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A dynamic cropping system was represented by a square lattice of ®elds in which crops were successively harvested and

replanted. A spectrum of crop ages existed at any one time and the virus disease persisted by spread of inoculum

between crops. Such a situation is typical of many areas of tropical irrigated rice cultivation in which rice tungro virus

disease (RTVD) occurs. Using a mathematical model of the epidemiology of RTVD in the cropping system, the

deployment of ®elds of a genotype expressing some resistance to the disease was investigated. Previous studies on the

effect of genotype mixtures on disease progress within a single crop have shown that both the rate of disease increase

and the rate of focus expansion were proportional to the logarithm of the fraction of susceptible plants in the mixture.

Here, looking at long-term disease incidence in a dynamic cropping system, it was found that this same `logarithmic

rule' applied, provided that resistant crop deployment was spatially random. A relatively large proportion of ®elds had

to be planted with resistant varieties in order to have suf®cient area-wide impact on inoculum to reduce disease

incidence in ®elds of susceptible varieties. In many rice cropping systems there are two growing seasons per year and

the modelling indicated that the best strategy was to concentrate deployment of resistant varieties in the season of

greatest disease spread. Attempts to minimize inoculum carry-over to the `high spread' season by concentrating

resistant varieties in the previous season had little effect over a range of simulated conditions. In considering

recommendations for the management of RTVD, a con¯ict existed between the reduction of disease incidence

strategically and in the individual ®elds of a newly deployed variety. To maximize area-wide strategic impact, small

genotype units and random patterns were best, but to protect individual ®elds, large units and concentrated

deployment were best.
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Introduction

This paper considers plant virus disease management on
an area-wide, or multi®eld, scale. Cultivation of varieties
with varying levels of resistance to the virus and/or its
vector is the main approach to the control of many virus
diseases. Pathogen or vector adaptation to existing
resistant varieties often requires the breeding and
deployment of new varieties that involve new sources
of resistance. In such circumstances, resistant host
genotypes are deployed within a cropping system of
currently susceptible varieties. Whether such deploy-
ment has an area-wide effect on disease incidence or
simply reduces incidence in those ®elds in which the
resistant variety is grown is an important general
question. A situation is considered, with contiguous,
continuous planting of a host crop over a large area in

which planting times are staggered such that some crops
are always present. The disease spreads between crops
and so persists in the cropping system. Such a situation is
typical of areas of tropical irrigated rice cultivation in
south-east Asia where RTVD occurs (Thresh, 1989).

The use of resistant varieties has been one of the main
strategies for RTVD management in south and south-
east Asia (Khush, 1984). Such varieties have resistance
to the major vector, the leafhopper Nephotettix vires-
cens, but not to the viruses causing RTVD, although
virus-resistant varieties are being developed. Leafhopper
resistance confers `®eld resistance' to RTVD, as the
varieties are less easy to infect and the rate of disease
increase is slower than in susceptible varieties. For
example, in a survey conducted over two years in
southern Luzon, Philippines, mean peak disease
incidence (for ®elds in which at least 1% of rice hills
were affected by RTVD) was 4´5% for leafhopper-
resistant and 11´5% for leafhopper-susceptible varieties,
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respectively (Chancellor et al., 1999). Resistance to
RTVD is therefore partial or `quantitative', and the
terms `RTVD-resistant' and `RTVD-susceptible' are a
matter of degree. RTVD-susceptible varieties are often
grown even in areas where the disease is prevalent
(Warburton et al., 1998) and a number of existing
extension programmes promote the adoption of resis-
tant varieties in such circumstances (e.g. Philippine Rice
Research Institute, 1996). In addition, adaptation of
populations of N. virescens to previously resistant
varieties has occurred in some areas and so the
susceptibility of existing varieties can effectively increase
(Dahal et al., 1990). Questions of resistant variety
deployment are therefore important and timely.

Using a model of the epidemiology of RTVD in a
continuous, contiguous rice cropping system (Holt &
Chancellor, 1997) several key questions were asked:
X How extensive does the deployment of the resistant
variety need to be to have a useful effect in reducing
overall disease incidence in the locality generally?
X What is the most effective spatial pattern of deploy-
ment of ®elds of a resistant variety, a) to minimise
incidence in those ®elds planted with the variety, and b)
to have a strategic, area-wide impact on disease in the
cropping system?
X When two crops are grown per year and disease tends
to be more severe in one season than the other, what is
the optimum approach to resistant variety deployment
in time and space?

