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Summary  

Durable resistance to plant pathogens is highly desired but hard to achieve because the use of 

plant resistance selects for pathogen genotypes that break resistance. The effectiveness of 

resistance genes is therefore often short-lived, and breeders have to continually adapt varieties 

to challenges by novel genotypes of pathogens. We explore the effect of resistance gene 

deployment strategies and pathogen life-cycle components on the useful life of resistance 

genes, and search of management strategies that can prolong the useful life of plant resistance. 

Gene deployment strategies include sequential use of varieties with single resistance genes, 

stacking of resistance genes within one variety, simultaneous planting of multiple varieties 

with a single resistance gene, and a mixed strategy that combines the use of a variety with 

stacked resistance genes and varieties with single resistance genes. We developed two models 

at two scales: a regional scale and a national scale. The regional model takes the effects of 

spatial design into account in a difference equation framework that is mathematically 

transparent and efficient in terms of data requirements and calculation time. The second 

model simulates the spread of genotypes of yellow rust in France over time, using a spatially 

explicit integro-difference equation model. Both models were used to develop blueprints for 

spatial strategies of resistance gene deployment. These blueprints consist of variety choice 

and characteristics of spatial deployment, i.e. fraction of resistant fields and degree of 

clustering of wheat fields. In the general discussion, we propose additional characteristics of 

spatial deployment strategies that we plan to test in the coming year. 

The model results indicate that, when a small fraction of virulent pathogens is already present 

in the environment, the useful life of a variety with pyramided resistance genes is longer than 

the useful life of a variety with a single resistance gene. However, both the spatial implicit 

model at the regional scale and the spatial explicit model at national scale indicate that the 
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useful life of a pyramid is not always longer than twice the useful life of a single resistance 

gene. In general, the regional model showed that the useful life of a resistant variety is 

shortened if the pathogen has a greater number of generation per growing season of its host, 

or if a larger proportion of spores disperse between fields. Both models show that the useful 

life of a resistant variety is shorter at a higher proportion of resistant fields. The regional 

model analyses indicate that without fitness penalties for pathogen virulence, plant resistance 

cannot be made permanent. Nevertheless, deployment strategy can modify the durable life 

considerably. 

 

2. Objectives 

The objective of the work described here is to develop blueprints for spatial designs for 

resistant genotype deployment at regional to national scales. To find a management strategy 

that deploys plant resistance genes in the most durable way. We define a blueprint as a set of 

characteristics for spatial deployment of resistant varieties, e.g. fraction of resistant host, 

degree of clustering of the wheat fields, % wheat grown, in combination with optimal variety 

choice, e.g. use of single resistant varieties, stacking of resistance genes, using multiple 

resistant varieties simultaneously. Thus, the blueprint includes criteria for the combination of 

genes in cultivars and for the usage of those cultivars in space and time.   

We elaborated these objectives keeping in mind that models should be transparent, fast 

running and generic, and simulate population dynamics, selection and spread at multiple 

scales. This means, that the model frameworks had to be easily scalable. The model at 

regional scale (section 3) simulates consequences of spatial deployment but is not explicitly 

spatial. This model is used in a generic context, to address general questions on the efficacy of 

deployment strategies for pathogens that differ in life cycle and dispersal traits. The model at 
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a nationals scale is spatially explicit (section 4). It is parameterized for Puccinia striiformis f. 

sp. tritici the causal agent of yellow rust in wheat. Both models can be used for a range of air-

borne diseases by changing the characteristics of the population dynamics of the pathogen. 

 

 

Figure 1 Graphical representation of spread of spores in the models at regional and national level. In 

the regional model space is modelled implicitly. A fraction q of the produced spores in each field is 

released in the air and distributed evenly over all fields (§3.2). In the national model, a fraction q of 

the spores leave a field and spread according to a 2D student t spatial probability distribution. The 

probability of spore deposition decreases with distance from the source. In the regional model a 

fraction f of fields is planted with a resistant variety (depicted in bright green). In the model at national 

level wheat fields (black) are interspersed with non-host area (grey), of these wheat fields a fraction f 

is planted with a resistant variety. 

q q 

q 

q 

q 
q 

Model at regional level 

Model at national level 
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3. Model for genotype deployment at a regional level 

3.1 Objective 

The objective was to explore the effectiveness of different strategies for resistance gene 

deployment on the durability of resistance at a regional level. For this purpose, we developed 

a difference equation framework that is mathematically transparent and efficient in terms of 

data requirements and calculation time. We investigate here the effectiveness of different 

strategies of resistance gene deployment and ask how the effectiveness of different strategies 

is affected by ecological traits of the pathogen. 

 

The model is built on first principles. It considers the proportion of fields planted with 

different host genotypes, the proportion of spores that is dispersed between fields between 

each generation of the pathogen, and the number of pathogen generations per growing season 

of the host. It is assumed that resistance breaking genotypes are initially present at low 

frequency in the pathogen population. Gene deployment strategies include (1) sequential use 

of resistant varieties (one at a time) equipped with a single resistance gene (“sequential use”), 

(2) use of a single variety with multiple “stacked” resistance genes (“pyramiding”), (3) 

simultaneous use of multiple varieties with different resistance genes (“variety mixing”). For 

each strategy we determine the useful life, defined as the period during which the proportion 

of resistance breaking genotypes in the pathogen population stays below a threshold. 

Furthermore, we are interested in the effect of costs for virulence on the selection for the 

virulent pathogen. More generally, we are interested in the influence of the fraction of 

resistant fields on the useful life of resistance genes.  
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3.2 Model for pathogen population dynamics and genetics 

We model a gene-for-gene relationship where a pathogen can only infect a resistant host when 

the pathogen has lost its avirulence gene for that specific resistance. Avirulence genes are play 

a role in the production of a protein that is recognised by the resistant host. If a pathogen loses 

that gene by mutation, the protein is no longer produced and the pathogen can infect the host 

undetected. In other words, the pathogen became virulent and the host is no longer resistant 

for that specific genotype of the pathogen. We developed a spatially implicit population 

model for the spread and reproduction of avirulent and virulent pathogens in a landscape of 

susceptible and resistant hosts, over g growing seasons. A fraction f of the fields in the 

landscape are planted with a resistant genotype of the host (“resistant fields”) and a fraction 1-

f of the fields is planted with a susceptible genotype of the host (“susceptible fields”). The 

virulent genotype of the pathogen (“virulent pathotype”) can infect both hosts in the 

susceptible fields and hosts in the resistant fields, whereas the avirulent genotype of the 

pathogen (“avirulent pathotype”) can infect only the hosts in the susceptible fields. In the 

model, pathogens reproduce asexually, and both virulent and avirulent pathogens multiply 

with factor λ per each generation. There are τ generations of the pathogen in one growing 

season of the host. We assume that a fraction θ of the pathogen population P is virulent and 

that the remaining fraction, 1–θ, is avirulent. We further assume that the spores are 

completely mixed at the beginning of a growing season, i.e. each field receives virulent and 

avirulent pathogen propagules in the same ratio θ/(1–θ). The virulent pathogen can reproduce 

in all the fields but the avirulent pathogen in the susceptible fields only, therefore the total 

number of virulent pathogen propagules at the end of the first pathogen generation will be 

 ( )   ( )  ( )            (1) 

and the number of avirulent pathogen propagules will be 
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 ( )   (   )(   ( ))  ( )         (2) 

The total population is 

P(1) = V(1) + A(1)  =  ( )  ( ) + (   )(   ( ))  ( )                (3) 

Which can be rewritten as 

  ( )    ( )  ( )  (   )  ( )         (4) 

emphasizing that only the virulent pathogen reproduces in the resistant fields (whose fraction 

is f), while both the virulent and the avirulent pathogens reproduce in the susceptible fields. 

After reproduction the newly produced spores disperse by air. A fraction of the spores will 

disperse away from the field in which they are produced, while another fraction of the spores 

will remain in the field. We denote the fraction of spores that disperse away from the field in 

which they were produced with q. If there is a large number of fields, a fraction f of those 

dispersed spores will land in a resistant field. We do not take into account non-host fields, 

therefore a fraction 1 – f will arrive in a susceptible field. We do not take into account non-

host fields, even though non-host fields have a profound effect on loss of spores, (in a spatial 

implicit model) it will have an equal affect virulent and avirulent spores and thus not affect 

the selection process in favour of either genotype. The fraction of spores that will remain or 

arrive in a susceptible field is 1 – q + q(1-f) =  1 – fq, and the fraction of spores that remain or 

arrive in a resistant field is 1 – q + qf = 1– (1 – f)q. For the second generation, proportions of 

virulent and avirulent in the resistant and susceptible fields become 

  ( )  (  (   ) )  ( )   ( )     (   ) ( )   ( )    (5) 

  ( )  (    )(   ) ( )   ( )   (   )   ( )   ( )    (6) 

  ( )              (7) 

  ( )  (    )(   )(   ( ))   ( )       (8) 
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where R denotes the resistant fields and S the susceptible fields. At the end of the second 

generation the total virulent and avirulent population are 

 ( )   ( )   ( )                  (9) 

 ( )  (   )(    )(   ( ))   ( )      (10) 

When there is spore dispersal between fields, the total virulent and total avirulent pathogen 

populations at the end of the season, after completion of generation τ are 

 ( )   ( )   ( )          (11) 

 ( )  (   )(    )   (   ( ))   ( )      (12) 

Thus, the ratio of virulent versus avirulent genotypes thus changes from an initial value of 

 ( )

 ( )
 

 ( ) ( )

(   ( )) ( )
            (13) 

to 

 ( )

 ( )
 

 

(   )
 

 

(    )    
  

   
 ( ) ( )

(   ( )) ( )
       (14) 

at the end of the season. When there is spore dispersal, the growth factor of the number of 

virulent propagules relative to the number of the avirulent propagules over τ pathogen 

generations is thus 

  
 

(   )(    )              (15) 

The fraction q of spores dispersing between fields varies with the spatial scale. The larger the 

fields, the smaller the fraction of spores that leave the field, as a larger fraction will not be 

able to reach the borders. Furthermore, the fraction of spores dispersing is only important for 
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the avirulent pathogen, as the virulent pathogen can reproduce in all fields. Thus the growth of 

the virulent pathotype is independent of the deployment strategy. The effect of the 

deployment strategy on the growth of the virulent pathotype relative to the avirulent pathotype 

is solely caused by reduction in growth of the avirulent pathotype. This process would repeat 

over years, as crops are replanted elsewhere and the spores of the virulent and avirulent 

genotypes are randomly reallocated over resistant and susceptible crop genotypes at the start 

of each growing season. A geometric progression of the ratio  ( )  ( )⁄  with multiplication 

factor α per growing season g can be written as 

 ( )

 ( )
 

 ( )

 ( )
                       (16) 

where each growing season has τ generations of the pathogen. Such a geometric series of 

genotype ratios  ( )  ( )⁄  would imply that over years, the proportion of the virulent 

genotype in the population,  ( )   ( ) ( ( )   ( ))⁄  , would follow a discrete time 

logistic progression (De Wit, 1960). The time course of the prevalence of the virulent 

genotype in this simple situation is expected to be discrete logistic growth where the growth 

factor α is equal to one over the proportion of susceptible fields. However, this simple result 

assumes absence of spore dispersal. 

