effects on yields and population-scale deployment.
1. Introduction
Tolerance and resistance represent the two main mechanisms underpinning
the genetic control of plant disease, and the differences between the two have
clear implications for epidemic management. Resistance traits are associated
with a reduction in pathogen burden [1], and disease-resistant varieties are
consequently less susceptible and/or infectious than unimproved varieties.
By contrast, tolerant varieties can be infected and maintain high pathogen
burdens, meaning that infected plants can transmit infection at high rates,
but their yield remains high in comparison with unimproved crop [1]. The
two traits can be difficult to distinguish during breeding programmes, as
both tolerance and resistance characteristics preserve yields when a plant is
infected [2]. Partial or quantitative resistance where the host does not comple-
tely restrict viral load but has a lower yield loss [3,4] is also more common
than complete (qualitative) immunity [5], further complicating the distinction
between tolerance and resistance in breeding.

Epidemiological models have long been used to identify strategies that opti-
mize the deployment of resistant crop (reviewed in [6]). Very often the focus
is on pathogen evolutionary dynamics and the breakdown of resistance traits
[7–10]. This builds on a long history of models aiming to explain gene-for-
gene polymorphisms in host and pathogen populations, stretching back to
theoretical work, which is now nearly 50 years old [11] although it is still of cur-
rent interest [12–14]. However, no studies have compared the epidemiological
consequences of using tolerant versus resistant crop at the population scale,
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despite tolerant and resistant crop having significantly
distinct effects on other growers. There has also been no con-
sideration of factors incentivizing growers to deploy one or
other of these possible disease controls.

However, no studies to date have compared the epide-
miological consequences of using tolerant vs resistant crop.
Recent models have also incorporated pathogen evolutionary
dynamics and the breakdown of resistance traits. However,
in our study, we only consider the epidemiological, not
evolutionary, effects of the use of resistant or tolerant crop.

In economics, externalities are the effect of an action by one
party on other parties [15]. The previous work has shown that
in disease management schemes, prevention measures such
as vaccinations generate enough positive externalities that they
disincentivize others from partaking in control [16,17]. By low-
ering the infection burden, this type of control increases the
probability that those not using the control schemewill be ‘suc-
cessful free-riders’ (i.e. gain the benefit of control without
paying any of the costs [18]). In plant epidemiology, resistance
traits lower the prevalence of infection in the system as a
whole and thus have the same impact as vaccinations by
decreasing the probability of infection for non-resistant crop.
Previous theoretical studies have shown that not every
grower need plant-resistant crop for the benefits to be felt
across a community of growers [9,19,20]. This same result
applies to other mechanisms of control. Although high partici-
pation in citrus health management areas (voluntary schemes
established in the United States to combat citrus greening via
methods such as synchronous spraying of pesticides) is corre-
lated with better outcomes, complete participation is not
needed to see improved yield outcomes [21].

Similarly, the majority of the benefits conferred by Bt-
resistant maize in the United States was experienced by
those who did not themselves use the improved crop and
were consequently ‘free-riding’ off the actions of others [22].
Reducing the degree of resistance could diminish these posi-
tive externalities, but ultimately some growers planting
resistant varieties still acts as a disincentive to other individ-
uals to practise disease management.

Disease tolerance, by contrast, should have the opposite
effect to resistance. Tolerant crops do not restrict pathogen repli-
cation [1,23] and so donot reduce the probability of infection for
others. Tolerant crops, however, can sustain such pathogen bur-
denswithout the samedegree of yield loss as unimproved crops
[1]. As tolerant crops have less noticeable symptoms, they
cannot be as effectively removed and/or treated for disease.
Thus, growerswhouse tolerant cropswill experience the benefit
whilst generatingnegative externalities for those around themby
maintaining a high infection pressure [24]. This effect may
weaken other disease management efforts, increasing the nega-
tive consequences for others (see [25] for an example in human
disease epidemiology where it was found that tolerance-based
therapies for chronic infections increase population-level mor-
tality as asymptomatic carriers circulate in the population).
Tolerant crops may be asymptomatic and thus have a reduced
probability of being visually detected and rogued (removed)
in comparison with unimproved crops [26], again allowing an
increase in infection pressure. This incentivizes others to use
tolerant crops too, to minimize their losses, and could lead to
overall higher participation in control schemes.

Game theory is an economic tool used to examine stra-
tegic decision-making among interacting parties [27]. An
individual’s response to the threat of disease is highly contin-
gent on the actions of others. For example, an individual’s
choice to vaccinate may depend on how many others in the
population have been vaccinated (e.g. [18,28]). Game theory
has been increasingly used to better understand some of
the drivers of human behaviour in response to an epidemic
[29]. Models derived from game-theoretic principals have
also been used to examine the behaviour of growers who
are making decisions about crop management [30–33].
Here, we use a game-theoretic model to examine the effects
of the contrasting externalities of tolerant and resistant crop.

To examine the differing effects of disease tolerance and
resistance on the profits and, consequently, the behaviour of
growers, we employ tomato yellow leaf curl virus (TYLCV) as
a case study. Tomato (Lycopersicon esculentum) is a globally
important crop, with over 18.5 million tonnes produced in
2020 alone [34]. TYLCV is one of the major viruses affecting
tomato production worldwide [35], and it has been detected
from East Asia to Western Europe, the United States of Amer-
ica and Australia. Transmitted by the sweet potato whitefly
Bemisia tabaci [36], infection leads to tomato yellow leaf curl
disease (TYLCD), which causes curling of the leaves, chloro-
sis of young leaves, flower abortion and stunting. Combined,
these symptoms can cause up to 100% yield loss. Conse-
quently, much research has been done on developing both
tolerant and resistant varieties [37,38], some of which have
been deployed [39,40].