The approach adopted here is not new in seeking to
examine the impact of mixtures of disease-resistant and
susceptible genotypes on disease incidence. However,
much of the previous work refers to studies in which the
size of the genotype unit was the plant or group of plants
rather than the ®eld, and all studies were related to
disease dynamics in a single crop season, rather than to
the longer term in a dynamic cropping system compris-
ing many transitory crops. With these differences in
mind, experimental and theoretical work on disease
dynamics under host genotype mixtures have led
previous workers to a number of conclusions.

The greater the proportion of resistant plants in a
mixture, the greater the difference found in the amount
of disease between a pure line susceptible population
and a mixture of resistant and susceptible plants, both in
experiments with maize rusts (Mundt & Leonard,
1986b) and in theoretical studies (Kiyosawa & Shiyomi,
1972; Kiyosawa, 1976). Several factors were shown to
affect this relationship. Experiments with oat crown rust
indicated that an increase in the genotype unit area (i.e.
size of blocks of each genotype) could reduce the ef®cacy
of host mixtures for disease control (Mundt & Brown-
ing, 1985). However, if the initial infection was con®ned
to a single focus, genotype unit area appeared to have
much less effect on mixture ef®cacy than when initial
infections were distributed uniformly within simulated
®eld plots (Mundt & Leonard, 1986a).

The dispersal gradient was also found to be impor-
tant: the effectiveness of mixtures was less when

the dispersal gradient was steep. This was attributed
to an increase in autoinfection within the same genotype
unit (Kiyosawa & Shiyomi, 1972; Mundt & Leonard,
1986a). Conversely, when the dispersal gradient was
shallow, changes in genotype unit area had less effect
on the ef®cacy of the mixture because inoculum
was distributed more uniformly (Mundt & Leonard,
1986a). A much stronger effect of dispersal gradient
on mixture ef®cacy was noted when the proportion
of the susceptible genotype was low (Kiyosawa,
1976).

The impact of ®eld size on epidemic development was
investigated by Zadoks & Kampmeijer (1977) using a
model. They concluded that, in a simulated mixture of
®elds of resistant and susceptible varieties, small ®elds
delayed the progress of a focal epidemic more effectively
than large ®elds. This conclusion appears consistent with
that for dispersal gradients, a steep gradient being in
some ways equivalent to a large ®eld because, in both
cases, only a small proportion of the total inoculum
leaves the ®eld.

Both empirical and theoretical studies have helped to
quantify understanding of the effects of genotype
mixtures on disease progress. The rate of disease
increase in oat stem rust was found to have a linear
relationship with the logarithm of proportion of
susceptible plants in a mixture of resistant and suscep-
tible oat varieties (Leonard, 1969). Leonard (1969) also
derived the same relationship theoretically, based on the
assumption that disease increase was in proportion to
the increase in the numbers of pustules, that pathogen
reproduction on resistant plants was negligible, and that
the probability of a urediospore reaching a susceptible
plant was proportional to the percentage of susceptible
plants in the host mixture. Van den Bosch et al. (1990)
examined theoretically the expansion of disease foci in
`ideal' (in®nitesimally ®ne-grained) mixtures of a resis-
tant and a susceptible host. They found that the radial
velocity of focus expansion increased linearly with the
logarithm of the proportion of susceptible plants. Thus,
measures of both disease progress and spatial spread
have been shown to be linearly related to the logarithm
of the fraction of susceptible plants in a mixture.

