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Summary Potential social costs and externalities as-
sociated with herbicide resistance have not generally
been considered in economic analyses of the impact
of herbicide resistance. The economics of managing
herbicide resistance in weeds has focused on cost-
effective responses by individual growers to the devel-
opment of resistance at the individual field level, and
the risk of resistance spread through weed mobility has
been treated in economic analyses as if it were negligi-
ble. In reality, weed mobility needs to be assessed on a
case-by-case basis. Resistance has been shown in many
cases to have resulted from multiple events, rather than
by spread, however, there is also a likelihood of resist-
ance mobility through the spread of pollen, seed and
plants. Furthermore, growers may perceive that they
will gain resistance via mobility rather than just their
own actions. In cases where weed mobility is high,
failure to recognise costs associated with externalities
results in myopic behaviour by individual agents, and
hence overuse of the herbicide resource. In this paper
we discuss the evidence for weed mobility in various
farming environments, and use a simulation model to
consider the impact mobility may have on the onset of
resistance, weed control costs and optimal herbicide
resistance management strategies.
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INTRODUCTION
Weed resistance to herbicides is an increasing problem
world-wide, affecting the efficacy of major herbicides.
Whereas externalities and social costs associated with
resistance to pesticides and antibiotics have been con-
sidered by economists (e.g. Laxminarayan 2003), this
is not the case for herbicide resistance. Externalities
exist when an activity undertaken by an individual has
side-effects on others that are not taken into considera-
tion by the first individual. Externalities can result in
social costs: costs incurred off-site by individuals or
society when externalities exist. If externalities are
not taken into consideration then individual optimal
use may be too high, as individuals may use products
with insufficient concern about negative impacts of
current use on future efficacy of the product for others.

Failure to consider externalities in analyses of optimal
herbicide use is often justified by the higher mobility
of many insects and diseases relative to weeds, and the
consequent higher risk of off-site effects.

The costs of herbicide resistance usually consid-
ered when assessing optimal farmer use of herbicides
are those associated with: 1) the risk of poor future
weed control and hence loss of crop yield, especially
in situations where farmers do not realise they have
resistant weeds; and ii) extra weed control costs, both
in situations where resistant weeds are more expensive
to treat or where management to prevent resistance is
more expensive, as in the ‘Double-Knock’ treatment
recommended to reduce the probability of the develop-
ment of glyphosate resistance (Neve et al. 2003).

The economics of managing weed herbicide
resistance has focused on cost-effective responses by
individual growers to the development of resistance
at the individual field level, and the risk of resistance
spread through weed mobility has been treated in eco-
nomic analyses as if it were negligible (e.g. Gorrdard
et al. 1996, Weersink et al. 2005).

In reality, the risk needs to be assessed on a case-
by-case basis. Some weeds are very mobile. Although
in many cases herbicide resistance has been shown to
result from multiple evolutionary events, rather than
by spread, there is also a varying likelihood of resist-
ance mobility through the spread of pollen, seed and
weeds themselves, which will be dependent on a range
of factors. The spread of herbicide resistance genes
within a population is controlled in part by the extent
to which a species cross-pollinates and also by the
nature of the resistance gene. Rieger et al. (2002) have
shown in canola the pollen movement of HR genes to
be at least 2.6 km. Resistance has been shown to have
spread from a single weed source in irrigation-based
agriculture (Fischer et al. 2004), and research in Aus-
tralia suggests that some separate glyphosate-resistant
ryegrass populations in New South Wales are likely to
have occurred through seed movement (Stanton et al.
2004). In the United States, most cases of glyphosate-
resistant weed populations are reported in horseweed
(Conyza canadensis L.), a weed whose parachute-type
seeds are readily dispersed by wind, and some resistant
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populations show a common inheritance of resistance
mechanism (Powles and Preston 2006). Potential
resistance mobility through the movement of pollen,
seed or weeds may not be ‘low’ in all situations, and
the off-site costs from resistance mobility could be
substantial.