Despite the expansive literature, and perhaps reflecting
the confusion between tolerance and resistance across crop
breeding, there is considerable debate as to what degree of
disease resistance has been achieved in tomato breeding.
Some argue that though purportedly TYLCV-‘resistant’ culti-
vars have been developed, none have complete immunity to
infection ([4,41] describe how what they term ‘resistant lines’
are not actually immune to TYLCV, but instead have reduced
symptoms). As there is incomplete restriction of viral replica-
tion, yield loss is less extreme than in completely susceptible
genotypes. Some disease-resistant accessions have been
identified in wild relatives of tomato [41], and others have
produced what appear to be genuinely disease-resistant var-
ieties of tomato [38], which will possibly lead to the
deployment of fully resistant cultivars in the future.

Additional complications such as the dependence of
symptom development on non-genetic factors such as when
in its life cycle the host was infected [42], or even which
part of the plant was inoculated [43] again make it harder
to distinguish between resistance and tolerance. However,
even the incomplete restriction of viral replication means
that these cultivars can be considered partially resistant,
rather than tolerant. To account for the difficulties in estab-
lishing whether a cultivar is tolerant or resistant, we
consider a range of parameters pertaining to both qualities.
These parameters represent a continuum between tolerance
and resistance characteristics, allowing us to move smoothly
from one parametrization to another.

We use this case study to investigate the following ques-
tions: (1) How does the average profit of a group of growers
change when a fixed proportion of those growers are using
crop that is either tolerant or resistant to disease? (2) When
growers can choose which type of crop they plant, how do
the initial proportion of infectious and controlled fields
affect the deployment of tolerant or resistant crop? (3) How



Table 1. Parameters related to resistant and tolerant varieties. The
distinction between the two varieties lies in how disease is transmitted and
what losses are incurred when a field is infectious.

parameter meaning
value if
resistant

value if
tolerant

δβ relative susceptibility

of improved

variety

0.5 1

δσ relative infectivity of

improved variety

0.5 1

δY relative yield of

improved variety

1 1

δL relative losses due to

disease of

improved variety

1 0.1

1/δϵ relative latent period

for improved crop

0.5 1

δν relative probability of

detection for

improved crop

1 0.1
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does the use of improved crop change depending on whether
it is disease tolerant or resistant?
2. Description
In our model of disease spread amongst a system of tomato
fields, there are two available crop varieties: unimproved
crop (U, ‘uncontrolled’ or ‘unimproved’) or an improved var-
iety (C, ‘controlled’). The latter has some degree of tolerance
and/or resistance depending on the scaling of certain epide-
miological and economic parameters. We can break down
this tolerance/resistance continuum into six parameters
(table 1), which relate to how TYLCV is transmitted and
the losses sustained when a field is infectious.

We classify fields based on their infectious states (suscep-
tible, S; latently infected and asymptomatic, E; or infectious
and symptomatic, I) and by the variety with which they are
planted (subscripts U and C). We do not model within-field
disease spread and assume that the two control strategies
are mutually exclusive: a field cannot be planted with both
unimproved and improved crop.

Susceptible fields are infected with TYLCV (transmitted
by viruliferous B. tabaci) at rate β or δββ for unimproved
and improved crops, respectively. Once infected (and pro-
vided they are not first harvested), fields remain latently
infected (i.e. are asymptomatic and cannot transmit disease)
for an average of 1/ϵ, days, after which they become infec-
tious. Crop that is resistant to infection has an extended
latent period, as symptoms take longer to develop. The
latent period is increased by a factor of deR , 1 (ensuring
that deRe , e). Fields are harvested on average every 1/γ
days, irrespective of their control type or infection status.

By restricting within-host viral replication, resistant crop
also has a reduced probability of transmitting disease. The
relative infectivity of a resistant field is given by ds.
We also add roguing as a control mechanism enacted by
all growers irrespective of the crop variety they use. Roguing
infected plants is a common practice for management of
TYLCV [44–47]. In line with our assumption regarding symp-
tom emergence and infectivity, only infectious crops (Ii,
i∈ {U, C}) are rogued. Visual scouting for infection occurs
at time intervals of Δ.

Tomato is a climacteric fruit, meaning it can ripen once
harvested from the plant [48]. Growers, therefore, who har-
vest before ‘full maturity’ call still gain marketable product
[48], though there will be a yield penalty for early harvest
as immature fruit have inferior flavours and are more suscep-
tible to damage [49]. As this penalty is less than the loss due
to disease, growers who detect infection in their fields will do
better by prematurely harvesting all crop to prevent disease
progression (reducing losses by a factor ϕR).

The degree of symptom severity will differ between
unimproved and improved crop. As such, each crop type
will have its own probability of detection (ν and δνν).
We presume that when the improved crop has ‘tolerant’
characteristics, the milder symptoms result in a low prob-
ability of detection (i.e. δν < 1; table 1). However, if the
improved crop has ‘resistance’ characteristics but neverthe-
less becomes infected, it is detected with the same
probability as the unimproved crop (i.e. δν = 1). The average
length of time to detect an infectious field is therefore given
by Δ/ϵ and D=ðdeeÞ

The emergence of symptoms occurs at a constant rate (1/ϵ
or 1=dee ) and can therefore occur at any time between the pre-
vious round of surveys (when the fieldwas asymptomatic) and
the following round (when the field is symptomatic). Infectious
fields will, on average, be symptomatic for half of this time
period (Δ/2).

