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Setting safety zones for a biological 
herbicide: a New Zealand case study

Graeme W. Bourdôt,1 Geoff A. Hurrell,1 David J. Saville,1 
Meindert D. de Jong,2 Hans J. Erbrink3 and Jan C. Zadoks4

Summary

The use of wide-host-range aerially dispersed plant pathogens as biological herbicides carries with it a
risk of additional disease in neighbouring susceptible crops. This additional disease risk may be quan-
tified as the ratio of inoculum added to the susceptible neighbouring crop’s environment from the
upwind biological herbicide source, to the density of inoculum created by natural infections of the path-
ogen in the crop’s environment. The spatial pattern in this ratio beyond a biocontrol site provides an
objective basis for assessing the risk posed by the biological herbicide and enables a safety zone to be
set. This approach for assessing and managing risk is illustrated by a case study conducted in New
Zealand in which safety zones were estimated for average Cirsium arvense-infested sheep and dairy
pastures treated with the plant pathogen Sclerotinia sclerotiorum using models of the escape and aerial
dispersion of its spores. Assuming a 1:1 ratio of added to naturally present spores was acceptable, no
safety zone was necessary for either of the pastures modelled. A ten-fold ratio (1:10 added to natural)
necessitated safety zones of 300 and 150 m for the sheep and dairy pasture, respectively. Uncertainties
associated with extrapolation of this conclusion from average to individual pasture management
scenarios, and to other years and climatically different regions are discussed.

Keywords: Biocontrol, Cirsium arvense, mycoherbicide, risk analysis, Sclerotinia 
sclerotiorum.

Introduction
Plurivorous plant pathogens that are air-dispersed may
often have qualities (e.g. high pathogenicity and ease of
culture, scale-up and storage) that make them good
candidates for development as bioherbicides. However,
such pathogens may be needlessly rejected by bioherbi-
cide researchers because of the perceived risk of added
disease occurring in susceptible crops downwind of
biocontrol sites. This additional crop disease risk may
be defined as the ratio of “added” to “natural” inoculum
in the crop environment (de Jong et al. 1999) and its

evaluation in space enables estimation of a safety zone
around a biocontrol site (de Jong et al. 1999). Here we
discuss the simulation modelling approach taken in a
New Zealand case study in which safety zones for
market-garden cropping land were estimated for
Cirsium arvense (L.) Scop.-infested sheep and dairy
pastures treated with the plant pathogen Sclerotinia
sclerotiorum (Lib.) de Bary (de Jong et al. 2002a). 

Materials and methods

In essence the approach taken was to (1) simulate the
concentration of “naturally-occurring” S. sclerotiorum
ascospores in the air above an area of market garden
crops, (2) simulate the concentration of mycoherbicide-
derived ascospores beyond a biocontrol source in both
sheep and dairy pasture, and (3) locate in two-dimen-
sional space around each biocontrol source, the concen-
tration contour of added spores that equates to the
median concentration in the market garden area (1:1
ratio of added to natural spores) and to one tenth of the
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median market garden concentration (1:10 ratio). These
contours are the safety zones for their respective ratios
of added to natural ascopores for mycoherbicide-
treated sheep and dairy pasture. The salient features of
the method are presented below while full details are
given by de Jong et al. (2002a).

The Gaussian plume model is a valuable tool in
predicting the atmospheric transport of fungal spores
(Spijkerboer et al. 2002). It was used, as implemented
in the air quality management computer programme PC
STACKS (Erbrink 1995), to estimate the atmospheric
concentration, C, of S. sclerotiorum ascospores at
distances x (m) downwind of a virtual 100 m × 100 m
biocontrol pasture source (added inoculum) and within
a virtual market garden area represented (in PC
STACKS) by a 7 × 7 matrix of 49 identically parame-
terised adjacent 100 m × 100 m sources (natural inoc-
ulum). In PC STACKS, the Gaussian plume model is
given as

