
Cassava brown streak disease in clean seed systems

Appendix A. Model derivation

Infection rates for CBSD are largely unknown, although work is currently underway to address this deficit

(Ms C. Gwandu, pers comm, 12th Nov 2013). We therefore model the spread of CBSD analogously to the

spread of CMD, making assumptions where the diseases are known to differ.

I. Primary infection

We presume that the primary inoculation rate is constant for all susceptible plants within the field. This is

calculated from the rate of infection with CMD of a plant host by an infected insect vector:

k = 0.008 vector−1 · day−1 (range 0.002-0.032),

the number of vectors per plant:

m = 35 plant−1 (range 5-500),

and the proportion of vectors that are infected:

ni = 0.01 (range 0.0018-0.13),

where parameter values are taken from Fargette et al. (1990); Holt et al. (1997); Jeger et al. (2004) and Legg

(1994). Note that the vector population is taken from Fargette et al. (1990) in particular, from which the

secondary infection rate below is calculated. We therefore obtain primary infection rate

λ = kmni = 0.0028 plant−1 · day−1 (range 1.8x10−5-2.08).

However, it is known that movement of CBSD inoculative vectors over distances of greater than 100m
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between fields is uncommon (Dr F. Tairo, pers comm, 14th Nov 2013, see also Patil et al., 2014). Clean seed

systems are separated from nearby fields by a distance of 100m or more, so using the above values for CMD

infection we assume that the primary infection rate is given by 0 ≤ λ < 1.8x10−5. Although the primary focus

is low disease pressure systems, we also consider the effects of medium (1.8x10−5 ≤ λ < 2.8x10−3) and high

(2.8x10−3 ≤ λ < 2.08) disease pressure, although disease pressure for CBSD may never, in reality, reach these

levels.

II. Secondary infection

Secondary infection, on the other hand, depends upon the distance between a susceptible plant and all

infectious plants. Previously research has looked at the effect of a large internal source of CMD infection on

a field (Fargette et al., 1990), from which we calculate the effect of a single infected source. We find that an

exponential curve

I(x) = βe−α|y−x|,

where α = 0.175 and β = 0.8952, best fits an average (both up- and downwind) of the data presented in

Fargette et al. (1990), giving R2=0.8456. I(x) is the incidence of disease at the coordinate x in a one-dimensional

plane, y is the coordinate of the source, and the metric | · | measures the distance between the two.

However, as mentioned above, this data describes infection from a large source, while we are interested in

the spread of infection from a small (one plant only) source. In order to obtain this from the fitted curve, we

determine the density of source plants in the data, and integrate over the transmission model divided by the

density; i.e.

I(x) =
∫ ∞

−∞

βe−α|y−x|

ρ(y)
dy,

where ρ(y) is the density function of the source at y. In the data, the source consists of 5 rows of plants, with

10 out of 10 plants infected per row, while elsewhere the density of infected plants is assumed to be zero.
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Hence we obtain, for a source centred at zero in a one-dimensional plane,

I(x) =
β

10

∫ 2.5

−2.5
e−α|y−x|dy.

From this, for constants of integration p1 and p2,

I(x) =


αβ
10

[
e−α(x−y) + p1

]2.5
−2.5, if x > 2.5,

−αβ
10

[
e−α(y−x) + p2

]2.5
−2.5, if x < −2.5.

We therefore see that

I(x) =
βα

10
e−α|x|(e2.5α − e−2.5α

)
.

Figure A.1: CMD infection rate for plants at different distances from a source of infection at zero, estimated from data in Fargette
and Vié (1994).

Note that our secondary infection was calculated at τ = 6 months, when plant susceptibility is greatly

reduced (see below) and so we alter β accordingly, such that β = 3.6199.

In addition, it is convenient to rewrite β̄ = 2πβ
10αd (e

2.5α − e−2.5α) = 0.783, where 10 ≤ d ≤ 45 is the duration

in days over which the infection spreads (see the duration of the experiment in Fargette et al., 1990). This may
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be thought of as the rate of spread, while 2
α is the mean distance of dispersal. We obtain this through noting

that the mean distance of dispersal is given by,

∫ ∞

−∞

∫ ∞

−∞
|y− x| α

2

2π
e−α|y−x|dxdy,

which can be simplified using polar coordinates to obtain

∫ ∞

−∞

∫ ∞

−∞
|y− x| α

2

2π
e−α|y−x|dxdy =

α2

2π

∫ ∞

0

∫ 2π

0
re−αrrdrdρ =

α2

2π

∫ 2π

0
dρ
∫ ∞

0
r2e−αrdr =

α2

2π
2π

2
α3 =

2
α

.

Combining the above, we obtain infection rates dependent upon distance to source of infection, as

demonstrated in Fig. A.1.

The dispersal distance for CBSD is greatly reduced compared to that of CMD (Patil et al., 2014; Legg et al.,

2011), so we vary 0.175 ≤ α ≤ 2 so that the mean dispersal distance is 1-11.5m.

We presume that the rate of spread for CBSD is similar to that for CMD. Assuming that it is equal to the

minimum value for CMD, i.e. β̄ = 0.391, we observe a final incidence for CBSD of between 0 and 10% infection

in the field, depending on the initial infection levels. This matches the incidence found in the majority of

actual fields (Maruthi et al., 2005; Legg and Raya, 1998). In comparison, choosing the mean value of dispersal

from CMD, β̄ = 0.783, results in disease progression to an incidence of over 50%. We therefore choose β̄ from

the minimum of the range for CMD, i.e. 0.391 ≤ β̄ ≤ 0.783. We rescale this to account for plant susceptibility,

discussed below, so that 0.406 ≤ β̄ ≤ 0.813.