Unimproved and controlled fields are removed at rates μU
and μC, respectively, which are given by [50]

mU ¼ 1
(ð1=nÞ � ð1=2Þ)D ð2:1Þ

and

mC ¼ 1
(ð1=dnnÞ � ð1=2Þ)D : ð2:2Þ

As we are modelling on the scale of a field, we presume
that if a field is rogued, it is then replanted immediately
with healthy crop. The epidemiological model is given by

dSC
dt

¼ gCþ mCIC � dbbSCðIU þ dsICÞ � gSC, ð2:3Þ
dEC

dt
¼ dbSCðIU þ dsICÞ � deeEC � gEC, ð2:4Þ
dIC
dt

¼ deeEC � mCIC � gIC, ð2:5Þ
dSU
dt

¼ gU þ mUIU � bSUðIU þ dsICÞ � gSU , ð2:6Þ
dEU

dt
¼ bSUðIU þ dsICÞ � eEU � gEU ð2:7Þ

and
dIU
dt

¼ eEU � mUIU � gIU , ð2:8Þ

where C = SC + EC + IC and U = SU + EU + IU.
The rate of roguing applies to the field level, but when we

calculate the profits for each strategy we do so for individual
growers. Roguing aims to minimize yield loss; the losses due



Table 2. Summary of parameter values. When the parameter relates to improved crop, the first value is for tolerant crop and the second for resistant.

parameter meaning value reference

1/γ length of the growing season 120 d [51,52]

β rate of secondary infection 0.055/N d−1 field−1 see main text

Δ time between roguing 120 d illustrative

ν probability of detection 1 illustrative

μU removal rate (unimproved) 1/60 d−1 illustrative

μC removal rate (improved) 1/60 or 1/1140 d−1 illustrative

1/ϵ average latent period 41 d [43,53]

η responsiveness of growers 10 [32]

Y maximum yield 1 all values scaled relative to yield

L loss due to infection 0.6 [40]

ϕC cost of improved crop 0.1 [54]

ϕR relative reduction in loss due to roguing 0.7 illustrative

N total number of fields/growers 1 scaled to 1

Table 3. Default initial conditions. These are scaled to be proportions (i.e.
N = 1).

variable meaning value

SC(0) initial proportion of susceptible

controlling fields

0.1 N

EC(0) initial proportion of latently infected

controlling fields

0 N

IC(0) initial proportion of infectious

controlling fields

0 N

SU(0) initial proportion of susceptible

non-controllers

0.89 N

EU(0) initial proportion of latently infected

non-controlling fields

0 N

IU(0) initial proportion of infectious

non-controllers

0.01 N
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to disease (L) are thus reduced by a factor ϕR < 1 that rep-
resents the relative benefit of harvesting an infected field
before the end of the season and thus avoiding the maximum
yield loss. We assume that roguing and replanting of a
rogued field occur instantaneously. The benefit provided by
roguing appears in the profits of those growers that rogued
an infectious field.

Parameters for this model are summarized in table 2, and
initial conditions are outlined in table 3.

2.1. Parametrization
Where possible, parameter values were taken from the litera-
ture. A summary of the parametrization is given in table 2,
with full details discussed in electronic supplementary
material, appendix 2.

2.2. Growers’ profits
To determine the benefits provided by each strategy, we esti-
mate the expected profits of a grower using a particular
strategy. These are then compared with the grower’s profit
from the previous season to determine if the grower should
consider switching strategy. These profits account for the
costs and losses associated with each crop type and infection
outcome and are given by

PSU ¼ Profit for non-controller with a susceptible field ¼ Y,

ð2:9Þ

PEU ¼ Profit for non-controller with latently infected field ¼ Y,

ð2:10Þ

PIUH ¼ Profit for non-controller with an infected field that

was not rogued ¼ Y� L, ð2:11Þ

PIUR ¼ Profit for non-controller with an infected field

that was rogued ¼ Y� fRL, ð2:12Þ

PSC ¼ Profit for controller with a susceptible field

¼ Y� fC, ð2:13Þ

PEC ¼ Profit for controller with latently infected field

¼ Y� fC, ð2:14Þ

PICH ¼ Profit for controller with an infected field

that was not rogued ¼ Y� fC � dLL, ð2:15Þ

PICR ¼ Profit for controller with an infected field and

that was rogued ¼ Y� fC � fRdLL: ð2:16Þ

The profit for an uninfected or latently infected field using
unimproved crop (PSU or PEU) will always the maximum
achievable profit, as at the time of harvest these growers
have avoided paying the cost of control or incurring any
losses due to infection. We differentiate between profits of
growers with infectious fields by whether their field was
rogued before harvesting and thus had a lower yield loss
(ϕRL or ϕRδLL).

As we only consider the case where the costs of control
are less than the losses due to disease in unimproved crop
(ϕC < L), the relative sizes of the remaining profits depend
on the tolerance/resistance characteristics of the improved
crop. Under the default parametrization provided in tables
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1 and 2, tolerant crop, where δL L < L, the order of profits is

PSU ¼ PEU . PSC ¼ PEC . PICR . PICH . PIUR . PIUH

ð2:17Þ
and for the default resistant background is, where δLL = L

PSU ¼ PEU . PSC ¼ PEC . PIUR . PIUH . PICR . PICH:

ð2:18Þ

A full explanation of these orderings is found in electronic
supplementary material, appendix 2.

In the case where there is a fixed proportion of growers
using each strategy, we can quantify the benefit each strategy
provides by calculating the average profits for a grower using
each crop type. To do this, we must first define the prob-
ability that an infectious field has not been rogued (qIUH

and qICH for unimproved and improved fields, respectively),

qIUHjIU ¼ g

gþ mU
ð2:19Þ

and

qICHjIC ¼ g

gþ mC
, ð2:20Þ

and the field has been rogued, which is expressed as follows:

qIURjIU ¼ mU

gþ mU
ð2:21Þ

and

qICRjIC ¼ mC

gþ mC
: ð2:22Þ

The average profits for unimproved (PU) and improved (PC)
crop are given by:

PU ¼ SUPSU þ EUPEU þ ðg=ðmU þ gÞÞIUPIUH þ ðmU=ðmU þ gÞÞIUPIUR

U
,

ð2:23Þ
PC ¼ SCPSC þ ECPEC þ ðg=ðmC þ gÞÞICPICH þ ðmC=ðmC þ gÞÞICPICR

C
,

ð2:24Þ
where U = SU + EU + IU and C = SC + EC + IC.
2.3. Calculating expected profits
As mentioned earlier, growers were assigned a control strat-
egy at the beginning of the epidemic and could not change
to the alternative, irrespective of profitability or grower pref-
erence. However, it is expected that growers will instead
choose whether to control based on the perceived profitabil-
ity of control, which will depend on parameters such as the
cost of control and also the current risk of infection.