The model

The analysis presented in this paper uses a model of
simple structure but which has the essential features to
enable variety deployment questions to be investigated.
The model was described in detail in Holt & Chancellor
(1997). The cropping system was represented by a
square lattice of four hundred ®elds. Over time, each
®eld followed a repeating six-month cropping cycle in
which a four-month crop period was followed by a two-
month fallow period. The frequency distribution of
the month of planting of the ®elds within the lattice
followed a normal distribution with a standard
deviation s. The standard deviation can be regarded as
a measure of planting time asynchrony for the crop
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season. This was a reasonable representation of rice
cropping systems in parts of the Philippines. For
example, in an intensive survey carried out in southern
Luzon (Chancellor et al., 1999), two rice crops were
cultivated routinely per year over a large area compris-
ing approximately equally sized ®elds (of about 1 ha)
and in which the distribution of planting times in each
season was found to follow a normal distribution with a
standard deviation of planting time which varied
between 0´58 and 2´3 months, such that crops of a
diverse range of ages were present in varying propor-
tions throughout the year.

Based on measurements of disease progress in trial
plots, the increase in disease incidence in each ®eld of the
lattice was assumed to follow a logistic curve (Satapathy
et al., 1996). Studies of RTVD vector ¯ight activity
(Cooter & Winder, 1996) indicated that inoculum
spread between ®elds was likely to decline rapidly with
distance and was approximated here by a negative
exponential function of distance. Potentially, each ®eld
can receive inoculum from every other infected ®eld in
the lattice, but nearby inoculum sources make the largest
contribution. This was consistent with the steep decline
in RTVD infection risk observed with increasing
distance to the nearest inoculum source (Holt et al.,
1996). As described in Holt & Chancellor (1997),
spread between ®elds and the rate of disease increase in
®elds can be combined in a single expression, so for each
®eld (at co-ordinates x,y) in the lattice:

a�x;y�;t�1 �
Xi�m
j�m

i�1
j�1

a�i;j�;t expr�1ÿa�x;y�;t�ÿbs�i;j� (1)

where a(x,y),t�1 is the disease incidence in the ®eld at
co-ordinates (x,y) in month t� 1, m is the number of
®elds along the main axes of the lattice, a(i,j),t is the
disease incidence in the ®eld at co-ordinates (i,j) in
month t, r is the infection rate (which is speci®c for
variety type and season), a(x,y),t is disease incidence in
®eld (x,y) in month t, b the dispersal gradient and s(i,j) the
distance between the ®eld (x,y) and the ®eld (i,j). Tungro
viruses are not seed-borne, and disease incidence in each
®eld was assumed to return to zero each time a new crop
was planted in the ®eld.

Holt & Chancellor (1997) estimated that for RTVD-
susceptible varieties, values of r and b were in the range
1´2±2´8 monthÿ1 and 2´5±6´0 ®eld-widthÿ1, respect-
ively, assuming a ®eld size of about 1 ha. Fields of two
variety types were speci®ed in this paper, being resistant
or susceptible to RTVD, with the infection rate in ®elds
of a resistant variety, rr, being less than that in ®elds of a
susceptible variety, rs. The slope of the disease dispersal
gradient was assumed to be unaffected by the variety
type of source ®elds (i,j) (Equation 1). RTVD vectors
show preference among varieties for oviposition and
feeding sites and some RTVD-resistant varieties do
exhibit antixenosis. N. virescens is less likely to settle
and feed on such varieties (Heinrichs & Rapusas,

1983). It was assumed that these effects were accounted
for in infection rate differences between resistant and
susceptible varieties. In ®eld trials the rate of progress
of RTVD on susceptible varieties was approximately
three times that on resistant varieties (Satapathy et al.,
1996) so this differential between the infection rates on
resistant and susceptible varieties was used in the
analysis.

Analysis

Disease incidence in the lattice followed the cycle of host
availability, determined by the variance in planting date.
To obtain an average, long-term value, simulations were
performed over 40 months (< seven crop cycles) and the
mean incidence for this period was calculated separately
for ®elds of the two variety types.

Fraction of ®elds of a susceptible variety and their
spatial deployment

Mean disease incidence for both varieties is likely to be
affected by the proportions of ®elds of each variety type,
the spatial arrangement of the ®elds, the dispersal
gradient, b, and the infection rate, r. In the analysis,
the proportion of ®elds of a susceptible variety was
varied from 1% to 99%. Two extreme situations were
examined for the spatial arrangement of ®elds: the
random allocation of variety type to individual ®elds,
and the splitting of the lattice into two contiguous
blocks, one of each variety type. These extremes
represent, on the one hand, completely random variety
deployment, and on the other, a situation of minimum
mixing of variety types. Epidemiological processes in the
model were speci®ed by two parameters only: the
infection rate and the dispersal gradient. The ranges of
both values were investigated. The gradient might be
expected to interact with the effects of spatial pattern.
Two extreme situations are discussed as examples:
one with very short range of dispersal (steep slope),
and the other with a longer range of dispersal (shallow
slope).