III. Susceptibility

The rate at which a plant becomes infected also depends on its susceptibility, as mentioned above. Although

this is dependent on plant age for CBSD (Hillocks and Jennings, 2003; Rwegasira, 2009), due to a lack of
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knowledge of the specifics we must again approximate this based on the dynamics of CMD, outlined in

Fargette and Vié (1994, 1995). They assert that susceptibility to CMD depends on plant age τ, and is given by

a(τ) = 0 when τ ≤ 1 and

a(τ) = 3.01(τ − 1.07)e−1.37(τ−1.07) + 0.23

when τ > 1, where τ is the plant age in months (see Fig. A.2).

Figure A.2: Plant age-related susceptibility (Fargette and Vié, 1995).

IV. Probability of infection

For each plant, we therefore use both primary and secondary infection rates, as well as a rescaling of

susceptibility such that it represents a proportion, to calculate the probability of infection in each day (see

Box 7.3 in Keeling and Rohani, 2008). In the method outlined in this reference, the two rates of infection,

primary and secondary infection, are used to calculate the probability of infection in a given time interval,

here considered to be 1 day. To calculate the probability P(x) of a plant at point x in the Cartesian plane

becoming infected in one time step ∆t, we first consider the probability e−ψ that it is not infected in that time
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step, where ψ is the overall rate of infection. Considering also the susceptibility of a plant, and using the

metric || · || for the Euclidean distance between plants, the probability of infection for plant x is then given by

P(x) = 1− e−a(τ)z,

where

z =
β̄α2

2π ∑
y∈infected

e−α||y−x|| + λ.

V. Whitefly dynamics

We then consider the effect of fluctuations in whitefly numbers, which affects both primary and secondary

infections. This is modelled through parameter

v(t) = vmax

(
− 1

2
cos
(

2πt
365

)
+

1
2

)
,

for time t in days, where we now define

P(x) = 1− e−v(t)a(τ)z.

This population parameter measures the whitefly present as a proportion of the maximum population,

vmax, and hence has an amplitude given by vmax, as well as a period of 365 days. This is equivalent to a

population that reaches a minimum and a maximum once a year, describing the effect of seasonality on

whitefly population dynamics (see, for example, Fargette and Vié, 1995; Fargette et al., 1994; Fishpool et al.,

1995; Sserubombwe et al., 2001, although see also Legg, 1994). Note that we also define v(t) such that the

population peaks 6 months after planting (see Fig. A.3), when the whitefly are most attracted to the foliage of
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a cassava crop (Fishpool et al., 1995; Legg, 1994). In addition, although there have been many reports of 200 or

more whitefly per plant in some fields (Alicai et al., 2007), here we presume that the field is in an area of lower

whitefly density, with a maximum of 110 individuals per plant.

Figure A.3: Whitefly population dynamics from planting over the growing season.

VI. Progression and disease identification

The disease becomes symptomatic after 3− 8 weeks (Mohammed, 2012, see also Maruthi et al., 2005; Mware

et al., 2009), giving an infection progression rate of g = 0.018− 0.048 day−1.

Unexpectedly, it has been observed experimentally that a large proportion of plants may appear symp-

tomatic but are not in fact infected (22%), and importantly for our model, 7% of plants may be infected but are

not symptomatic (Rwegasira, 2009; Rwegasira and Rey, 2012). We conclude that the success rate of roguing is

essentially unknown, and therefore has a very high range. This is given by 0% ≤ p ≤ 93% (see also Abaca

et al., 2012), although here we fous on success rates of 50− 90%.

Reversion rates, however, are fairly low, at 5 − 45% (Mohammed, 2012) dependent on cultivar type

(Rwegasira and Rey, 2012), and there is little information on cutting selection, so this parameter is taken to be

identical to the probability of successful roguing.

Note that all parameters are chosen from uniform distributions over the ranges defined above, which
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we collate in table 1 in the text. Parameter estimations are taken from a number of different studies taken

at different times at a range of sites across Africa. As such, they do not necessarily accurately represent a

geographical area on which this model is focused, but are in many cases the only data available, and as such

represent a “best-guess” value for a given parameter.

VII. Elasticity analysis

In Fig. A.4 we conduct an elasticity analysis of the model parameters, given by

ep =
pde f

rde f
·

rde f − rnew

pde f − pnew

for each parameter p and result r, where subscript de f indicates the default and subscript new indicates the

value when the parameter is decreased by 5%. We note that roguing frequency and success have an important

impact on the incidence of infection, as do both the dispersal and progression rate of the disease.
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(a) Incidence, low whitefly (b) Incidence, high whitefly

(c) Cuttings, low whitefly (d) Cuttings, high whitefly

Figure A.4: Elasticity analysis of the model parameters with regards to incidence of infection at harvest in percent (a,b) and
percentage of plants available for cuttings (c,d). Whitefly populations are low (35 individuals per plant) in subplots (a)
and (c), and high (110 individuals per plant) in subplots (b) and (d). Model parameters are given by 2

a (mean dispersal
distance), b (rate of spread), l (primary infection rate), g (infection progression rate), h (reversion rate), p (probability
of successful roguing), q (roguing frequency), c (probability of successful selection) and i (initial infection).
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