 

3.3 Deployment strategies 

3.3.1Sequential use versus pyramiding 

To develop a bench mark, we start with calculating the useful life of a single resistance gene 

in a single variety. Subsequently, we analyse the useful life of pyramiding two resistance 

genes in one variety, and the sequential use of two varieties with one resistance gene each. In 
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the case of a variety with one resistance gene, we take  ( )    as the starting frequency of 

the virulent pathogen, and, as above, α as the growth factor of the virulent pathogen relative to 

the growth of the avirulent in one growing season of the host plant. If we take    to be the 

threshold frequency above which yield loss becomes too high, we then can calculate u, the 

useful life until this threshold is met. For a host with a single resistance gene useful life u1 is 

calculated as,  

   

     
 

  

    
              (17) 

   
  (

  (   )

(    ) 
)

  ( )
            (18) 

The starting frequency for a double-virulent pathogen is taken as  ( )    , based upon the 

consideration that the co-occurrence of two rare genes, each with relative frequency β, should 

be equal to their product, β
2
. The useful life of the double resistant host, u2, is then calculated 

from 

   

     
 

   

     
              (19) 

 

giving the result: 

   
  (

  (    )

(    ) 
 )

  ( )
            (20) 

 

In practice, a variety is often first released with a single new resistance gene and when the 

resistance of this gene is (almost) broken down, another new resistance gene is added. This 

variety then contains two resistance genes, but one is already (partly) broken down, i.e. part of 
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the pathogen population has already a corresponding virulence allele. Therefore, the durability 

of the resistance of this variety will be close to that of a single resistance gene. When we 

assume that the virulent pathogen in the population of the already present resistance gene 

reached a frequency θ (θ ≥ θe) above which yield loss is already too high, and the fraction of 

pathogens that possess the matching virulence gene by chance for the new resistance gene is 

β, then the starting frequency of a pathogen that possess both virulences by chance is β θ, then 

the useful life of this pyramid starting from the moment it is deployed is: 

     
  (

 (    )

(   )  
)

  ( )
 

  (
    

(   ) 
)

  ( )
        (21) 

3.3.2 Multiple single resistant varieties 

Within actual landscapes there are usually multiple host varieties that can be susceptible or 

contain one or more resistance genes. To study how simultaneous growth of multiple resistant 

varieties affects the genotype dynamics within a pathogen population, we analysed a system 

with five varieties as an example. Four varieties each contain one unique resistance gene, 

while one variety is susceptible for all pathogen genotypes (“pathotypes”). We consider five 

pathotypes. Four of these, V1 , V2 , V3 and V4, are virulent to only one of the unique resistance 

genes and one that is universally avirulent, V0. The four virulent pathogens are only virulent 

on the variety with the resistance gene they can circumvent, but avirulent on the remaining 

three varieties. The pathogen population P consists of fractions θ1, θ2, θ3 and θ4 of the singly 

virulent pathogens, and a fraction θ0, of the avirulent pathogen, with             

    . We assume a mixture of fields with fractions f1, f2, f3 and f4 of fields with the single 

resistant variety and a fraction f0 susceptible fields, with                 . At the 

beginning of the first generation all pathogens are assumed to be distributed evenly over the 
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fields, therefore the population of the five pathotypes after one season of the host and τ 

generations of the pathogen is:  

 

  ( )  (     )(  (        ) )
     ( ) 

  ( )     (22) 

  ( )  (     )(  (        ) )
     ( ) 

  ( )     (23) 

  ( )  (     )(  (        ) )
     ( ) 

  ( )      (24) 

  ( )  (     )(  (        ) )
     ( ) 

  ( )      (25) 

  ( )    (  (             ) )
     ( ) 

  ( )      (26) 

The dynamics of the four virulent genotypes (i = 1, 2, 3, 4) and the one avirulent genotype (i = 

0) can be described with a single equation (see Annex I): 

  ( )  
 

∑ (
  ( )

(    )
 
  ( )

) 
   

         (27) 

with,  

     
  ( )  ( )

  ( )  ( )
          (28) 

this is the growth of pathotype i relative to pathotype j, which is expressed as the number of 

pathotype i at the end of the growing season relative to the number of pathotype j at the end of 

the growing season, divided by their fractions in the initial population.  

There isn’t a simple closed form solution for the useful life of the four resistance genes when 

used simultaneously, but it can readily be calculated numerically. We compare the result with 

the useful life for the sequential use of four resistance genes. When making this comparison, 
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we assume that the fraction of resistant fields f with sequential use is equal to the sum of all 

resistant fields when grown simultaneously, i.e.              . 

3.3.3 Cost of virulence 

In the cases considered so far, we assumed that virulent and avirulent pathogens are equally 

fit when reproducing on a compatible host plant. In these cases there is inevitably selection in 

favour of the virulent pathotypes because they reproduce in all fields whereas the avirulent 

pathotypes reproduce only in susceptible fields. Here we introduce a cost for having a 

virulence gene, and assume that having a virulence gene affects the virulent pathotypes’ 

overall reproductive success. In this case there is an effect in direct competition in the 

susceptible fields but also an effect on the reproductive success in the resistant fields in 

absence of the avirulent genotype. We assume that the virulent pathogen grows with factor (1 

– k ) in both the resistant and the susceptible fields. The parameter k expresses the fitness 

cost of virulence. The avirulent pathogen can multiply with a factor  in the susceptible fields 

only. The avirulent pathogen is unable to multiply in the resistant fields.  

When a fraction of spores leaves the fields between pathogen populations, at the end of the 

growing season the total virulent and avirulent population is given by  

 ( )  (   )  ( )   ( )          (29) 

 ( )  (   )(    )   (   ( ))   ( )       (30) 

The multiplication of the virulent pathogen relative to that of the avirulent pathogen over τ 

pathogen generations is then 

 

  
(   ) 

(   )(    )              (31) 
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3.4 Results 

3.4.1 Sequential use versus pyramiding 

Pyramiding two resistance genes is better using than sequential use of the same two genes in a 

single variety if the useful life of a pyramid variety, u2, is greater than the combined useful 

lifes of two subsequent single gene resistant varieties:        . Thus when, 

 

  (
  (    )

(    ) 
 )

  ( )
  

    (
  (   )

(    ) 
)

  ( )
         (32) 

 

This simplifies to    
   

 
          (33) 

Given that the starting frequency is often very close to zero,     , this means that sequential 

use is superior to pyramiding if the virulence frequency    at which resistance is no longer 

agronomically effective is greater than 0.5. Pyramiding is more durable when the threshold 

frequency is lower than 0.5.  

 

The time gained by pyramiding (T) can be calculated as T = u2 – 2*u1, 

 

  
  (

  (    )

(    ) 
 )

  ( )
   

    (
  (   )

(    ) 
)

  ( )
        (34) 

 

This simplifies to, 

 

  
 

  ( )
[  (

   

   
)    (

    

  
)]  

 

  ( )
[     (

    

  
)]     (35) 
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Figure 1 Time gained by pyramiding depends on α, the growth factor of the virulent pathogen relative 

to the avirulent pathogen per growing season of the host, and θe, the threshold fraction of virulent type 

in the pathogen population above which the resistance is no longer agronomically effective, and 

therefore considered “broken”. The time gained is calculated with equation [35]. For the simulation 

results shown here, the initial proportion of virulent pathogen genotypes was θ(0) = 10
-5

.  

 

The time gained by pyramiding decreases when the growth of the virulent pathogen relative to 

the avirulent pathogen α increases (Fig. 1). The values for α (i.e. 
 

(   )(    )    ) differ 

considerably between different management strategies that affect f and between different 

dispersal properties of spores that affect q. Pyramiding can (greatly) increase useful life when 

the proportion of resistant fields is small (f0.2) and only a small fraction of spores (q0.2) 

move between fields from one pathogen generation to the next, because in that case α is 

relatively low (α<1.5) (Fig. 1, Fig 2).  

 

The positive effect of pyramiding on effective live is reduced when many spores move 

between fields and/or there are multiple pathogen generations per growing season of the host 
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plant, because these factors increases α. The useful life of a variety with pyramided resistance 

genes that are deployed after one of the two stacked resistance genes is already broken down 

(Eq. 21) approaches the useful life of a variety with only a single resistance gene, when the 

fraction of the virulent pathotype for the old resistance gene is close to 1, in that case only the 

new resistance gene protects the pyramided variety.  

 

 

Figure 2 (a) Effects of the proportion of resistant fields, f, and (b) the proportion of spores that move 

between fields, q, on the rate of increase of virulence frequency in the pathogen population. q = 0.2 in 

panel a, and f = 0.2 in panel b. 
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3.4.2 Multiple single resistant varieties 

Susceptible fields present When multiple varieties with different single resistance genes are 

used simultaneously, and the fractions of the resistant fields are equal and the virulent 

pathogen types have the same initial frequency, the frequencies of the associated virulent 

pathogen types all grow at the same rate. The maximum proportion that each pathotype 

reaches is then equal to the proportion of the resistance gene in the host population, e.g. 1/4 if 

there are four equally abundantly planted varieties, each with a different resistance gene. 

When one of the resistant varieties is grown on a larger area than the other resistant varieties, 

this gives the matching virulent pathotype an advantage over the other pathotypes and results 

in selection for the pathotype that can infect this most abundant host genotype. The pathotype 

that can infect the largest fraction of host fields completely outcompetes the other pathotypes 

(Fig. 3). The speed of selection depends critically on the differences in abundance between 

different resistances (the bigger the inequality, the faster the selection) and the proportion of 

susceptible fields (the lower the fraction of susceptible fields, the faster the selection).  