Furthermore, a study in Western Australia shows
that farmers perceive that herbicide resistance com-
monly spreads through seed and pollen movement
(Llewellyn and Allen 2006). Seventy percent of sur-
veyed farmers thought that some herbicide resistance
on their farm had come from seed and pollen move-
ment. Perceptions such as this may result in farmers
using herbicides as if there were resistance mobility,
and effectively having less incentive to conserve the
resource themselves (by reducing selection pressure
for resistance) as they believe the benefits in doing so
cannot be captured.

In economic terms, social costs of resistance
mobility include those incurred off-site when resist-
ance from one area spreads to another area through
mobility, and social costs relating to changes to less
environmentally-friendly farming systems following
the development of herbicide resistance. The latter
include social costs associated with potential failure
of herbicide-resistant cropping systems, reduced use of
conservation tillage techniques, and potentially more
reliance on herbicides with greater environmental and
health risks.

In this paper we concentrate only on the first issue,
where herbicide resistance mobility results in herbicide
resistance in neighbouring areas, and consider the
impact this may have on the onset of resistance and
weed control costs.

MATERIALS AND METHODS
To investigate the potential effect of herbicide resist-
ance mobility through the movement of pollen, seed
or weeds, a simple spreadsheet model was constructed
based on a grid of five by five areas, which could
theoretically represent fields, farms or regions. As the
model is constructed, some areas have eight neighbour-
ing areas that could potentially be sources of resist-
ance (described as ‘adjacent’ areas), some have five
neighbouring areas (described as ‘edge’ areas), and
some have three (described as ‘corner’ areas). Each
area can be independently assigned a resistance onset
year assuming either a preventative strategy would
or would not be used. The probability of resistance
onset in any area as a result of resistance mobility
is described by a hypothetical function based on the
number of neighbouring areas with resistance (Figure
1). Resistance onset is assumed to be less probable
if a preventative strategy is being used: such that, in
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this instance the probability of resistance onset in an
area in any one year if eight neighbouring areas have
resistance is 0.17 when a preventative strategy is being
used, compared to 0.35 when no preventative strategy
is being used.

The probability of resistance onset from spread
was used to set a threshold (equal to one minus the
probability), which had to be exceeded for resistance
to occur. A random number generator in the model
dictated whether the threshold was exceeded in any
given year. As the number of neighbours with resist-
ance increased, the threshold became lower and hence
the probability of it being exceeded increased. The
year of resistance onset in each area was dependent
on three factors: i) the threshold based on the number
of resistant neighbours being exceeded; ii) the pre-
determined resistance onset year for the area; and iii)
whether the area was already resistant. The effect of
resistant areas on neighbouring areas could be lagged
from zero to five years.

The simulation model was run 1000 times and
the results used to construct a cumulative probability
function for the year of resistance onset under various
scenarios.

RESULTS

Risk of resistance via mobility In a simulation
designed to estimate the risk of resistance from mo-
bility, uncontrolled resistance was assumed to exist
in the centre area of the grid and potentially spread
to other areas as described. No preventative strategy
to prevent resistance was being used in any area. The
time before resistant areas could have an effect on
any neighbouring area was set at three years. In the
absence of resistance spread, resistance was assumed
to occur at year 13 (due to on-farm use of the herbicide
(Neve et al. 2003)).
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Figure 1. The probability of resistance onset in any
year as a function of the number of neighbouring areas
with resistance.



For areas surrounded by eight neighbours, there
was a 50% chance of resistance onset after 9-10 years,
3—4 years earlier than without resistance spread (Figure
2). For areas with only five or three neighbours, there
was a 50% chance of resistance onset after 12 years,
only one year earlier than the determined year of onset
at year 13. For all areas, however, there was a small
probability of earlier resistance onset (Figure 2).

A further simulation examined the effect of chang-
ing the lag period before an area could be affected by
spread from neighbours with resistance. In the previ-
ous example this lag was set at three years. Again, it
was assumed that there was uncontrolled resistance
existing in the centre area, and that no preventative
strategy was being used in any area. Simulations were
run with the lag period set at zero, one, three and five
years. As expected, resistance onset was earlier when
the lag time was reduced. For adjacent areas, when
there was no lag there was a 50% chance of resistance
onset after 67 years; when the lag was one year there
was a 50% chance of resistance onset after eight years;
a lag of three years increased this to 9-10 years; and
a lag of five years to 11 years.