We use the ‘grower vs alternative’ mechanism for
decision-making, as set out in [30–33]. In this behavioural
model, growers compare their outcome from the previous
season with the expected profit of the alternative strategy
(i.e. the strategy that they did not previously adopt), which
in turn is based on the instantaneous probability of infection.
The probability that they change strategy is then based on the
magnitude of the differences between their previous profit
and the profit of the alternative strategy.

The full mathematical derivation of the expected profits is
found in electronic supplementary material, appendix 1. The
expected profits for a non-controller, PU is therefore given by

PU ¼ Y� qU
e

eþ g
L

g

gþ mU
þ mU

mU þ g
fR

� �
ð2:25Þ

and
PC ¼ Y� fC � qC

dee

deeþ g
dLL

g

gþ mC
þ mC

mC þ g
fR

� �
, ð2:26Þ

where qU is the probability of infection for an uncontrolled
field ððbðIU þ dsICÞÞ=ðbðIU þ dsICÞ þ gÞÞ and qC is the
probability of infection for a controlled field
ððdbbðIU þ dsICÞÞ=ðdbbðIU þ dsICÞ þ gÞÞ (electronic supple-
mentary material, appendix 1).
2.4. Switching terms based on the expected profits
From equations (2.25) and (2.26), we can base determine the
probability of a grower of outcome i∈ {SU, EU, IU, SC, EC, IC}
switching into the alternative strategy [32]. These ‘switching
terms’ compare the difference between the grower’s profit
from the previous season with the expected profit of the strategy
that they did not adopt. These differences are multiplied by a
‘responsiveness’ parameter, η, which accounts for the respon-
siveness of growers to differences in profit [32]. If
the expected profit is less than the grower’s current profit, the
grower should not switch strategy. The payoff for a non-control-
ler that harvests susceptible crop (PSU and, for the default
parametrization, PEU from latently infected fields) should
always be the highest as they do not pay the cost of control
or losses due to disease. These growers should therefore never
switch strategy. Which is the lowest payoff will depend on
the strength of the tolerance or resistance traits in the improved
crop, as well as the relative costs (equations (2.17) and (2.18);
electronic supplementary material, appendix 2). If it is tolerant,
the loss for tolerant crop will be less than that of unimproved
crop (δL L< L). Consequently, PIUR is the lowest payoff. Con-
versely, if the improved crop is resistant, δL L= L and the cost
of control means that PICR is the lowest payoff.

The switching terms are given by

zSU ¼ max (0, 1� e�hðPC�PSUÞ), ð2:27Þ
zEU ¼ max (0, 1� e�hðPC�PEUÞ), ð2:28Þ
zIUH ¼ max (0, 1� e�hðPC�PIUHÞ), ð2:29Þ
zIUR ¼ max (0, 1� e�hðPC�PIURÞ), ð2:30Þ
zSC ¼ max (0, 1� e�hðPU�PSCÞ), ð2:31Þ
zEC ¼ max (0, 1� e�hðPU�PECÞ), ð2:32Þ
zICH ¼ max (0, 1� e�hðPU�PICHÞ) ð2:33Þ

and zICR ¼ max (0, 1� e�hðPU�PICRÞ): ð2:34Þ

Incorporating these into the epidemiological model, we
have

dSC
dt

¼ guC � dbbSCðIU þ dsICÞ þMC � gSC, ð2:35Þ
dEC

dt
¼ dbbSCðIU þ dsICÞ � deeEC � gEC, ð2:36Þ

dIC
dt

¼ deeEC � mCIC � gIC, ð2:37Þ
dSU
dt

¼ guU � bSUðIU þ dsICÞ þMU � gSU , ð2:38Þ
dEU

dt
¼ bSUðIU þ dsICÞ � eEU � gEU ð2:39Þ

and
dIU
dt

¼ eEU � mUIU � gIU, ð2:40Þ



MC

susceptible
controllers

(SC)

susceptible
non-controllers

(SU)

latent
controllers

(EC)

latent
non-controllers

(EU)

infected
controllers

(IC)

infected
non-controllers

(IU)

γSC

γ θC

γ θU

γEC
γ IC

γ IU

βCSC (IU +σIC)

βUSU (IU +σIC)

γSU

MU
MU =  μU (1 – zIUR) IU + µCzICRIC

MC = μC (1 – zICR) IC + µUzIURIU

γEU

replanting terms

θU = SU +EU + (1 – zIUH) IU + zSCSC +

(1 – zICH) IC + zEUEU + zIUH IU

θC = (1 – zSC) SC + (1 – zEC) EC +

replanting
horizontal
infection

roguing and
replanting

development of
infectiousness

harvestingCEC

μCIC

μUIU

UEU zECEC + zICHIC

Figure 1. Schematic showing the structure of the model when growers can choose their strategy based on expected profits. We have two classes of grower, those
who use unimproved seed (U) and those who use improved seed (C). This improved seed comes in one of the two varieties: tolerant or resistant. The terms θC and
θU are the rates of replanting for harvested improved and unimproved fields, whilst MC and MU are rates of replanting for rogued fields (equations (2.41)–(2.44),
with the total replanting rate of rogued fields given by: MC + MU = μC IC + μU IU). Created with BioRender.com.
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where

uC ¼ ð1� zSCÞSC þ ð1� zECÞEC þ ð1� zICHÞIC þ zIUHIU ,

ð2:41Þ
uU ¼ SU þ ð1� zEUÞEU þ ð1� zIUHÞIU þ zSCSC

þ zECEC þ zICHIC, ð2:42Þ
MC ¼ ð1� zICRÞmCIC þ zIURmUIU , ð2:43Þ
MU ¼ zICRmCIC þ ð1� zIURÞmUIU ð2:44Þ

and N ¼ SC þ EC þ IC þ SU þ EU þ IU: ð2:45Þ
We highlight here that in equation (2.42), SU and EU are not
associated with any switching terms as for our parametriza-
tion, and the values of zSU and zEU are zero. A schematic of
the model is presented in figure 1.