 

Useful life The useful life of four resistance genes, used in sequence, is longer than when 

using four single resistant varieties simultaneously, independent of the fraction of resistant 

fields (Fig. 4). The useful life of resistance genes in simultaneous deployment of several 

single resistances is maximized when the different host genotypes are equally prevalent. For 

instance, the useful life of the resistance genes is reduced by more than half when using one 

very abundantly used resistant variety and three less abundantly used resistant varieties, 

compared to the situation with equally abundantly used varieties (Fig. 4). 
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Figure 3 (a) increase in the fraction of the virulent pathogen θ1 that is compatible with the crop variety 

with the largest acreage (f1 = 2*(1-f0)/3) and (b) dynamics of one of the other virulent pathogens, θ2, 

that is compatible with one of the crop varieties that are grown on smaller proportions of the total 

acreage (f2 = f3 = f4 = (1-f0)/9) depicted for different fractions of susceptible fields, f0 . Frequencies are 

equal for θ2, θ3 (not shown), and θ4 (not shown). Note the difference in range of the y-axis. Parameter 

settings: number of pathogen generations per growing season, τ = 5, fraction of spore dispersal off-

field, q = 0.1, the initial virulence frequency was 10
-5

 for all pathogen genotypes.  
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Figure 4 Useful life in years when four varieties with different resistances are used simultaneously 

(black and magenta asterisk), compared to the sequential use of the same four varieties (black circle). 

The fraction of resistant fields used in the sequential use scenario is equal to the total fraction of 

resistant fields of the multiple variety scenario. Black asterisks depict the useful life when multiple 

varieties are used simultaneously with an equal share of the total fraction of resistant fields (f1 = f2 = f3 

= f4 = (1-f0)/4). Magenta asterisks depict the useful life when multiple varieties are used simultaneously 

with one abundantly planted variety (f1 = 2(1-fo)/3) and three less abundantly planted resistant varieties 

( f2 = f3 = f4 = (1-f0)/9). Both asterisk depict when the total fraction of virulent pathogens exceeds 

threshold θe . Parameter settings: number of pathogen generations per year τ = 5, proportion of spores 

dispersing off-field q = 0.1, proportion of virulence at which resistance becomes agronomically 

ineffective θe = 0.2 and initial frequencies of all virulent pathotypes is 10
-5

.  
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Figure 5 Effects of spore dispersal, fraction of resistant fields and cost of virulence on selection for 

virulence when there are costs for virulence in both the susceptible fields and the resistant fields. 

Colours depict the minimal cost for virulence needed to stop selection for virulence. Depicted for τ = 5 

pathogen generations per growing season. The cost of virulence k is expressed as a reduction in the 

multiplication factor of the pathogen in each generation. 

 

3.4.3 Cost of virulence 

The presence of a cost for virulence in the susceptible fields can potentially favour selection 

for the avirulent pathogen and thereby reduce the fraction of the virulent pathotype in the  

combinations of fractions of resistant fields f and fractions of spores that move out of the field 

q (Fig 5). The costs needed to prevent selection for virulent pathotypes increase with greater 

spore dispersal and a larger fraction of resistant fields. When cost for virulence are small, 

selection for virulence can only be prevented at very small fractions of resistant fields 
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3.5 Discussion 

Here we studied the effect of resistance gene deployment and life history traits of the 

pathogen on the useful life of resistance genes and resistant varieties. We developed a simple 

spatially implicit model for pathogen selection, reproduction and spread. We found that the 

useful life of a resistance gene, used singly, is shortened when (1) the gene is used in a greater 

proportion of fields; (2) a larger fraction of spores of the pathogen disperse away from the 

field, (3) the pathogen has a greater number generations per growing season of the host. A 

variety with two resistance genes has a longer useful life than a variety with a single 

resistance because the initial proportion of virulent genotypes in the pathogen population is 

lower for stacked resistance. We found that stacking two resistance genes in one variety is not 

under all conditions more durable than the combined useful life of two single resistant 

varieties when they are deployed sequentially in two different varieties, the second single 

resistant variety being introduced when virulence frequency to the first single resistant variety 

is above the threshold. Whether stacking is advantageous depends on the acceptable 

proportion of virulent genotypes in the pathogen population. If this proportion is small, 

stacking confers longer useful life than sequential use, if it is large, sequential use is better. 

The absolute gains in useful life of pyramiding resistance genes, as compared to sequential 

use of single resistance genes, are determined by how widespread resistance is used, the 

prevalence of spread from field to field, and the number of pathogen generations per season. 

Generally, when there is spore dispersal between pathogen populations and more than a 

quarter of the fields are resistant, differences in total useful life between stacking genes and 

sequential use is very small. When more than two resistance genes are available, use of 

multiple single resistant varieties sequentially is better for the useful life of the used resistance 

genes than growing single resistant varieties simultaneously.   
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When there are no costs for virulence, and there is no non-host area that can act as a dead end 

sink for the spores, the population increase of the resistance breaking pathotype is equal for 

all deployment strategies (given that the number of generations in one growing season is 

equal). In other words, the growth of the resistance breaking pathogen population is 

independent of the chosen gene deployment strategy. Only the growth of the avirulent 

pathogen, is affected by the chosen gene deployment strategy. The increase in relative 

frequency of virulence is governed by the population dynamics of the non-virulent types. 

Therefore, when there are no costs for virulence, the increase in relative frequency of the 

virulent genotypes is only slowed down if the multiplication of the non-virulent genotypes is 

promoted, a situation clearly not compatible with disease-free crop production. A strong 

trade-off exists between current and future use of resistance genes. Long term usefulness is 

reduced if short term usefulness is maximized, and vice versa. These results suggest that it 

may be possible to define a conserved quantity summarizing the benefit from a resistance 

gene. The deployment strategy may maximize the benefit from the deployment strategy in the 

near future, in the far future, or find some compromise, but the simulation so far do not 

suggest that it is possible to define a strategy that will maximize short term benefit, while 

safeguarding long term benefit. Further work is needed to define this conserved quantity, and 

explore in more detail whether solutions can be found that extend useful life without limiting 

its utilization in the short term.  

Deploying resistance genes in the most durable way can be hindered when knowledge on 

which resistant genes are used in which variety is lacking. When several varieties – 

unknowingly – contain the same resistance genes, using different varieties to keep the fraction 

of resistant fields with a certain resistance gene low will not have the desired effect. In 

practice, pyramided varieties often contain one gene that is (almost) broken down and one 

new resistance gene. The durability of the resistance of this variety will be close to that of a 
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variety containing only a single resistance gene. Furthermore, a side effect of keeping the 

ineffective resistance gene present in the environment is that this enhances the chance that a 

super strain develops that is virulent to many of the known resistance genes. When a 

resistance gene is removed from the environment, it is possible that the occurrence of the 

corresponding virulence gene decreases, suggesting either genetic drift or a fitness penalty for 

the virulence trait in the pathogen (de Vallavieille-Pope et al., 2012). It is then possible to 

reuse the same resistance gene in the long run, together with a new resistance gene, to make 

double resistant variety. Empirical evidence from France supports this suggestion. The French 

wheat variety Apache contained resistance gene Yr7 to yellow rust (virulence to this was 

highly prevalent in the early 80’s but decreased after the use of Yr7 was diminished) in 

combination with a new virulence gene Yr17. Apache was successful for 12 years (de 

Vallavieille-Pope, personal comm.), while Yr17 as a single resistance was broken down in 2 

to 3 seasons (Bayles et al., 2000). Recycling resistance genes after a period of non-use, 

instead of letting them linger in varieties, could also be a more sustainable use of resistance 

genes and a way to reduce the risk of super strains. However, ineffective resistance genes can 

also give a (temporary) advantage, when a new pathogen emerges by long distance dispersal 

that is not virulent for this lingering resistance genes. As was the case with the more 

aggressive strain that caused a severe yellow rust epidemic in eastern United States and 

Australia, but did not have the same effect in Europe (Milus et al., 2009). 

In this study we aimed to develop a simple and general model that can be used for several 

host-pathogen systems. For simplicity we considered a spatially implicit model. However, the 

parameter for spore dispersal q can be scaled so that it can represent spatial scales ranging 

from single plants (i.e. variety mixtures) for large q, to large fields with no connection 

between fields for q=0.  Also the parameter for the number of generations per growing season 

of the host τ can be adjusted to suit specific host-pathogen systems. We did not include the 
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percentage non-host area, while it can have an effect on the useful life of a resistance gene 

(Skelsey et al., 2010), because in the current model it would affect the virulent and avirulent 

pathotypes equally. It would therefore not influence the proportion of virulent pathotypes. In 

the next section, we develop a spatial explicit model at a national level that does include non-

host area.  

For this model (and the model in the next section) we assume that resistance breaking 

genotypes are already present in the environment in a very small fraction, approximately 

equal to the mutation rate of genes that are not under selection (Hovmøller et al., 2002). For 

some pathogens this is a plausible assumption, yellow rust and leaf rust for instance are 

known to break down resistance very rapidly, in only two to four growing seasons. Relaxing 

this assumption, by starting with an avirulent population only and letting virulence evolve by 

mutation might prolong the useful life of the pyramided variety. A double virulent pathotype 

has to evolve by stepwise mutation, if a single virulent evolved, it does not have a selective 

advantage over the avirulent pathogen yet. Therefore, the fraction with this pathotype will 

remain very low, until another mutation occurs and a double virulent pathogen emerges. But 

this chance will be very low, because the fraction of single virulent pathotypes is very low. 

This can potentially prolong the useful life of a pyramided variety. In this spatial implicit 

model, there are no random effects other than the mutation process, therefore once formed the 

single virulent pathotype will remain in the environment and will be spread over all fields. 

Giving a similar population distribution as our current assumption, only with a delay until the 

first virulent pathotypes are evolved. To model chance of mutation, population numbers 

should be modelled explicitly, as the chance that a certain mutation evolves is directly 

proportional to the population size times the mutation speed. 

Our results show that without fitness penalties for pathogen virulence, plant resistance cannot 

be made permanent, but durable life can be modified by the deployment strategy. In absence 
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of costs for virulence deployment strategies can slow down (or speed up) selection, but they 

cannot stop selection for virulence. Only when there is a considerable fitness cost for 

virulence selection will favour avirulence. In section 4 we study the effect of deployment 

strategies in a spatial explicit model, to further explore the possibilities to prolong the useful 

life of resistance genes. 
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4. Model for invasion of pathogen races at a national level 

for France 

4.1 Objective  

The objective of this work is to develop blueprints for spatial designs of resistant genotype 

deployment in space to find a management strategy that deploys plant resistance genes in the 

most durable way. This management strategy consists of two “levers” or management 

options, the first lever is variety choice; choosing between 1. single gene resistant varieties, or 

2. varieties with stacked resistance, or 3. multiple single gene resistant varieties, or 4. 

concurrent use of single resistant and double resistant varieties, and the second lever is 

deployment of varieties; choosing the fraction of fields grown with resistant varieties, whether 

the crop (e.g. wheat) is grown together over vast areas or more fragmented in the landscape. 