Risk of resistance onset when a preventative strat-
egyisused Inthisscenario it was assumed that other
areas were using a preventative strategy to reduce the
risk of the onset of resistance. An example of such
a strategy could be the use of tillage or the ‘Double
Knock’ strategy advocated for minimising the devel-
opment of glyphosate resistance. This hypothetical
example, however, does not represent any particular
strategy per se. In this scenario, the probability of
resistance from spread is much less (Figure 1), and
the year of onset in any area without spread was de-
termined at 51 years. The central area was resistant in
year one, and the lag time for a resistant area to affect
other neighbouring areas was set at three years.
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Figure 2. Effect of resistance spread on onset of
resistance for areas with eight (adjacent), five (edge)
and three (corner) neighbouring areas.
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Without the preventative strategy, in areas with
adjacent neighbours there was a 50% chance of re-
sistance onset after 9-10 years (Figure 3). With the
hypothetical preventative strategy, there was a 50%
chance of resistance onset after 16—17 years. Without
resistance spread, under this scenario, resistance would
not have occurred until year 51.

Present value of weed control costs with resistance
mobility Expected present values for weed control
costs per ha, when resistance can occur from mobility,
were estimated over 10, 20 and 30 year time frames.
Weed control costs of $7.5 ha! for normal control
without resistance, $15.83 ha™! when using a preventa-
tive strategy, and $45 ha'! after resistance has occurred,
were used (in line with Weersink et al. 2005). The
discount rate used was 5%. Simulations assumed a
three year lag before areas were affected by resistant
neighbouring areas, and resistance onset at year 13
when no preventative strategy was used. Calculations
were made in terms of percentage increases/decreases
in costs as compared to a scenario with no mobility
and no preventative strategy (Table 1).
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Figure 3. Effect of a hypothetical preventative strat-
egy on the onset of resistance in the presence of resist-
ance spread, for areas with adjacent neighbours.

Table 1. Percentage increases/decreases in present
values of hypothetical weed control costs with resist-
ance mobility (compared to no mobility, no prevention
strategy at 0%)

Time period (y)
10 20 30

No strategy:

- no mobility 0% 0% 0%

- mobility (8 nb) +86% +35% +22%

- mobility (5 nb) +21% +10% +7%
Use strategy:

- no mobility +110% —14% —24%

- mobility (8 nb) +134% +25% +11%

- mobility (5nb)  +110% —4% —15%
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Resistance mobility increased the expected
present value of costs in all scenarios (Table 1). For
the parameters used in this simulation, the economic
value of using a strategy to reduce the risk of resist-
ance onset was evident over longer time frames both
when there was no mobility, and also when mobility
existed. This applied in situations where areas were
surrounded by either eight or five neighbours. How-
ever, the expected value of the strategy was less when
resistance mobility was present. Looking at the 20 year
scenario for an area with eight neighbours, adoption
of the preventative strategy increased costs by 25%
compared to 35% without the strategy (Table 1). The
expected value of the strategy with no mobility was
to decrease costs by 14%.

DISCUSSION

The model used for these analyses is simple and under
development, and the parameters used hypothetical.
With that caveat, the results of simulations show that
resistance mobility reduces the time to expected resist-
ance development (Figure 2), especially the expected
delay in resistance development when a ‘preventive’
strategy is used (Figure 3). Time to resistance devel-
opment depends on the probability of resistance from
weed/seed/pollen mobility (as hypothesised in Figure
1) and the lag time before neighbouring areas affect
other areas. This lag will depend on a range of factors
specific to various weeds.

Resistance mobility also increases the expected
cost of weed control, and could make the use of pre-
ventive strategies less cost-effective, especially in the
short term (Table 1). This loss in cost-effectiveness is
a social cost of mobility and the extent of the cost will
depend on a range of parameters, including the time to
resistance onset with and without mobility and the cost
of weed control with and without resistance.

It is likely that the perceived and/or real possibil-
ity of resistance development through weed mobility
cannot always be ignored and a better understanding
is needed of:

e the actual mobility of resistance for different
weeds,

» the ability of preventative strategies to reduce
resistance mobility risks, and

» the costs of weed control after resistance onset.
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