Which switching terms are positive or fixed at zero
depends on the parameter values and the epidemiological
state of the system. Due to the ordering of the payoffs, only
certain combinations of positive switching terms are possible
(electronic supplementary material, appendix 2).
3. Results
3.1. Q1: Externalities of tolerant and resistant crop with

fixed proportions of growers
3.1.1. Basic reproduction number, R0
When there is only one type of crop (improved, which can be
either resistant or tolerant, or unimproved), the basic repro-
duction numbers are as follows:

R0U ¼ beN
ðmU þ gÞðeþ gÞ ð3:1Þ

and
R0C ¼ dbbdeedsN

ðmC þ gÞðdeeþ gÞ , ð3:2Þ

where for R0U, N =U and for R0C, N =C. In these expressions,
ϵ/(μU + γ)(ϵ + γ) and δϵϵ/(μC + γ)(ϵ + γ) are the probabilities
that a field will become infectious before it is harvested for
unimproved and controlled fields respectively. The mean
time spent in the Ii compartment is 1/(μi + γ) (with i∈ {U,
C}) the number of infections given caused by these infectious
fields is βU or δββC for unimproved or improved, respect-
ively. The value of R0C also accounts for the reduced
infectivity of infectious improved crop (δσ).

We use the next-generation matrix (NGM) method [55] to
evaluate R0 when both crop types are present at the disease-
free equilibrium (DFE) (i.e. (SU, EU, IU, SC, EC, IC) = (U, 0, 0, C,
0, 0)) (see electronic supplementary material, appendix 3).

R0, when both crop types are present, is given by

R0 ¼ U
N
R0U þ C

N
R0C,

¼ beU
ðgþ mUÞðgþ eÞ þ

dbbdeedsC
ðgþ mCÞðgþ eÞ: ð3:3Þ

This is a combination of equations (3.1) and (3.2), scaled in
proportion with the proportion using each crop type [56,57].
3.1.2. Effect of changing proportion of improved crop
We first consider the effect of an increased proportion of
improved crop on the expected profits of growers of each
type. By using the default parameters outlined in table 2,
we can see that an increase in the proportion of growers
using tolerant crops has a little impact on the expected
profit of controllers (decreasing profits by approx. 1%),
though reduces those of non-controllers (figure 2a). As toler-
ant crops have a lower probability of being detected (δνν =
0.1) and thus a lower removal rate (μU), having more tolerant
crop increases the disease pressure, and fewer infectious
fields are removed via roguing (figure 2c).

Conversely, an increase in the proportion of resistant
crops provided much greater benefits to non-controllers
than to controllers (figure 2b). Controllers already had a rela-
tively low probability of infection, so their average profit is
already close to the maximum possible (PSC = 0.85). Thus, a
decrease in the probability of infection due to an increased
proportion of growers using resistant crop provides little

https://BioRender.com
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additional benefit. With a sufficient proportion of resistant
crops, disease is eliminated from the system (figure 2d ).
However, in this scenario, controllers had to continue
paying the cost of control (ϕC) even though there is a little
need for control, so the controllers earn less than the
non-controllers.

In both of these graphs, the deviation from the average
profits where there is no improved crop in the system (C = 0,
indicated by the grey dashed line) can be seen as the magni-
tude of the externalities generated by each crop type. As an
increase in tolerant crop causes PU to decrease, it generates
negative externalities. Conversely, the resistant crop reduces
the probability of infection and thus generates positive extern-
alities, increasing PU. The increase in PU at higher values of C
(from PU = 0.91 when C = 0 to PU = 1 when C = 0.99) is greater
than the corresponding increase in PC (from PC = 0.836 when
C = 0 to PC = 0.9 when C = 0.99), indicating that a greater
benefit is felt by non-controllers than by controllers.

We have shown the above for only a single set of
parameters, but the broad patterns are recapitulated for par-
ameters controlling the effectiveness of the tolerant/resistant
crop (namely, the probability of detection of improved crop
(δνν) and the relative susceptibility of improved crop (δβ) (elec-
tronic supplementary material, appendix 4, figures 1 and 2)).

3.2. Q2: Effect of initial conditions on long-term
outcomes in the behavioural model

The complexity of the model (in particular, the presence of
the switching terms) means that explicit expressions cannot
be found for the values of state variables at equilibrium.
However, their values and the stability of the equilibria can
be evaluated numerically.
By using the NGM method (see electronic supplementary
material, appendix 5), we found the basic reproduction
number for the behavioural model to be

R0 ¼ beN
ðmU þ gÞðeþ gÞ : ð3:4Þ

Broadly, this determines the stability of the DFE, as dis-
ease can only invade the system once R0 > 1. In some cases,
however, bistability is possible, and there may be multiple
possible equilibria below this threshold depending on the
initial conditions [58].

The long-term outcomes of the model can be divided into
one of four types:

— DFE. As R0 < 1, there are no infected fields. As there is no
risk of infection, no growers use improved crop (and
therefore avoid the cost of control, ϕC).

— ‘No control’ equilibrium. Disease is endemic, but no
growers use improved crop.

— ‘All-control’ equilibrium. Disease is endemic and no
growers use unimproved crop.

— Two-strategy equilibrium. Disease is endemic and crops of
both varieties are used.

For a given parameter set, it may be that two of these equili-
bria are locally stable, depending on the initial conditions.