We define a blueprint as a set of characteristics for spatial deployment of resistant varieties in 

combination with variety choice, as selection of resistant varieties and spatial deployment of 

varieties both are at the basis of integrated pest management strategies. 

Spatial deployment of susceptible and resistant hosts affects the loss of spores between fields 

and therefore can potentially affect the spread of a new pathotype. The effect of spatial 

patterns of variety deployment has been studied on a small scale (ranging from tens of meters 

to several kilometres) (Saphoukina et al, 2009; Saphoukina et al., 2010; Skelsey et al., 2010), 

but has not been studied before considering a realistic landscape at a national scale.  

Wind dispersed pathogen spores can travel long distances of several hundreds of kilometres 

(Zadoks, 1961; Hovmøller et al., 2002). Therefore we test the effect of spatial deployment and 

variety choice on the evolution and spread of an airborne resistance breaking pathogen 

genotype at a large spatial scale (980 km x 970 km). The management strategy scenarios were 

tested in a realistic spatial setting. The goal was to develop a model for spatial spread and 
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population dynamics that is simple, fast running and that can easily be adjusted for other 

pathogens with different life history traits and that can be used at a national level or after 

adjustment of scale even at a level of several nations.  The current scenario testing was done 

for France and parameterized for the pathogen Puccinia striiformis f.sp. tritici causing yellow 

rust in wheat. For derivation of parameter values, we had multiple interviews with Claude de 

Vallavieille-Pope and Marc Leconte, who are gratefully acknowledged for sharing their 

knowledge and experience with us. 

 

4.2 Population genetic model 

As in the regional model of the previous section, we model a gene-for-gene relationship in 

which a pathogen can only infect a resistant host when the pathogen has lost its avirulence 

gene for that specific resistance. We developed a spatio-temporal population model for the 

dispersal and reproduction of avirulent and virulent pathogens in a landscape of susceptible 

and resistant hosts, over g growing seasons. In the landscape a fraction f of the host fields are 

planted with a resistant genotype of the host (“resistant fields”, denoted by R) and a fraction 

1-f of the host fields is planted with a susceptible genotype of the host (“susceptible fields”, 

denoted by S). In the model at national level host fields are interspersed by non-host fields in 

a realistic pattern. We assume that a fraction θ of the pathogen population P is virulent and 

that the remaining fraction, 1–θ, is avirulent. There are τ generations of the pathogen in one 

growing season of the host. Each pathogen generation starts with reproduction. After dispersal 

there is a selection phase before the new generation of spores is produced. The virulent 

genotype of the pathogen (“virulent pathotype”, denoted by V) can infect both hosts in the 

susceptible fields and hosts in the resistant fields, and thus reproduce in all host fields, 

whereas the avirulent genotype of the pathogen (“avirulent pathotype”, denoted by A) can 
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infect only the hosts in the susceptible fields, and thus only reproduce in fields containing the 

susceptible host. In the model, pathogens reproduce asexually, and both virulent and avirulent 

pathotypes multiply with factor λ per generation when in a field with a compatible host 

genotype.  

Presence of the susceptible host is flagged by the indicator variable S(x,y,g) which is spatially 

dependent and varies between growing season g. 

 (     )  {
                           
                          

      (1) 

Presence of the resistant host is flagged by the indicator variable R(x,y,g) which is spatially 

dependent and varies between growing seasons g. 

 (     )  {
                         
                               (2) 

Non-host fields are fields where both susceptible host and resistant host are 0. 

The size of the avirulent pathogen population at location (x,y) and time t in generation g is 

given by the variable A(x,y,g,t). In the absence of dispersal between locations, the equation for 

its dynamics would be given by: 

 (          ̃)    (     ) (       )       (3) 

The size of the virulent pathogen population at location (x,y) and time t in generation g is 

given by the variable V(x,y,g,t). Its dynamics, for the moment not considering spatial spread, 

is given by: 

 (          ̃)    (     ) (       )    (     ) (       )   (4) 

where t  denotes time step, which is less than the length of a pathogen generation. 
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As in the regional model of the previous section, we assume that a fraction 1–q of the newly 

produced spores remain in the fields. A fraction q of the newly produced spores are released 

in the air and have a possibility to disperse. The dispersal process is modelled with dispersal 

kernels, i.e. spatial probability distributions of the number of deposited spores per unit area at 

distance from the source. Each time step, the growth dynamics of the pathogen as specified in 

equation 3 and 4 is integrated with the dispersal between locations, as specified by the 

dispersal kernel, resulting in an integro-difference equation. The spatio-temporal dynamics of 

the pathogen population is thus given by 

 

 (          )  ∫ ∫   (          ̃)    (        )      
    

   

  (   ) (          ̃)      (5) 

 (        )  ∫ ∫   (        ̃)    (         )      
        

 (   ) (        ̃)      (6) 

where x’ and y’ denote all source locations contributing to the deposition of propagules at 

target location (x,y), and x and y are the target locations. K2Dt is the spatial probability density 

kernel that specifies where spores that are produced in pathogen generation t are deposited. 

The avirulent and virulent pathogen population density, A respectively V, are given in 10
3
 

spores per field. As a dispersal model we use a 2Dt-distribution with two parameters, a length 

scale u in km, and a shape parameter ν (Clark et al., 1999; Robinet et al, 2012) 
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The 2Dt-distribution is a flexible dispersal model which can represent both a normal 

distribution, which has thin tails and is the analytical solution to a random walk process, and 

distributions with progressively wider tails, which mimic the outcome of biological dispersal 

processes that combine processes at multiple scales. Depending on the “degrees of freedom” 

parameter  (“nu”) parameterisation this model can approach a thin tailed normal distribution 

(ν) or approach a fat tailed Cauchy distribution (ν1) enabling long distance dispersal. 

Changing the length scale u reflects smaller or longer dispersal distances, the majority of the 

probability mass is within 2u from the source, and changing ν changes the frequency of long 

distance dispersal (Robinet et al, 2012).  

We assume that a fraction s of the spores that were produced and dispersed in the last 

pathogen generation of the growing season survive locally in the fields (depending on spatial 

location, see §4.3.3). 

The model framework includes all parameters included in the model at regional level: 

proportions of resistant fields (f), number of pathogen generations per growing season of the 

host (), multiplication factor of the pathogen per generation (), and the proportion of spores 

leaving the host field in each generation of the pathogen (q). The model framework 

furthermore allows different proportions of the host in the landscape per department and 

degrees of clustering of the host fields (c).  

The description and the values of the model parameters are given in Table 1. 
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Table 1 parameter values of model at national scale (see Annex II for derivation of parameter values) 

Name Description Value 

f Fraction of resistant fields 0.1 – 0.9 

c Measure for clustering of wheat fields 0 – 0.9 

τ Number of pathogen generations per growing season of the host 6 

 Multiplication factor of the pathogen 35 

q Fraction of pathogen spores leaf the field after reproduction 0.05 

 Initial fraction of single virulent spores in the pathogen population 10
-4 

θe Threshold fraction of virulent spores in the pathogen population 0.45 

u Length scale of pathogen dispersal (in km) 30 

ν Shape parameter of dispersal model, affects frequency of long distance dispersal 8 

 

4.3 Simulation set-up 

4.3.1 Management strategies 

To assess which is the most durable way to use resistance genes four options for variety 

choice are tested for a range of combinations of fraction of resistant fields and degree of 

clustering. There are four scenarios for variety choice: 

1. “sequential use”. In this scenario one single resistant variety is used until resistance is 

considered broken down at the end of a growing season when  > e. At the start of the next 

growing season a new single resistant variety is then deployed,  

2. “pyramiding”. In this scenario one variety has two resistance genes, while the other is 

susceptible, 

3. “multiple varieties”. In this scenario multiple varieties  with single resistance genes are 

deployed simultaneously. This is tested for 2 and 4 resistant varieties, each having one 

resistance gene, 
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 4. “mixed strategy”. In this scenario a simultaneous use of one variety with two resistance 

genes and two varieties with single resistance genes are used simultaneously.  

 

4.3.2 Effect deployment parameters 

The fraction of resistant fields can have a large effect on the selection of resistance breaking 

(virulent) genotypes of the pathogen (van den Bosch and Gilligan, 2003) and thus the useful 

life of the resistance genes. In the regional model we found that the useful life decreases as 

the fraction of resistant fields increases (section 3.4.1). We want to test whether this 

conclusion still holds when spatial processes are explicitly taken into account. For the 

scenario testing the fraction of resistant fields, f is varied between 0.1 and 0.9 with steps of 

0.1. The degree of clustering of the wheat fields affects their connectedness with respect to 

pathogen dispersal. Clustering can potentially affect the fraction of avirulent and virulent 

spores that get lost on non-host, as well as the fraction of avirulent spores that cannot infect 

the host because they arrived on a resistant variety. With strongly clustered wheat fields, 

spores that travel very short distances are more likely to arrive on another wheat field while 

spores that travel slightly longer distances are more likely than the short-range dispersers to 

arrive in non-host field. For the next deliverable we plan to test at what scale of clustering of 

wheat fields (e.g. scale of a cluster of fields, regional scale, department scale, scale of cluster 

of departments, national scale) the highest fraction of produced spores will get lost on the 

non-host area that acts as a sink. For this deliverable we vary the clustering of wheat fields at 

the scale of departments. Degree of clustering is defined as the fraction of the maximum 

possible number of wheat neighbours per wheat field (see Annex II for more details). We vary 

the degree of clustering, c, between random distribution and 0.5, 0.6, 0.75 and 0.9 of the 
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maximum possible number of neighbours per wheat field. The average degree of clustering 

for random placement of wheat fields within the arable land areas in France is c=0.22. 

      

4.3.3 Landscape 

We use France as a landscape for the spatial scenario testing because France had the most 

detailed dataset on pathotype distribution at a national level. The data consists of isolates of 

Puccinia striiformis f.sp. tritici, from 1984 to 2012 in France that were phenotyped for 

virulence (on average 71 samples per year) (de Vallavieille-Pope et al., 2012). From 1985 

onwards this data contains the name of the location (nearest village) and the name of the 

department in which the sample was collected. Furthermore, information on percentage wheat 

used per department was available from 1989 to 2013 (Agreste, 2013) (percentage wheat per 

department in 2006 is depicted in Figure 1b). Furthermore, detailed information on land use in 

France was available for GIS: Corine Land Cover raster data 2006 (European Environment 

Agency, 2012) (Figure 1a).  