Seasonal disease incidence and temporal variety
deployment

Where disease incidence changes over the year, the
question arises as to whether resistant varieties are best
deployed in certain seasons rather than others. To reduce
incidence in a particular crop it might seem obvious to
deploy a resistant variety when conditions for disease
spread are most favourable. The most effective strategy
to achieve a strategic reduction in disease in the long
term is less clear. For instance, it is possible that
deployment of resistant varieties in a season when
incidence is low might reduce carry-over of inoculum to
the next season and have a major effect on disease
dynamics.
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To examine these questions, a cropping system with
two six-month seasons was represented in the model.
Fields of the two variety types were allocated spatially at
random. The infection rate r of the disease was higher in
one (wet season) than the other (dry season), as generally
encountered with RTVD. From the results obtained in
Satapathy et al. (1996), it was reasonable to assume that
r in the dry season was half that in the wet season. As
before, there was assumed to be a crop period of four
months and a fallow period of two months, giving two
crops per year. Peaks of planting took place in the third
month of both seasons. These details are broadly based
on observations made in southern Luzon (Chancellor
et al., 1999).

Three strategies were compared in simulations:
100% resistant varieties in the wet season, 0% in the
dry season (direct control); 0% resistant in the wet
season, 100% resistant in the dry season (carry-over
prevention); and 50% resistant in both seasons (no

temporal deployment). The three strategies involved
the same number of ®elds of a resistant variety in any
one year, the difference being only the season in which
they were deployed.

Results

Fraction susceptible and spatial deployment

The effect of varying the fraction of ®elds of a susceptible
variety on mean disease incidence was examined for a
range of situations: random variety mixing or single
variety blocks; steep or shallow dispersal gradient; high
or low infection rate. Figure 1(a,b) shows examples of
the situation with random mixing, and with a steep and
a shallow dispersal gradient, respectively, combined
with a high and a low infection rate, respectively.
Figure 2(a,b) shows examples with the same parameter
values as Fig. 1(a,b), respectively, but with single variety
blocks.

When the two variety types were mixed randomly,
mean incidence in the ®elds of the susceptible variety
was found to increase approximately linearly with the
logarithm of the proportion of susceptible plants, but
only when the proportion exceeded approximately 10%
(Fig. 1a,b). Below 10%, this relationship broke down
and disease incidence persisted at a low level, provided
that some susceptible plants occurred in the mixture.
With a steep dispersal gradient, incidence remained
low in the ®elds of a resistant variety even when 99%
of ®elds were of the susceptible variety (Fig. 1a). With
a shallower gradient, the linear relationship with
the logarithm of proportion of susceptible plants in
the mixture can be seen in both the resistant and the
susceptible varieties (Fig. 1b) and incidence in the
®elds of a resistant variety was relatively high,
especially when most ®elds in the mixture were
susceptible. In the examples shown, the relationship
between incidence and variety mixture composition
can be seen clearly. Decreases in either inoculum
dispersal distance (steeper gradient) or infection rate
caused mean incidence in the lattice to fall. The same
logarithmic relationship holds when incidence does not
reach such high values, but the slope of the relationship
is reduced.

When the two variety types were present each as a
single contiguous block of ®elds, the outcome was
different. Mean disease incidence was largely unaffected
by the proportion of ®elds of the susceptible variety,
until this fell below approximately 10% (Fig. 2a,b).
Even when the size of the `susceptible block' was very
small (1% of the total, 4 ®elds in a 20 ´ 20 lattice of 400
®elds), incidence was relatively high in the ®elds of the
susceptible variety. With the ®elds of each variety type
arranged as contiguous single blocks, disease spread to
the ®elds of a resistant variety was also reduced, so that
in the ®elds of a resistant variety, mean incidence
remained very low even with a shallow dispersal
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Figure 1 Mean disease incidence in ®elds of susceptible (W) and

resistant (X) varieties, as a function of the proportion of ®elds of the

susceptible variety in the lattice, when ®elds of the two variety types

were mixed randomly, (a) with steep disease dispersal gradient and

high infection rate (b� 6, rs� 3) and (b) with a shallow gradient and

low infection rate (b� 3, rs� 1´5). rr� rs/3, � 1, m� 20. Four

realizations of each model run are shown, but some points are

coincident.



gradient, except when the `resistant block' was very
small (Fig. 2b).