The parametrization of the model, both in terms of
whether the improved crop is tolerant or resistant and its
degree of tolerance and resistance, determines the subset of
possible long-term outcomes. When the improved crop was
resistant, an ‘all-control’ equilibrium was not possible
(figure 3a). The positive externalities generated by the pres-
ence of resistant crop disincentivizes non-controllers from
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using improved crop, as they have a lowered probability of
infection without themselves being infected. Thus, as the pro-
portion using resistance reaches increasingly high levels,
fewer non-controllers will switch to using the control scheme.

When the improved crop was tolerant, however, such an
‘all-control’ equilibrium was possible (figure 3b). The primary
benefit of tolerant crop is that, when infection occurs, there is
a lower loss of yield compared with unimproved (or resist-
ant) crop. As there is no reduction in the viral titre, tolerant
crops are just as likely to act as sources of infection as unim-
proved crops. Thus, the benefits of planting tolerant crop are
experienced by the grower that plants tolerant crop, so there
is no disincentive for other growers to also use it.

We then further investigated the initial conditions that
could lead to bistability. Figure 4a shows the effect of the
rate of horizontal transmission (β) on the stability of equili-
bria. There is a bistable region between β = 0.02 and
0.0333 d−1, and which equilibrium (either the disease-free
or all-control equilibrium) is attained will depend on initial
conditions. The discontinuous system leads to kinks in the
graphs, whose ordering follows that outlined in electronic
supplementary material, appendix 2.

The initial proportions of growers using tolerant crop
(SC0 + EC0 + IC0) and infectious fields (IU + IC) had a large
impact on the final proportion of infectious fields. We did
this for β = δββ = 0.0028 d−1, which is within the bistable
region in figure 4a. At very low levels of both initially con-
trolled and infectious fields, the system always goes to the
DFE, with no disease persisting (figure 4b). As both increase,
disease is more likely to invade until both controlled, and
infectious fields are sufficiently high that the system will
always go to a disease-endemic equilibrium.

We compared two sets of initial conditions, which
differed in their initial proportion of infectious fields. In
figure 4c, SC0 + EC0 + IC0 = 0.1 (i.e. initially 10% of fields are
planted with improved crop). In the ‘high infection’ scenario,
10% of fields are infectious; for the ‘low infection’ scenario,
this is just 1%. In the former scenario, disease persisted at
equilibrium, whilst it died out in the latter.
The ratio of initially infectious improved and unimproved
crop (figure 4d) was important in determining disease persist-
ence. If 70% of initially infected fields were tolerant ((SU0, EU0,
IU0, SC0, EC0, IC0) = (0.83, 0, 0.03, 0.03, 0, 0.07); ‘high IC’) disease
persisted as shown in figure 4c. However, if there were fewer
infectious tolerant fields ((SU0, EU0, IU0, SC0, EC0, IC0) = (0.83,
0, 0.07, 0.07, 0, 0.03); ‘low IC’), disease died out. Although
this is not the only condition for disease persistence when
R0 < 1, as at high levels of IU0, disease can persist even if
there are no IC0 fields, these results cumulatively suggest that
the presence of infected tolerant crop early in the epidemic
can lead to alternative equilibrium being attained. This is poss-
ibly driven by the lower probability of detection of tolerant
crop (δνν = 0.1), which means that it is not removed quickly
once it becomes infectious and allows disease to spread.
3.3. Q3: Impact of tolerant or resistant crop on grower
behaviour

3.3.1. Effect of epidemiological and economic parameters on
grower behaviour

We first investigated the impact of changes to the rate of hori-
zontal transmission on the adoption of improved crop. For all
values of the rate of horizontal transmission in non-improved
crop (β), the proportion of infected fields was higher when the
improved crop was tolerant than when it was resistant (figure
5a vs b). Disease could also invade at a lower value of β (in the
bistable region where R0 < 1). The expected profits for both
strategies were higher when there was resistant crop (figure
5c,d), and the non-controllers gained more benefit from
others using the resistant crop than from the tolerant crop.

Generally, for both crop varieties, as β increased so too did
the proportion of fields controlling. With the tolerant
improved crop, this led to a higher proportion of infectious
fields (IU + IC; figure 5b), as tolerant crops have a reduced
probability of being rogued, so there is a higher disease
pressure on other fields in the system. Once disease invades
at no point should growers of either strategy that have
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susceptible or latently infected fields switch strategy as
PU < PSC,EC and PC < PSU,EU.

The trend is broadly similar for resistant crop. However, as
β increases, there is a decrease in the proportion controlling. As
PU approaches PSC,EC, fewer growers managing fields of these
types should switch strategy. However, the increase in infec-
tion pressure means that more of these fields will become
infected, achieving the lowest payoff. Thus, the growers have
a non-zero probability of switching strategy.

Once β > 0.067 d−1 (marked by the vertical dashed line in
figure 5), the proportion of controllers falls. At this point, the
high infection pressure means the expected profits of non-
controllers exceed those of susceptible or latently infected
controllers, so they do not switch strategy (PU > PSC = PEC).
Yet the fields of these controllers are still likely to get
infected as resistance is incomplete, so the growers will
incur the double penalty of the cost of control and loss
due to disease. Thus, as PICH,ICR < PU for all values of β,
growers managing infected fields with improved crop
should always consider switching strategy. As there are
now fewer fields planted with resistant crop and the overall
disease pressure increases, so too does the number of
infectious fields.

The response to infection rate changed for different values
of the cost of control, ϕC (figure 6). When the parametrization
was tolerant (figure 6a), bistability existed for values of ϕC < =
0.3, though the region where bistability was possible nar-
rowed as the cost of control increased. When ϕC = 0.1 or 0.2,
there existed a scenario where grower behaviour meant that
only tolerant crop was possible. Even at very high costs of
control (ϕC = 0.5), some growers nevertheless controlled at
equilibrium.