 

The basis for the spatial simulations was the Corine Land Cover raster data 2006 with 250 m 

x 250 m resolution (European Environment Agency, 2012). From this raster data “non-

irrigated arable land” in France was selected in ArcMap and this selection was converted to 

ASCII for further use in Matlab 2013a. This resulted in a domain of 3920 x 3886 grid cells 

(“fields”) of 0.25013 km x 0.25013 km. Furthermore, for the same spatial domain the 

departments of France (DIVA-GIS, 2013) were converted to ASCII for further use in Matlab 

2013a. To generate a landscape with wheat fields interspersed with non-host area, a part of the 

arable fields in a department, in area equal to the area of wheat in that specific department, 

was randomly designated as wheat field.  After that, the degree of clustering was calculated, if 

the degree of clustering was lower than the pre-set degree of clustering wheat fields with the 
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lowest number of wheat neighbours were swapped with arable land fields with the highest 

number of wheat field neighbours until the pre-set degree of clustering was met (see section 

4.3.2).  

 

4.3.4 Simulation set-up  

Each scenarios covered a time period of 30 growing seasons. To reduce differences in 

outcome between scenarios due to random differences in spatial set-up of the host fields 

between scenarios, 30 replicate landscapes were generated for each degree of clustering of the 

host fields. In total, 30 replicate landscapes times 5 different degrees of clustering of host 

fields landscapes were generated and used for scenario testing. Each growing season consisted 

of τ pathogen generations. Each pathogen generation started with reproduction if the genotype 

of the pathogen was compatible with the host genotype followed by dispersal of a fraction of 

the newly produced spores. The initial pathogen population started in five departments located 

at the north-west coast of France: Nord, Somme, Calvados, Eure and Cote d’Amor. In these 

departments, yellow rust can already be found very early in the season, therefore we assume 

that a small fraction s of the spores can overwinter in these departments. We furthermore 

assume that no spores are able to survive the period between growing seasons in the other 

departments. The initial population starts from 2000 susceptible wheat fields (2% of the wheat 

fields in these five apartments) and starts with an initial density of 1 (x10
3
) spores per field. 

From these spores a fraction θ =  is virulent and the remaining fraction is avirulent. The 

virulent and avirulent spores are evenly distributed over the population of wheat fields. 
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Figure 1 (a) Arable land (black) in France (grey) as converted from Corine Land Cover raster data 

2006, grid cell size 0.25 km x 0.25 km, and (b) percentage of area grown with wheat per department in 

2006. Scale 980 (N-S) x 971.5 (W-E) km. 

 

The landscapes with the wheat fields and the initial pathogen population are initiated at the 

original scale of the Corine Land Cover data. The resulting domain of 3920 x 3886 grid cells, 

each measuring 0.25013 x 0.25013 km, was too large to run the simulations, due to limitations 

on the physical memory of the desktop computer. Therefore we adopted a coarser grid of 

0.50023 km x 0.50023 km for which only 1960 x 1943 cells are needed. In this coarser grid, a 

grid cell could contain 0 to 4 susceptible wheat fields and 0 to 4 resistant wheat fields. The 

total of susceptible and resistant wheat fields cannot exceed 4. We assume that arriving 

pathogen spores spread evenly over the 4 fields, and that reproduction is only possible in 

compatible host fields. This implies that reproduction by the avirulent pathotype is only 

possible in the number susceptible host fields of the original 4 fields within the coarser grid 

cell, and that reproduction of the virulent pathotype is only possible in the number of host 

fields (both susceptible and resistant) of the original 4 fields within the coarser grid cell. In the 

coarser grid selection and reproduction is implemented as: 

a b 
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The integro difference model is solved in Matlab using the fast Fourier transformation 

function (fft2) (Powell et al., 1998; Powell, 2001). This function is most efficient on matrices 

of 2
x
 x 2

x
, therefore the coarser grid of 1960 x 1943 is placed centrally within a larger grid of 

3072 x 3072. The latter (3072 x 3072) is the largest spatial domain that can still be 

represented on a desktop computer with Windows 7 OS and 32 Gb of RAM. The cells in the 

3072 x 3072 grid that are not part of the 1960 x 1943 grid cells that represent the surface area 

of France in the Corine land cover data, are represented in the simulated domain as non-host 

cells. These wide buffer areas of approximately ~ 280 km at all sides (effectively ~560 km) 

make it very unlikely that pathogens that leave the simulated area re-enter on the opposite site 

(fft2 function works with periodic boundaries, which connects the east side with the west side 

and the north with the south). The  ̂ and  ̂  in above equations denote the new spatial 

coordinates in the 3072 x 3072 grid.  

 

In our model, we keep track of the total number of avirulent, Atot, and virulent spores in 

France, Vtot, and use these to monitor the change in fraction of virulent pathotype θtot = 

Vtot/(Vtot + Atot) over time. For each strategy we determine the useful life, defined as the 

number of growing seasons during which the fraction of resistance breaking genotypes θtot in 
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the pathogen population stays below the threshold θe. Furthermore, we keep track of the 

number of virulent, Vd, and avirulent, Ad, spores per department d, to check whether there are 

differences in number of spores and fraction of resistant pathogen θd between departments and 

to relate these to differences in spatial deployment of wheat between departments, i.e. % of 

wheat or degree of clustering of the arable land. 

 

For the simulations with multiple single resistant varieties and the simulations with a mixed 

strategy where both single resistant and double resistant varieties are deployed 

simultaneously, we keep track of multiple virulent pathogens. Both for the “mixed strategy” 

and the strategy of “multiple varieties” (simultaneous growth two single resistant varieties) 

we keep track of the total number of spores in France and per department of both single 

virulent pathotypes V10 and V01 and the double virulent pathotype V11. For the “multiple 

varieties” strategy with simultaneous growth of four single resistant varieties (to save 

computer memory and reduce simulation time) we assume that all single virulent, all double 

virulent, all triple virulent will have the same development in population numbers over time, 

therefore we keep track of the total number of spores in France and per department of one 

single virulent, one double virulent, one triple virulent and one universal virulent pathogen. 

For all these scenarios we also keep track of the total number of avirulent spores in France 

and per department. 
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4.4 Results 

4.4.1 Blueprints 

Using a realistic pattern of arable land in France and percentage of wheat per department 

shows that there is large variation in fraction of host per department. Wheat is abundantly 

present in the North resulting in high connectivity between departments, while in the South 

areas with high abundance are interspersed with huge areas with hardly any wheat, resulting 

in much lower connectedness (compare north and south in Figure 1). Also on a smaller scale 

(at the level of neighbouring departments) there are differences in fraction of wheat and 

connectedness between fields (compare the high fraction of wheat fields in department Nord 

with the lower fraction of wheat fields in Pas de Calais, Figure 2). At a smaller scale, the 

differences in connectivity increase when the clustering increases.  

Fraction of non-host can also be an important characteristic of a spatial deployment strategy. 

Non-host area is unsuitable for infection and therefore acts as a population sink. Comparison 

of the population development in two neighbouring departments, 45 Loiret and 77 Seine et 

Marne, that differ in the fraction wheat present, 0.185 respectively 0.228, but have a similar 

area of wheat, 5122 km
2
 respectively 5199 km

2
, show that the total number of pathogen 

spores is consistently lower (on average a fraction 0.21 ± 0.17 over 30 growing seasons of the 

total number in Seine-et-Mar) in the department with the lowest fraction of wheat (Loiret), i.e. 

the largest fraction of non-host. 
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Figure 2 Clustering of wheat fields (black) on 50 x 50 km scale in North France, depicted for 

increasing degree of clustering: (a) random placed wheat fields, and (b) degree of clustering of wheat 

fields 60% of maximum, c =0.6, (c) 75% of maximum, c = 0.75, and (d) 90% of maximum, c = 0.9. 

All wheat fields are placed within arable land (depicted in dark grey), non-host area is depicted in light 

grey and Belgium is depicted in brass. Grid cell size 0.25 km x 0.25 km. Inset in in (b) depicts the 

department boundaries, in this inset black is part of department Pas de Calais, dark grey is part of 

department Nord, and white is Belgium. 

 

a 

c d 

b 
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Figure 3 Spread of an avirulent pathotype (ln(A(x,y,t))) in one growing season depicted for pathogen 

generations 1 through 6 during the second growing season in a simulation, g =2. The fraction of 

resistant fields in this simulation is f = 0.2, and the degree of clustering c = 0.5. Due to the high 

multiplication factor, =35, and large fraction that remains in the field (1- q) = 0.95 there is a huge 

population increase. If a higher fraction of the spores would disperse, more spores would arrive on the 

non-host and population increase would be less. 
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Figure 4 Spread of a virulent pathotype (ln(V(x,y,t))) in one growing season depicted for pathogen 

generations 1 and 6. Depicted during the second growing season in a simulation, g =2. The fraction of 

resistant fields is f = 0.2, and degree of clustering c = 0.5. 

 

4.4.2 Population dynamics 

Figure 3 shows that spores are present in wheat fields across France already after one 

pathogen generation. This is an effect of the fat tails of the 2Dt distribution with the chosen 

parameter values (length scale u = 30 km, and shape parameter (degrees of freedom),  = 8). 

However, the numbers of spores in the south of France are still very low (e
-12

), even though 

the population at the start of the second growing season (that survived in the north-west) 

consisted of a large number of pathogen spores (in total 4.10
5
 virulent spores ≈ e

13
, and 3.10

8
 

virulent spores ≈ e
+19

) in the north-west. The spread of the virulent pathogen shows a similar 

pattern, but the number of spores in south France are even lower (< e
-15

) and therefore not 

depicted in figure 4a. In figure 3 and 4, the resistance gene is not broken down yet (i.e.  < 

e). Therefore, the density of the virulent pathotype in the susceptible fields is lower than that 

of the avirulent pathotype. This is not the case in the resistant fields, because only the virulent 

pathogens can grow here. This results in a major difference at field scale in the fraction of the 

virulent pathotype. 
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4.4.3 Effect of management strategy and deployment parameters 

In our simulations, the useful life of a resistance gene was usually low. In all the scenarios we 

tested, a single resistance gene was generally broken down in only three to four growing 

seasons and two resistance genes were broken down in three to ten growing seasons. Variety 

choice had a profound effect on the useful life of resistance genes. In general, the number of 

useful years before two resistance genes were broken down was the highest for sequential use 

of two single resistant varieties, closely followed by pyramiding. At low fractions of resistant 

fields, the useful life of sequential use and pyramiding was equal, while at higher fractions of 

resistant fields the useful life was longer with sequential use (Figure 5). Using two varieties 

with a single resistant simultaneously reduced the useful life of the resistance genes 

considerably. If we compare the cumulative number of pathogen spores (both virulent and 

avirulent) produced in the first 2 growing seasons, the cumulative number of spores of 

“pyramiding”, “sequential use” and “2 single resistant varieties” were very similar. After the 

second growing season, however, the first differences appeared. The cumulative number of 

produced spores were lowest when two resistance genes were stacked in one variety, higher 

with sequential use and in most cases highest with simultaneous use of two single gene 

resistant varieties (for f=0.2 to f=0.7). However, for fractions of resistant fields f=0.1 and 

f≥0.8 the cumulative number of spores was highest with sequential use. The general trend for 

all scenarios was that the cumulative number of spores decreased with increasing fraction of 

resistant fields. This decrease was strongest if a double resistant variety was used. 