Stochastic variation in the positions of ®elds with
respect to variety type and age (Fig. 1a,b) or age only
(Fig. 2a,b) meant that no two simulations were exactly
alike. Especially when block size was small, the mean
disease incidence in the block of ®elds was strongly
in¯uenced by the placement of ®elds. For each realiza-
tion, ®elds of different ages were allocated at random to
different positions in the lattice. Four realizations of
each model run are illustrated in Fig. 1 and Fig. 2. When
the relative ages of adjacent ®elds was such that a high
level of disease carry-over between crops was possible, a
high mean incidence resulted. When patterns were less
conducive to such carry-over (e.g. when adjacent ®elds
were of similar age) then mean incidence tended to be
lower. Such stochastic effects had greater impact on
mean incidence when the number of ®elds concerned
was small.

Seasonal deployment

When resistant and susceptible varieties were present in
both seasons, disease incidence reached a peak towards
the end of both seasons in both varieties. As expected
from the parameter values used, incidence was lower on
resistant varieties and lower in the dry than in the wet
season (Fig. 3a). This general pattern was observed in
southern Luzon, where a mix of variety types was grown
in both seasons (Chancellor et al., 1999). If resistant
varieties were restricted to the dry season (`carry-over
prevention' strategy) then incidence in the resistant
variety in the dry season decreased slightly, and that in
the susceptible variety in the wet season increased
slightly (Fig. 3b), compared with the mixed variety
situation seen in Fig. 3(a). This was true irrespective of
planting date variance, except when variance was
reduced such that inoculum carry-over between seasons
only just suf®ced to allow disease persistence. In this
case, build up of inoculum in the wet season was delayed
slightly, but by the end of the wet season still reached a
peak similar to that seen in Fig. 3(b).

The strategy of deploying virus resistant varieties only
in the wet season and susceptibles only in the dry season
(`direct control' strategy) had a greater area-wide effect
in reducing disease incidence (Fig. 3c). With this
strategy, disease incidence in susceptible varieties in the
dry season was greater than that seen in Fig. 3(a), but in
the wet season, incidence was reduced in the resistant
varieties compared with the resistant varieties in the
mixed situation seen in Fig. 3(a). Overall, therefore, the
total area under the disease incidence curves was less for
the example in Fig. 3(c) than for those in Fig. 3(a,b).

For the examples shown in Fig. 3, ®elds have been
assumed to be randomly distributed, the dispersal
gradient was shallow (b�3) and the potential for
inoculum carry-over between seasons was low
(s�0´4). Simulations with different gradients and
infection rates give quantitatively different results but
they lead to the same conclusions regarding the relative
impact of different deployment strategies (Table 1). The
conclusions were also insensitive to the difference in
infection rate between resistant and susceptible varieties
and between wet and dry seasons.

Discussion

The results of this analysis have important implications
for variety deployment. Consider a locality with disease-
susceptible varieties and in which disease is endemic: if a
disease-resistant variety is deployed in ®elds arranged
spatially at random, the following can be predicted from
the results of the model. When the percentage of ®elds of
a susceptible variety is less than about 10%, incidence in
the resistant variety will remained low (as in Fig. 1). If
this percentage exceeds about 10%, the infection in
the resistant variety could be high or low, depending on
the range of inoculum dispersal, a characteristic of the
disease in question. Irrespective of the range of inoculum
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Figure 2 Mean disease incidence in ®elds of susceptible (W) and

resistant (X) varieties as a function of the proportion of ®elds of the

susceptible variety in the lattice, when ®elds were arranged in

contiguous blocks of each variety type (a) with steep disease

dispersal gradient and high infection rate (b� 6, rs� 3) and (b) with

a shallow gradient and low infection rate (b� 3, rs� 1´5). rr� rs/3,

� 1, m� 20.