When the improved crop is resistant, disease can only
invade once R0 > 1, irrespective of the cost of control. Once dis-
ease invades, control only persists for a narrow range of β, as
above a certain threshold, control is seen as too costly (as
growers are more likely to pay the dual penalty of the cost of
control and loss due to disease, LC, thus earning the lowest
possible profit, PICH). The range for which resistant crop is
used at all is narrower for larger values of ϕC. The kinks in
this graph (such as in figure 6a when ϕC = 0.3 and β = 0.78 d−1

or figure 6b when ϕC = 0.1 and β = 0.72 d−1) are caused by
changes in the switching terms, discussed in detail in electronic
supplementary material, appendix 6, figure 1.
3.3.2. Comparison of profits for tolerant and resistant crop
We now compare the expected profits at equilibrium for con-
trollers and non-controllers when the improved crop is either
tolerant or resistant (figure 7, which shows the difference in
expected profit for non-controllers (a) and controllers (b)
when crop is resistant and when it is tolerant). The expected
profits for unimproved, tolerant and resistant crop are shown
in electronic supplementary material, appendix 6, figure
3. When generating these graphs, we chose initial conditions
that would always guarantee a disease-endemic equilibrium
in the bistable region to ensure that differences are calculated
between comparable equilibria (IU0 + IC0 = 0.15, SC0 + EC0 +
IC0 = 0.2, figure 4b).
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Directly comparing the types of improved crop and their
effect on the expected profits we can see that for non-control-
lers, the presence of the improved crop in the system is
always more beneficial when crop is resistant (figure 7a).
However, whether tolerant or resistant crop improves control-
lers’ profits depends on parameter values (figure 7b). At
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low-to-medium costs of control (ϕC) and transmission rates
(β), those growing resistant crop earn slightly more than
they would if they used tolerant crop. Both improved crop
types cost the same amount (ϕC), so it is more advantageous
to use resistant crop when there is already a low probability
of infection, and effectively completely avoid incurring the
yield loss due to infection, than to be tolerant and risk
losing yield (even if the yield loss itself is small).

In both graphs, the increase and subsequent decrease in
the benefit of resistance for non-controllers and resistant con-
trollers that begins when β = 0.064 d−1 in figure 7a,b is caused
by changes in the switching terms (electronic supplementary
material, appendix 2) and changes in infection pressure.
4. Discussion
Although tolerance and resistance to disease have been widely
researched in plant biology, little thought has been given to the
distinct epidemiological consequences of deploying tolerant or
resistant varieties upon a community of growers, and none to
how this affects the decisions of growers to partake in control.
Growers’ behaviour more broadly, and its effects on epidemic
outcomes remains largely overlooked in plant disease epide-
miology (with some exceptions including [30–33,59–61]).
Here, we investigated the effect of a fixed proportion of
‘improved’ crop (with either tolerant or resistant character-
istics) on growers’ profits and subsequently how this affected
growers’ use of improved crop when given the choice.
Although themodels we developed can in principle be applied
to a broad range of pathosystems, we demonstrate the model
using TYLCV as a case study.

As is intuitive from the underlying epidemiology, when a
fixed proportion of growers was assigned tolerant crop, there
was an increase in the proportion of infectious fields compared
with when the improved crop was resistant (figure 2b vs d).
However, for the tolerant crop, the negative impact of having
more infectious fields was predominantly felt by the growers
using unimproved crop, who saw a larger fall in profits than
the controllers. This was due to the negative externalities gener-
ated by the use of tolerant crop; as tolerant crop has reduced
symptom development, it has a lower rate of removal via
roguing. This allowsmoredisease to build in the system, increas-
ing the probability of infection for fields with unimproved crop
and consequently reducing the profit of non-controllers.

When there was a constant proportion of growers using
each strategy, when the proportion using resistant crop, C >
0.55, disease goes extinct (figure 2d ). Despite the increase in
profits experienced by all growers when disease was elimi-
nated via the use of the resistant crop, most of the benefit
was experienced by non-controllers, who saw a more sub-
stantial increase in profits than the controllers (figure 2b).
This echoes past studies showing that if some proportion of
growers in a landscape do control for disease, the benefits
are widely felt [9,19,22]. In our case, growers of resistant
crop generated positive externalities, benefiting others
whilst incurring a cost themselves. Thus, the resistant crop
is more beneficial to growers of both strategies than tolerant
crop (which cannot be used to eliminate disease and increase
the payoffs of non-controllers).

The nature of these contrasting externalities suggests that,
given the choice, relatively few growers should choose to use
resistant crop when available as they will gain more benefit
when they do not (i.e. they will ‘free-ride’ off of the costs
incurred by controllers). Similarly, it suggests growers using
tolerant crops incentivizes others to do so too, as they will
have higher yields when infected. To investigate these
dynamics, we included growers’ behaviour in our disease
spread model, with growers evaluating profitability based
on the ‘grower vs alternative strategy’ method described
in [32] (which takes the same form as decision models
in [30,31,33]). In this model, growers compared their own
outcome from the previous season (i.e. whether they had a
rogued field that had resistant crop, a susceptible field with
unimproved crop) with the average expected profit of the
alternative strategy. The model is based on ‘strategic-
adaptive’ expectations, which balance a grower’s previous
experience against the probability of future events [62].

Once growers’ behaviour is introduced, the threshold pro-
portion of growers using resistant crop needed to eliminate
disease is never reached, even at high disease pressures
(figure 3a). This is because of ‘free-riding’; growers gain more
benefit from the protection provided by others using resistant
crop than they would if they themselves used resistant crop
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(in figure 5c, the expected profit for non-controllers is higher
than for controllers (PU > PC)). Thus, although the use of resist-
ant crop can theoretically lead to disease elimination, when
considering the behaviour of growers it is not possible.