When single resistant varieties and double resistant varieties were used simultaneously (mixed 

strategy), the useful life was shorter when compared to the useful life of a double resistant 

variety (pyramiding) when the fraction of double resistant fields is equal for both strategies 
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(f11 = f11) , while if the fraction of all resistant fields is equal for both strategies (e.g. all 

resistant fractions in mixed strategy f11 +  f10+ .f01 = f11 the resistant fraction in pyramiding) 

the useful life of the mixed strategy can be longer.  

The useful life of resistance genes decreased with the fraction of resistant fields on which the 

resistances were used. The useful life was relatively long at a low fraction of resistant fields, 

but decreased if the fraction of resistant fields increased until it levelled off at high fractions 

of resistant fields (from 0.4 onwards) (Fig. 5). For P. striiformis, which has a high 

reproductive rate combined with multiple generations in one growing season, the differences 

between the useful life at a low fraction of resistant fields and the useful live at a high fraction 

of fields in absolute number of years are small. For sequential use the increase in fraction of 

resistant fields from f =0.1 to f =0.9, gave a reduction from a useful life of 8 to 6 growing 

seasons. At the same time, increasing the fraction of resistant fields reduces the total number 

of pathogen spores each growing season. There might be a fraction of resistant of fields that 

maximizes short term benefit without reducing long term usefulness. The degree of clustering 

of wheat fields had a negative effect on the useful life at low fractions of resistant fields (0.2-

0.3 for sequential use, and 0.2-0.5 for pyramiding), but at higher fractions of resistant fields it 

had no appreciable effect. Interestingly, both for pyramiding and sequential use the useful life 

for a fraction f=0.1 of resistant fields is higher for 50% clustering of the maximum clustering, 

c=0.5, than for random placement of wheat fields. 
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Figure 5 Effect of the fraction of resistant fields on the useful life of 2 resistance genes when used in 

sequence in two single resistant varieties (dark grey line) or pyramided in one variety (black line) or 

when used simultaneously in 2 single resistant varieties (light grey line). Depicted for random 

placement of wheat fields and a threshold for breakdown of resistance θe=0.45 

 

We also ran a simulation for simultaneous use of four single resistant varieties at 50% 

clustering of the maximum clustering, c = 0.5, and fraction of resistant fields f = 0.1 to 0.9. 

From these simulations only one reached the threshold fraction at which resistance was 

considered to be broken down (f=0.4) in growing season 27. All other simulations did not 

reach θe=0.45 after 30 growing seasons. This was most likely a random effect of the locations 

of the four single resistant varieties. There were large differences in the fraction of universal 

virulent pathotype, θ1111, at the end of growing season 30. For some total fractions of resistant 

fields, f = 0.5, 0.6 and 0.8, the fraction of the universal virulent pathotype, θ1111, approached 

the threshold for breaking down resistance in growing season 30. While for the remaining 

fractions of resistant fields, θ1111 was in the order of 10
-3

 at the end of growing season 30. We 

kept track of single virulent, double virulent, triple virulent and universal virulent pathogen 

types. As was found in the spatial implicit regional model (section 3 Figure 4b) when multiple 
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single resistant varieties were grown simultaneously with each covering the same share in the 

total crop acreage, the matching pathotypes could also only reach an equal share in the 

pathogen population. When there are 4 resistance genes in the host population, there are four 

single virulent matching pathotypes, six double virulent matching pathotypes, three triple 

virulent matching and one universal virulent matching pathotype. As a result, the single 

virulent pathotypes can at maximum make up 1/4 of the pathogen population, the double 

virulent only 1/6, the triple virulent 1/4 and the only pathotype that can reach the threshold of 

0.45 is the universal virulent pathotype and this pathotype has an initial fraction 10
-16

 

therefore it takes a long time to reach this threshold. If we assess the cumulative number of 

pathogen spores (both avirulent and virulent) produced in the first eight growing seasons, the 

total numbers are very similar to those found for the strategy of pyramiding in the first four 

growing seasons. Starting from the fifth growing season the cumulative number of spores 

increased faster in the scenario where four resistant varieties were grown simultaneously than 

in the pyramiding scenario (the resulting cumulative number is therefore between 30-fold 

(f=0.3) and 44000-fold (f=0.9) higher in growing season 8). Only at f=0.1 the cumulative 

numbers remained similar to pyramiding. 

 

4.5 Discussion 

We developed a spatial explicit generic model to simulate population dynamics, selection and 

spread of air-borne diseases that is easily scalable to smaller or larger scales. We 

parameterized it for Puccinia striiformis f. sp. tritici the causal agent of yellow rust in wheat. 

We developed blueprints for spatial strategies of resistance gene deployment to find a 

management strategy that deploys plant resistance genes in the most durable way. These 

blueprints consisted of variety choice (e.g. use of single resistant varieties, stacking of 
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resistance genes, using multiple resistant varieties simultaneously), and characteristics of 

spatial deployment (e.g. fraction of resistant fields and degree of clustering of wheat fields). 

We found that for P. striiformis the useful life of a resistance gene was generally low. In all 

the scenarios we tested, a single resistance gene was generally broken down in only three to 

four growing seasons and two resistance genes in three to ten growing seasons. Variety choice 

had a large effect on the durable life of resistance genes. Sequential use of two single resistant 

varieties and pyramiding of two resistance genes in one variety were the most durable 

solutions. Simultaneous use of two single resistant genes decreased the useful life of the two 

resistance genes considerably. For most fractions of resistant fields, using the second single 

resistant variety simultaneously only gave one additional growing season below the threshold 

θe compared to the use of only one resistant variety, while the second variety in sequential use 

adds three to four growing season below the threshold θe. Thus, these simulations indicate that 

using different resistances in different fields contributes less to increased durability of 

resistance than using the same resistances in sequence on the entire landscape. Increasing the 

fraction of resistant fields had a negative effect on the useful life of resistance genes. When 

the fraction of resistant fields was f < 0.4 for sequential use, or f < 0.6 for pyramiding, then 

increasing the degree of clustering of resistant fields also had negative effect on the useful life 

of the resistance genes. At higher fractions of resistant fields, the useful life levelled off at an 

asymptotic minimum value, and there was no effect of clustering. Interestingly, both for 

pyramiding and sequential use the useful life at a fraction f=0.1 of resistant fields was higher 

for a degree of clustering c=0.5 than for random placement of wheat fields. Whether this is a 

real effect or just a coincidence (due to the random location of the wheat fields) needs to be 

studied in more detail. 

For the current simulations we assumed that yellow rust epidemics starts from the north-west 

coast of France, either because these have a more suitable conditions for pathogen survival 
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between growing seasons and during winter, or because new pathotypes under certain wind 

conditions can arrive from the United Kingdom. In a setting where the same resistant varieties 

are used in each department, this would not affect the outcome of the selection process as 

compared to other initial distributions, for instance when the pathogen population is present 

everywhere from the start. However, if there are spatial differences in resistance gene 

deployment, the spatial pattern of the initial population can potentially have an influence on 

selection and pathogen spread. Therefore, for the next deliverable we intend to test whether 

the found differences for variety choice still hold for other spatial distributions of the resistant 

varieties and for several assumptions on the spatial distribution of the initial pathogen 

population.  

The fraction of non-host can be an important characteristic of a spatial deployment strategy. 

Non-host area is unsuitable for infection and therefore acts as a sink or dead-end road for 

disease propagules. Comparison of the population development in two neighbouring 

departments, Loiret (45) and Seine et Marne (77) showed that a difference in fraction of 

wheat of 0.185 and 0.228, respectively, gave rise to a consistently lower total number of 

pathogen spores in the department with the smaller fraction of host. The average total number 

of pathogen individuals in Loiret was only one fifth of the total number in Seine-et-Mar, 

averaged over 30 growing seasons. For the next deliverable we aim to add non-host as a 

spatial deployment characteristic in the scenario testing. We plan to test at what scale of 

clustering of wheat fields (e.g. scale of a cluster of fields, regional scale, department scale, 

scale of cluster of departments, national scale) the highest fraction of produced spores will get 

lost on the non-host area that acts as a sink.   

Data on disease incidence of yellow rust in France (de Vallavieille-Pope et al., 2012) show 

that disease occurs regularly in the North-West of France. In the North-East of France disease 

incidence is much lower, while the percentage of wheat per department is as high as in the 



PURE – Deliverable  D8.2 

Page 50 of 69 

 

North-West (Fig. 1b).  New genotypes of  P. striiformis generally first appear in the North-

West of France. Decreasing the fraction of wheat in the North-West and increasing the 

fraction of wheat in the North-East might slow down spread and reduce disease pressure at a 

national level, while keeping the area of wheat grown constant at a national level. 

In conclusion, simulation results from the spatial explicit model in a realistic setting show that 

the use of a resistance gene is generally low, using single resistant varieties in sequence and 

stacking multiple resistance genes in one variety are the most durable strategies. Using 

multiple single resistant varieties simultaneously reduced the useful life of the resistance 

genes. The results show that both the fraction of resistant fields and the degree of clustering 

have an effect on the durability. Looking at pathogen development per department also shows 

a possible effect of fraction of non-host on the durability of resistance genes. We will study 

this in more detail to find the most durable spatial deployment strategy. 
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5. General conclusion and discussion 

The deployment of resistant cultivars is a widely used strategy for pest and disease 

management. The limited durability of qualitative resistance remains a major problem in 

systems where pathogens have a high evolutionary potential. Breeding a new high-yielding 

variety with new resistance genes takes time and the genetic pool for new resistance genes to 

replace the broken ones is limited, therefore it is important deploy new resistance genes so 

that the useful life is prolonged.   