dispersal, however, the area-wide incidence of disease
would be expected to be related to the logarithm of the
fraction of the area planted to ®elds of a susceptible
variety. As a result, the fraction of the area planted with
a resistant variety would have to be quite large to obtain
a signi®cant area-wide effect on disease incidence. In the
example in Fig. 1(b), reduction in the proportion of
susceptible varieties from 99% to 66% only reduced
mean incidence in the ®elds of a susceptible variety from
approximately 49% to 42%. The logarithmic relation-
ship means, of course, that greater strategic effects occur
as the proportion of ®elds of a susceptible variety
declines; a reduction in ®elds of a susceptible variety
from 20% to 13% halved mean incidence from
approximately 20% to 10% (Fig. 1b).

It is dif®cult to validate area-wide models of plant
disease epidemics: Zadoks & Kampmeijer (1977)
commented that an abstract model like EPIMUL can
be validated only by means of generally accepted
abstractions. The present approach has been to keep
such abstractions to a minimum. Con®dence in the

model results is strengthened because the key conclu-
sions proved robust to changes in model parameters.
The mathematical form of the dispersal gradient has
important implications for the pattern of development
of focal epidemics (Minogue, 1989; Ferrandino, 1993).
The effects of alternatives to the negative exponential
gradient have not been investigated, but because this
paper deals with a general epidemic in a changing
patchwork of ®elds, it is the short-range effects that are
the most in¯uential for disease epidemiology and the
form of the tail of the gradient may not be too
important.

Other modelling work has reported that the effective-
ness of genotype mixtures was reduced by steep disease
dispersal gradients (Kiyosawa & Shiyomi, 1972; Mundt
& Leonard, 1986a) and this was also the case here. The
slope of the logarithmic relationship changed according
to the epidemiological parameters, but the form of the
relationship was unchanged. Measures of both disease
progress (Leonard, 1969) and spread (van den Bosch
et al., 1990) were previously shown to be linearly related
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to the logarithm of the fraction of susceptible plants in a
mixture. Both these studies concerned disease progress
in a single crop. The analyses presented here consider
disease dynamics in a continuous cropping system
composed of many transitory crops. It has shown that
a similar `logarithmic relationship' is also likely to hold
in the long term on a cropping system scale, with
important implications for the deployment of ®elds of
resistant varieties. It is notable that the relationship has
limits of applicability on a cropping system scale, and in
particular, does not apply when ®eld types are deployed
in large blocks (i.e. are poorly mixed).

When the resistant variety was deployed as a
concentrated block of ®elds, the model predicted that
disease incidence within the introduced resistant variety
was likely to be lower than in random deployment,
especially when the dispersal gradient was steep.
Correspondingly, however, the strategic impact on
disease incidence in the cropping system was likely to
be very small until the ®elds of a susceptible variety
became very much a minority. Thus, the best pattern for
the new deployment of resistant varieties will depend on
the spatial scale relevant to the decision-maker. An
individual farmer with a small number of ®elds would be
well advised to concentrate ®elds of a new resistant
variety together. A plant protection department inter-
ested in strategic disease control might be advised to
encourage more intimate mixing of ®elds of resistant and
susceptible varieties. To prolong the effective life of
resistant germplasm, the best strategy is less clear:
a trade-off exists in which a large area of a single
genotype would reduce the exposure of the host to the
pathogen, but such a monoculture would also be
expected to increase the selection pressure for resistance
breakdown. In most situations that involve large
numbers of individual farmers, often managing a set
of ®elds that do not form a contiguous block, it must
be recognized that the distribution of ®elds is likely to
be closer to the random deployment than to the single
block case.