When the improved crop was tolerant, however, bistabil-
ity between disease-free and disease-endemic equilibria was
observed when the basic reproduction number (R0) was less
than unity (figure 3b). Previous epidemiological models
including factors such as imperfect vaccination, risk-structure
or re-infection (e.g. [63,64], summarized in [58]), vector
dynamics [65,66], fungicide application [67] or aspects of
individual behaviour [68,69] have also identified such
bistable regions. In our case, changing the rate of horizontal
transmission (β = δββ for the tolerant parametrization)
induced this bistability, and whether the system went to a
disease-free or disease-endemic equilibrium depended on
the initial proportion of infectious fields and initial proportion
of controllers (figure 4b). Increasing the cost of control reduced
the size of the region in parameter space in which bistability
was observed (figure 6a). If the cost of control is sufficiently
high such that the tolerant crop is never more profitable than
unimproved crop, the bistable region is eliminated. Bistability
was not observed when the improved crop had the default
resistant parametrization (figures 3a and 6b). Thus, the use
of tolerant crop may lead to less predictable outcomes at
lower values of δββ, as having a R0 < 1 is no longer sufficient
to prevent disease spread.

When growers’ behaviour was introduced, an ‘all-control’
equilibrium, where all growers used improved crop, was
attained at low rates of horizontal transmission for the toler-
ant parametrization (figure 5b). As seen for the fixed
proportions, however, this was accompanied by a higher
number of infectious fields and correspondingly low
expected profit for non-controllers (figure 5a). It is these
low expected profits for non-controllers that drive the
higher participation in control, as the profits for those using
tolerant crop remain high irrespective of the infection
pressure. The benefits of using tolerant crop are felt privately
by those using it, generating negative externalities for others.

Conversely, such an ‘all-control’ equilibrium was not
achieved when the improved crop was resistant, since it gener-
ates positive externalities for non-controllers (figures 3a and
5b). This is a product of both how the model was set up and
the nature of the externalities produced. As the lowest possible
payoff was achieved by growers of resistant crop that did not
rogue their fields (PICH), any of these growers should always
have a non-zero probability of switching strategy (zICH > 0).
Thus, there will always be non-controllers at equilibrium. In
addition, the reduced probability of infection meant that the
need to control was reduced, disincentivizing growers from
switching to the costly control strategy. This conflict between pri-
vate and social benefits is often observed in epi-economic models
and is theorized to be the reason why many vaccination schemes
fail to achieve a socially optimal level of vaccination [16,70,71].

Interestingly, despite the positive feedback loop induced by
the use of tolerant crop, a mixed ‘unimproved and tolerant
crop’ equilibrium was possible. In this equilibrium, even
though the growers of tolerant crop should all switch strategy
(PU > PSC,EC,ICR,ICH), the growers of unimproved crop with
infectious fields should also switch strategy (PC > PIUH,IUR).
Growers of tolerant crop switch strategy because, for all combi-
nations of pairs of values of β and ϕC which corresponds to a
mixed equilibrium in figure 3, PU (the profit for unimproved
crop) is greater than the profits for at least one of the outcomes
that can be attained by a grower of the tolerant variety. At the
higher costs of control, PU > PSC, PEC, PICR and PICH. However,
for all regions of the mixed equilibrium, at least one group of
tolerant growers should be switching strategies (i.e. one of
equations (16)–(18) in Scenario (i) of electronic supplementary
material, appendix 2 should be true). This causes a flow
between the two strategies—tolerant and unimproved—and
this in turn leads to a mixed equilibrium. The existence of a
mixed equilibrium is not critically dependent on the parametri-
zation adopted for figure 3, and amixed equilibrium is possible
for parametrizations corresponding to the other scenarios
identified in electronic supplementary material, appendix
2. In particular, the flow between tolerant and unimproved
can also be found in the following cases: equations (22)–(25)
of Scenario (ii), equations (28)–(30) of Scenario (iii) and
equations (34)–(36) in Scenario (iv). So long as there are flows
between both strategies, a mixed tolerant and unimproved
equilibrium is possible and is attained within our model.

For growers who choose to use improved crop, tolerant
varieties generally give better outcomes than resistant ones
(except in cases where infection is unlikely enough that the
probability of incurring the loss due to disease is low)
(figure 7b). This will generate lower payoffs for non-control-
lers, who earn higher profits when there are more resistant
fields (figure 7a). In our model, there was widespread use
of control when the tolerant crop was effective at reducing
yield loss and not too costly as to discourage control when
the probability of infection is low. However, this came at
the cost of increasing the level of infection in the system
and reducing the profits for non-controllers.

Several simplifying assumptions were made during this
investigation. Our model was deterministic and did not
account for spatial effects, both of which can influence epi-
demic outcomes. In our behavioural model, we assumed that
all growers would have access to the same information regard-
ing disease pressure and the expected profits. In reality, a
grower’s knowledge of these quantities will be highly depen-
dent on their communication network [31], their trust in
expert knowledge [72], their experience with previous out-
breaks [73] etc. How growers react to differences in profit
(represented by our parameter η) will also vary between indi-
vidual growers and will impact long-term outcomes [32].
Growers must balance these information sources with market
demands to make their decisions regarding disease control,
and become what Kaup terms the ‘reflexive producer’ [74].

Overall, this study has shown that tolerant and resistant
varieties of crop have different effects on disease outcomes
and provide benefits to different groups of growers (controllers
vs non-controllers). In particular, even when resistant cropwas
available, disease was never eliminated from the system (even
though it was theoretically possible) as too few growers chose
to use the resistant variety. This is an important consideration,
as previous studies have found optimal cropping ratios for
different sets of conditions (e.g. [75]); in reality, the strategic
decision making of growers, as well as other factors such as
their access to information or risk aversion, may mean that
these ratios are never attained. Accounting for these beha-
viours can help improve future models of control uptake and
in turn our understanding of how plant diseases spread.
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