 

To study what management strategies can prolong the useful life of resistance genes, we 

developed two models. In section 3, we developed a simple and general model that can be 

used for several host-pathogen systems. For simplicity we considered a spatially implicit 

model. The parameter for spore dispersal in this model, q, can be scaled so that it can 

represent spatial scales ranging from single plants (i.e. variety mixtures) for large q, to large 

fields with no connection between fields for q=0.  Likewise, the parameter for the number of 

generations per growing season of the host, τ, can be adjusted to represent specific host-

pathogen systems. In section 4, we developed a spatial explicit generic model to simulate 

population dynamics, selection and spread of air-borne diseases that is easily scalable to 

smaller or larger scale. We parameterized for Puccinia striiformis f. sp. tritici the causal agent 

of yellow rust in wheat. For this spatial explicit model we developed blueprints for spatial 

strategies of resistance gene deployment to find a management strategy that deploys plant 

resistance genes in the most durable way. These blueprints consist of variety choice (e.g. use 

of single resistant varieties, stacking of resistance genes, using multiple resistant varieties 

simultaneously), and characteristics of spatial deployment (e.g. fraction of resistant fields and 

degree of clustering of wheat fields). 
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Both models showed that even though a variety with two resistance genes has a longer useful 

life than a variety with a single resistance, because the initial proportion of virulent genotypes 

in the pathogen population is lower for stacked resistance, stacking two resistance genes in 

one variety (pyramiding) is not always more durable than the combined useful life of two 

single resistant varieties when they are deployed sequentially in two different varieties. In the 

spatial model, parameterized for P. striiformis, the useful life for sequential use of two single 

resistant varieties is higher than for pyramiding when  a large fraction of fields is planted with 

the resistant variety (f >0.5). 

 

We found that variety choice can have a large effect on the durable life of resistance genes, 

both models show that sequential use of two single resistant varieties and pyramiding of two 

resistance genes in one variety are the most durable solutions. Simultaneous use of two single 

resistant genes decreases the useful life of two resistance genes considerable. Spatial 

deployment characteristics can have an effect on the useful life of resistance genes. Both 

increasing the fraction of resistant fields and increasing the degree of clustering have a 

negative effect on the useful life of resistance genes. In the spatial implicit regional model the 

useful life continued to decrease with fraction of resistant fields up to 0.99 resistant fields. 

While, the spatial explicit model, showed that there is no effect of further increasing the 

fraction of resistant fields above f = 0.4 for sequential use and f = 0.6 for pyramiding on the 

useful life because it levelled off at a minimum value (with random clustering, for a degree of 

clustering c = 0.9 this minimum value was already reached for f = 0.2 for sequential use and f 

= 0.3 for pyramiding). This could have interesting implications. The population size decreases 

with increasing fraction of resistant fields, therefore, there might be an optimal balance 

between short term protection and useful life of the resistance gene. 
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Drawbacks for sequential use and pyramiding 

The results clearly show an advantage of sequential use and pyramiding over the simultaneous 

use of several single gene resistant varieties (section 4, Figure 5). However, there are also 

drawbacks of sequential use and pyramiding. Sequential use can only give increased useful 

life as compared to simultaneous use when the second single resistant variety is deployed 

after the first one is broken down. The benefits of sequential use as compared to concurrent 

use are diminished if a variety with a novel resistance gene is introduced before the previous 

gene is broken. Early introduction is plausible, either because it is unknown that a certain 

variety possesses that resistance gene, or because farmer and breeders interests make an early 

introduction advantageous. While early introduction may make good economic sense, it can 

mean that options for resistance are worn out earlier. This may be overcome by discontinuing 

the use of the earlier resistance.  Pyramiding is only advantageous when two new resistance 

genes are used in one variety that have not been introduced on the market yet. However, due 

to long development time and the fact that multiple breeders using the same limited gene pool 

to develop new resistant varieties, pyramided varieties in practice often contain one gene that 

is (almost) broken down and one new resistance gene. The durability of the resistance of this 

double resistant variety will be close to that of a variety with a single resistance gene. 

Furthermore, when a variety with stacked resistance genes is used together with single 

resistant varieties that contain the same resistance genes (mixed strategy) this negatively 

influences the useful life of the pyramided variety. The presence of the single resistant 

varieties increases the proportion of resistant fields equivalent to increasing the proportion of 

double resistant fields with the same amount. Deploying resistance genes in the most durable 

way thus can be hindered when there is insufficient public knowledge on which resistant 

genes are used in which variety.   
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Effect of fraction of non-host 

The fraction of non-host at a landscape level can be an important characteristic of a spatial 

deployment strategy. Non-host area is unsuitable for infection and therefore acts as a 

population sink. For the next deliverable we intend to add non-host as a spatial deployment 

characteristic in the scenario testing. We furthermore plan to test at which scale clustering of 

wheat fields (e.g. scale of a cluster of fields, regional scale, department scale, scale of cluster 

of departments, national scale) affects the chance that spores will get lost on non-host. Data 

on disease incidence of yellow rust in France (de Vallavieille-Pope et al., 2012) show that 

disease occurs regularly in the North-West of France. In the North-East of France disease 

incidence is much lower, while the percentage of wheat per department is equally high as in 

the North-West (Fig. 1b).  New genotypes of  P. striiformis generally first appear in the 

North-West of France. Decreasing the fraction of wheat in the North-West and increasing the 

fraction of wheat in the North-East might slow down spread and reduce disease pressure at a 

national level, while keeping the area of wheat grown constant at a national level. We intend 

to test that for the next deliverable. 

 

Increasing effectiveness of simultaneous growth of single resistant varieties 

The first results for using multiple varieties were not positive, using multiple single resistant 

varieties simultaneously increased the number of pathogen spores present and decreases the 

useful life. In reality, this is the most used strategy. Each farmer chooses the varieties that he 

wants to use, and multiple varieties are available. Each having different properties for yield, 

quality and resistance to multiple diseases. As it is the most used strategy, we are going to test 

what properties could enhance the durability of resistance genes when multiple varieties are 

used simultaneously. For instance, whether using multiple single resistant varieties in a 
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specific spatial pattern can reduce the development of multi-resistance breaking genotypes 

and possibly also the overall disease pressure. 

 

Evolution of virulence genes by mutation 

In this study, we assume that resistance breaking pathotypes are already present in low to very 

low frequencies (depending on how many virulence genes they possess). This is comparable 

to the situation where new genotypes invade in very low numbers that originate from another 

nation. An interesting addition would be to include mutation from avirulence to virulence in 

the model. Where both the single virulent and the multi-virulent have to evolve by chance 

from an avirulent genotype. Inclusion of mutation rates might favour pyramiding over 

sequential use. When a single virulent pathogen evolves and the resistant variety has two 

resistance genes. This single virulent pathogen has no selective advantage over the universal 

avirulent pathogen, as it cannot infect the double resistant varieties, and consequently the 

fraction of single virulent population will remain very low. Therefore, it most likely takes 

longer before a double virulent evolves and reaches the threshold at which resistance is 

considered broken down, than that two single virulent pathogens evolve and reach the 

threshold in sequential use. Furthermore, if we include mutation, disease pressure in the sense 

of number of spores present would play are more prominent role in the model, as the chance 

that a mutation occurs is assumed to be directly linked to the number of individuals that are 

produced. Including mutation, and potentially sexual recombination, would make the model 

more suitable for simulations with Zymoseptoria tritici (Mycosphaerella graminicola). We 

have not run simulations for Zymoseptoria tritici yet because data on virulence pathotypes is 

sparse and less is known on seasonal spread.  

 

Measure for resistance break down 
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In section 3 and 4, we defined the threshold at which resistance is considered broken down as 

a fraction θe of the pathogen population is virulent on the resistant variety. This can some 

implications on the time until resistance is considered broken down. For instance, if there are 

no susceptible fields, resistance will be broken down after one pathogen generation, in the 

first growing season. While, if you would study population numbers, the population size is 

still low and consequently the disease pressure will still be low too. Thus even though, the 

resistance gene is broken down, the effects are not that apparent. If multiple single resistant 

varieties are grown together, it takes a long time until there is a pathotype that reaches the 

threshold fraction. For instance, when there are 4 resistance genes in the host population, there 

are four single virulent matching pathotypes, six double virulent matching pathotypes, three 

triple virulent matching and one universal virulent pathotype. As a result, the only pathotype 

that can reach the threshold of 0.45 is the universal virulent pathotype. This pathotype has an 

initial fraction 10
-16

, therefore it takes a long time to reach this threshold. However, the 

population size of all virulent pathotypes together will be large, and the disease pressure may 

be high even before the resistance gene is considered broken down. For the next deliverable 

we intend to take both the fraction and the population size of resistance breaking pathotype 

into account. To model population size, the population model will be improved by introducing 

a carrying capacity.  

 

Other measures to prolong useful life 

Variety choice and spatial deployment of varieties both form the basis of an integrated pest 

management strategy. Due to the fact that resistance in plants cannot made durable these two 

management options always have to be combined with other measures like monitoring for 

disease and if disease is higher than the economic threshold, responsible pesticide use. 

Furthermore, useful life and effectiveness of qualitative resistance could be prolonged if these 
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would be combined with quantitative resistance, which slows down selection once the 

qualitative resistance gene is broken down. Furthermore, if there are costs for having certain 

virulence genes, removing the matching resistance gene from the environment and not use it 

for an amount of time until the virulence gene has disappeared from the population. Recycling 

the same resistance gene in a stacked variety combined with a new resistance gene can 

prolong the use of the resistance gene. 

 

In conclusion 

Our results show that without fitness penalties for pathogen virulence, plant resistance cannot 

be made permanent, but durable life can be modified by the deployment strategy. Simulation 

results from the spatial explicit model in a realistic setting (based on the existing pattern of 

arable land in France and the percentage wheat grown per department in France) show that the 

use of a resistance gene is generally low, using single resistant varieties in sequence and 

stacking multiple resistance genes in one variety are the most durable strategies. Using 

multiple single resistant varieties simultaneously reduced the useful life of the resistance 

genes. The results presented in section 4 show that both the fraction of resistant fields and the 

degree of clustering have an effect on the durability. Looking at pathogen development per 

department also shows a possible effect of fraction of non-host on the durability of resistance 

genes. We will study this in more detail to find the most durable spatial deployment strategy. 
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Annex I: Derivation of equations for fraction of virulent 

pathotypes in multiple varieties scenario of regional model 

 

In this appendix we derive equations for fraction of single virulent pathotypes for the scenario 

of simultaneous growth of multiple single resistant varieties and a susceptible variety for the 

spatial implicit regional model (section 3.3.2). To calculate the growth of a pathogen i, we use 

the odds ratios of pathogen i with the other pathogens, and the fact that all fractions add up to 

one:                 , where    to    are the fractions of the single virulent 

pathogens, and    is the fraction of the pathogen population that is avirulent. For two virulent 

pathogens the odds ratio at the end of the first growing season is, 
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When the avirulent pathogen is pathogen i, 
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The odds ratio, 
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Can be rewritten as, 
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For multiple breeding seasons this becomes, 
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Where g is the number of growing seasons. 