In areas where RTVD is endemic, a patch-work of
®elds of high and low incidence is often present,
governed by the varieties grown and the planting pattern
of the locality (Chancellor et al., 1999). In the model,
incidence of infection was distributed throughout the
lattice in those ®elds that are vulnerable to infection, and

therefore represented a general epidemic. Field size is
known to have an important in¯uence on the effect of
genotype mixtures on disease incidence, especially in
general epidemics (Mundt & Leonard, 1986a). In the
analysis presented here, the case in which variety type
was randomly deployed can be regarded as representing
a collection of small ®elds, and the case where the two
variety types formed contiguous blocks as representing
two large ®elds. In examining the relative merits of large
and small ®elds from the point of view of reducing
disease spread, Vanderplank (1963) argued that larger
®elds were better because a smaller proportion of plants
within a ®eld were at the perimeter and therefore close to
those of neighbouring ®elds. However, both experimen-
tal (Mundt & Browning, 1985; Mundt & Leonard,
1986b) and theoretical studies (Zadoks & Kampmeijer,
1977) supported the view that smaller `genotype units'
were better at reducing disease spread within the
pathosystem as a whole. In the present study, disease
levels were examined separately in ®elds of resistant and
susceptible varieties. To minimize disease incidence in
the ®elds of a resistant variety, larger genotype units
were better, but to minimize incidence in the cropping
system as a whole (and therefore in ®elds of a susceptible
variety), smaller units were better.

In southern Luzon, Philippines, there was generally
lower RTVD incidence in the dry than in the wet season
and the number of infective leafhoppers was very low in
the dry season until late in the crop (Chancellor et al.,
1997). There were also indications from a survey of
RTVD in southern Luzon that in seasons where there
was likely to be less carry-over of inoculum between
crops, RTVD incidence in the second crop was reduced
(Chancellor et al., 1999). Nevertheless, based on the
results from the model, it was more effective to seek to
reduce disease progress during the season of high
infection than to try and reduce carry-over of inoculum
into that season. Of course, if planting synchrony is
increased such that the `green bridge' is removed, then
carry-over is prevented and the disease cycle can be
broken (Vanderplank, 1963). As was clear from an
analysis of cropping synchrony (Holt & Chancellor,
1997), if even a small amount of carry-over occurred,
incidence could build up signi®cantly during the main
cropping seasons, and the model proved very sensitive to
changes in cropping synchrony close to the threshold for
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Table 1 With the infection rate r� 1´5 (low) or

2´5 (high), and dispersal gradient, b� 2´5

(shallow) or 4 (steep), the mean area-wide

RTVD incidence when (i) only resistant vari-

eties are planted in the wet season and only

susceptible varieties in the dry season, and

(ii) only susceptible varieties are planted in

the wet season and only resistant varieties

in the dry season. Figures are percentages

of the RTVD incidence for the situation

when 50% of ®elds are planted with resistant

varieties in both seasons.

Infection Dispersal Resistant varieties Resistant varieties

rate, r gradient, b only in the wet season only in the dry

season

low shallow 58 186

low steep 85 136

high shallow 72 132

high steep 17 130



disease persistence. Unless the deployment of resistant
varieties in the dry season will enable incidence to be
reduced to a very low level (approximately 0´01%),
therefore, it is unlikely to be effective in strategic disease
suppression.

National programme recommendations for RTVD
management usually suggest the adoption of resistant
varieties. For example, in the Philippines, it is suggested
that resistant varieties are grown, but there is no
seasonal element to this recommendation (Philippine
Rice Research Institute, 1996). The continuous use of
the same variety for several seasons is not recommended
because of the dangers of adaptation by the green
leafhopper vector to the variety. Farmers understood
that changing varieties after some time could be
necessary: farmers in all areas were aware that different
rice varieties have differing resistance to pests and
diseases and 86% said they would change to another
variety to prevent RTVD occurring again. Farmers in
RTVD `hotspots' were also aware that some varieties
that had appeared resistant initially had become infected
and the resistance had broken down over time (Philip-
pine Rice Research Institute, 1996). Clearly, continuous
cultivation of the same resistant varieties is not likely to
be sustainable. Rotational deployment of resistant
varieties has been implemented in south Sulawesi,
Indonesia, in an attempt to delay the `breakdown' of
leafhopper-resistant varieties (Sama et al., 1991). In
other locations, such as southern Luzon, there is no
evidence that the proportion of RTVD-resistant varieties
varies between seasons (Chancellor et al., 1999). Our
analysis suggests that a reduction in RTVD incidence
in a locality can be achieved without necessarily
increasing the proportion of ®elds with resistant
varieties but by concentrating their deployment in the
wet season.
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