We can rewrite this as, 
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are the growth of virulent pathogen 1, relative to the growth of the single virulent pathogens 

2, 3 and 4, respectively the avirulent pathogen 0. 

In general, this can be written as, 
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Annex II: Choice of parameter values for the spatial explicit model at a 

national level 

 

In this appendix we show how the degree of clustering was calculated. Furthermore, we 

derive parameter values for the population model for Puccinia striiformis f. sp. tritici in 

France (section 4), the causal agent of yellow rust (stripe rust) in wheat, Triticum aestivum, 

based on literature and calculations. 

 

Calculation degree of clustering 

The maximum possible number of wheat neighbours per wheat field, Nmax, depends on 

fraction of wheat in the environment, and the spatial configuration of arable land and non-host 

in the environment, as wheat fields in our model are placed within the realistic pattern of the 

arable land (section 4.3.3). The maximum amount of neighbours that a wheat field can have is 

eight; all the direct neighbours. We used numerical simulations to check whether this 

maximum of eight could be reached for all fractions of wheat, w, within non-host area. If the 

total area of wheat becomes smaller, even if it is one big cluster, the ratio of wheat fields 

inside the cluster and at the boundaries changes to relatively more border fields. This reduces 

the maximum possible number of neighbours for lower fractions of wheat fields. We 

calculated the maximum average number of neighbouring wheat fields in a routine where we 

switched “wheat fields with the lowest number of wheat neighbours” and “non-host fields 

with the highest number of wheat neighbours” until the average number of wheat neighbours 

per wheat field reached a plateau. For high fractions of wheat fields this was very close to 

eight neighbours (e.g. one big cluster), while for lower fractions by chance often multiple 

small wheat clusters appeared. We wanted to prevent endless loops in the clustering 
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procedure, therefore we depend the maximum possible of wheat neighbours per wheat field, 

Nmax, on the fraction of wheat, w. From the numerical calculations we estimated, that the 

maximum number of wheat field neighbours is,     ( )                , when the 

fraction of wheat fields is small, w < 0.371795 (the point where the two lines cross). When the 

fraction of wheat fields is large, w  0.371795, the maximum number of wheat field 

neighbours is very close to eight,     ( )                . In the current set-up 

(section 4.3.3), wheat is placed in arable land. In a fragmented landscape, however, with non-

host in between arable land, not all wheat fields will be able to reach that maximum number 

of wheat neighbours. Therefore, the maximum number of wheat neighbours is corrected by 

the degree of clustering of the arable land. The current degree of clustering, cc, is calculated 

as, 
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where k is the total number of wheat fields, Ni is the number of wheat neighbours of wheat 

field i, Nmax is the maximum number of wheat fields possible, depending on the fraction of 

wheat in the landscape, w, and cAL is the degree of clustering of the arable land. The degree of 

clustering of the arable land, cAL, is calculated as, 
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where l is the total number of arable land fields, Nj is the number of arable land neighbours of 

arable land field j, depending on the fraction of arable land in the landscape, a.  

During the initialisation of the landscape with the wheat varieties, wheat field are placed 

randomly within the arable land. We then used a routine where we switched “wheat fields 

with the lowest number of wheat neighbours” and “non-host fields with the highest number of 
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wheat neighbours” until the average number of wheat neighbours reaches the pre-set fraction 

of maximum possible wheat neighbours, e.g. the current degree of clustering cc = c the pre-set 

degree of clustering. We vary the pre-set degree of clustering, c, between random distribution 

and 0.5, 0.6, 0.75 and 0.9 of the maximum possible number of neighbours per wheat field. 

 

Population dynamics of Puccinia striiformis 

P. striiformis in France is generally present from early March when wheat starts to grow to 

mid-June when the temperatures become too warm. P. striiformis has a latent period of 14 

days (Milus et al., 2009). Therefore on average it can complete τ = 6 generations in one 

growing season.    

In the literature we found values of apparent infection rates r = 0.2-0.3 (Zeng and Luo, 2008) 

and taking a generation time of 14 days (i.e. equal to the latent period) would give a value for 

the multiplication factor of P. striiformis, , in the range of 16 to 66. Based on a rough 

calculation where we assume that disease starts off in spring with 5 leaves per hectare with 

1% of the leaf area covered with yellow rust and ends with 50% infestation on all the leaves. 

Taking into account that the leaf area index (LAI) meanwhile increases from 0.1 to 4 and that 

the increase in disease is reached in τ = 6 pathogen generations. If we assume that there are 

400 culms/hectare, we can calculate the increase in disease by, (0.5 % infestation * 4 LAI)/(5 

culms * 0.01% infestation * 0.1 LAI / (400*10000 culms per hectare)) = 1.6*10
9
. The 

multiplication factor per pathogen generation is then (1.6*10
9
 )

(1/6)
 = 34.2. We set the 

multiplication factor of the pathogen at  = 35. This is within the range of 16 to 66 based on 

the apparent infection rates found in the literature. 

Most studies on dispersal of P. striiformis has been done at a field scale (Soubeyrand et al., 

2007). Mainly because on larger scales there is a limited spore load and therefore disease 
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caused by these spores are often below practical detection thresholds. Soubeyrand et al. 

(2007) found maximum dispersal distances, of 225 m approximately equal to the maximum 

length from the source that was measured in the experiment. We therefore assume that even 

though a very large fraction of pathogen spores remain in the field still a small part of the 

spores is able to leave the field and thus take q = 0.05. 

 

Virulence frequencies 

We assume that the initial fraction of single virulent spores in the pathogen population  is set 

at 10
-4

, because we expect that when the matching resistance is not yet in use this genotype of 

pathogens will have no selective advantage in the population and will occur in only a fraction 

of the population equal to the mutation rate, which is between 10
-6 

for loci not subject to 

selection and 10
-3 

for loci under selection (Hovmøller et al., 2008). We take the initial fraction 

of double virulent genotypes to be 
2
 and the initial fraction of triple virulent genotypes  

3
 up 

to 
5
 for pathogens that are virulent on 5 resistance genes. 

We take the threshold fraction of virulent spores in the pathogen population at which we 

consider the resistance variety to be broken down to be θe=0.45 based on the fact that the 

fraction of virulent pathogens can develop from this threshold value to 0.99 in one growing 

season. 

 

Dispersal of Puccinia striiformis 

To estimate the spread of P. striiformis we tested a set of parameter combinations of the 

length scale of pathogen dispersal u, and the shape parameter of the 2Dt model ν. We tested 

the dispersal at two spatial scales. We started with data from 2012 in the south of France on 

the Warrior race of yellow rust. This pathotype of P. striiformis was first reported in North-
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Western France in 2011, and in 2012 it was found in South France already early in the season. 

It was not reported in the South in the previous year. We therefore assume that yellow rust 

reported late April to June is caused by dispersal from the first four locations it was reported 

in early April. Furthermore, the Warrior race is the race that can infect many previously 

resistant varieties. Therefore, dispersal of the Warrior race it the least hampered by 

incompatibility of resistant varieties, and thus can show the potential dispersal the best. We 

tested a range of parameter combinations (see table II.1) starting from a length scale u=2 km 

and a very fat tail (ν=2), to a length scale of scale u=100 km and a thin tail (ν=12, but still 

higher than for normal distribution). When we increased length scale u we also increase the 

shape parameter v. Increasing the shape parameter makes the tails less fat. We used several 

parameter combinations of u and ν that gave similar good results in South France on the 

national scale to see if it could reproduce the timing of yellow rust as was found in the 

departments based on the data from 2007 to 2012. 

A general picture from the simulations on the national level is that dispersal to departments 

close to the source were underestimated and dispersal to departments far from the source 

overestimated. The population was spread too evenly over France. This indicates that the 

length scale should be higher (affects dispersal between neighbouring departments) and the 

tail of the distribution should be flatter, e.g. ν should be bigger. We found that a length scale 

of pathogen dispersal u=30 km, and a shape parameter ν=8 gave the best results. The 

departments close to the starting departments, that should be reached within 2 pathogen 

populations, were a bit too late (which was the case for all tested combinations), but the 

departments further away that should be reached in 3 to 5 pathogen generations, were timed 

correctly. Furthermore, the number of pathogens found in the sixth generation reduced with 

distance from the source, this also indicates that departments further away were reached later 

than the departments close to the source. 
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The similar results for the timing of first report in South France for almost all parameter 

combinations tested, show that to parameterise a model for long distance dispersal data should 

be available on a large spatial scale. 

 

Table II.1 Timing of dispersal in South France. Denoted are for different combinations of 

length scale parameter u and shape parameter ν, the first period that population numbers at 13 

locations (‘fields’) in South France, reached a population size above a threshold for detection 

(set at half the initial number of spores in the 4 initial locations). Period 1 is the first 2 

pathogen populations in the model (and half March to half April in the data), period 2 are the 

third and the fourth pathogen population in the model (and half April to half May in the data) 

and period 3 are the last two pathogen populations in the model (and half May to half June in 

the data). Green shading denotes good timing. Parameter combinations with orange shading 

were tested at the national scale. 

DEP. PERIOD          

 u 2 - 4 5 2 3 - 6 7 25 25 30 100 

 ν 2 2 3 3 3 4 6 7-8 8 - 12 

47
* 2 3 3 3 3 3 2 3 2 2 

32 2 2 2 2 2 2 2 2 2 2 

24* 2 3 3 3 3 3 3 3 3 3 

32* 3 2 2 3 2 2 2 2 2 2 

32 1 1 1 1 1 1 1 1 1 1 

32 2 2 2 2 2 2 2 2 2 2 

82 1 1 1 1 1 1 1 1 1 1 

82 2 2 2 2 2 2 2 2 2 2 

82 1 1 1 1 1 1 1 1 1 1 

82 2 2 2 2 2 2 2 2 2 2 

31 3 3 3 3 3 3 2 2 2 2 

31* 2 3 2 3 3 2 2 2 2 2 

81 1 1 1 1 1 1 1 1 1 1 

11* 2 3 3 3 3 3 3 3 3 2 

12 3 3 3 3 3 3 3 3 3 3 

34 3 3 3 - 3 3 3 3 3 3 

*Footnotes: Timing in department 47 and 24 might be too late, because spores did not 

originate from the South but from the Northwest. Timing of department 32, reported in period 

3 might be too early because this location is situated very close to the initial sources. Yellow 

rust in department 31was found in the first half of period 2. Yellow rust in department 11, was 

found on the last day of period 2, this could explain the later timing of the model. 

 

 

 

 