where y is horizontal distance (m) from the plume axis,
z is height (m) above ground, H is source height (m), P
is the inversion layer penetration fraction, Q is the
emission rate of the source (spores s–1), u is mean wind
speed (ms–1), Cls is a reflection term and σy and σz are
respectively horizontal (cross-wind) and vertical
dispersion terms and are functions of atmospheric
stability and x. A plume was modeled for every hour
from 1 Sept 1996 to 30 Nov 1996, the time of year when
sporulation occurs in pasture (Bourdôt et al. 2001),
using 1996 Canterbury weather records to estimate P,
u, σy and σz . Using all plumes (2184 for each of the
sheep and dairy pasture sources and 107,016 for the
market garden area), contour plots of 91-day average
spore concentrations within and beyond the sheep and
dairy pasture biocontrol sources, and within the market
garden area, were calculated. Safety zones corre-
sponding to two levels of risk averseness are defined by
the concentration contour of added spores that equates
to (a) the median concentration in the market garden
area (1:1 ratio of added to natural spores) and (b) one
tenth of the median market garden concentration (1:10
ratio).

The source term in the Gaussian plume model (1)
was calculated as

Q = Rspor × a × Ev (2)

where Rspor is the release rate of ascospores from
apothecia at the source (spores m–2 ground s–1), a is the
area of the source (10,000 m2), and Ev is the proportion
of the released spores vertically escaping the pasture or
market garden crop canopy. Rspor was calculated as

Rspor = S × A × f (3)

where S is the density of sclerotia (number m–2) in the
soil in the autumn, A is the size of the sporulating apoth-
ecial disc surface (mm2 sclerotium–1) and f is the flux
of ascospores from the apothecia (spores mm–2 disc
surface s–1). The values for parameters S, A and f were
taken from data collected in a Canterbury pasture. S
was set to 125 for both the sheep and dairy pasture
biocontrol sources and to 8.8 for each of the 49 sources
making up the market garden area (Bourdôt et al. 2000)
and A was varied with time as in Figure 5d of Bourdôt
et al. (2001). Parameter f followed a diurnal pattern
differing between frosty and frostless days according to
the data in Figure 9 of Bourdôt et al. (2001). Parameters
A and f were assumed to be the same in both the biocon-
trol and market garden sources.

The escape fraction, Ev, was a mathematically
derived function of mean wind speed, u (ms–1) and
pasture leaf area index, LAI (leaf area/ground area), 

with the shape parameter b = 0.934. The derivation of
this simple model of spore escape from a vegetation
canopy has been given previously (de Jong et al.
2002b). LAI was set to a constant 1.0 for the market
garden area; a mean value that allowed for the fact that
sporulation could occur in a variety of situations on
market garden land such as on bare soil (LAI = 0),
between widely spaced rows of vegetable crops
(LAI = 0), and under crop canopies (LAI > 1). For the
sheep and dairy pasture sources, LAI varied with time
of year and was obtained by linear interpolation
between LAI values measured in sheep and dairy
pasture in Canterbury during the 1996 spring and
summer period (Figure 5 in de Jong et al. (2002a)).

Results
The daily means of ascopore emission, Q (ascospores
ha–1 s–1) varied throughout the 91-day simulation
period. This variation was a result of the underlying
temporal variation in apothecial surface area A, asco-
pore flux f, and the escape fraction Ev, the latter driven
by the imposed LAI profiles and hourly variation in
wind speed, u. Of the two biocontrol pasture sources, Q
was lower with dairy cattle grazing than with sheep,
due to a lower escape fraction in dairy pasture, which in
turn was due to the higher LAI in the dairy pasture. In
the market garden source, Q was much lower than in
either of the biocontrol pasture sources notwithstanding
the assumed low LAI of 1.0 and therefore a relatively
high escape fraction. The market garden Q was lowest
because of the relatively low density of soilborne scle-
rotia in market garden soils (S = 8.8 cf. 125 in biocon-
trol pastures) giving rise to low values of Rspor.

The simulated aerial density of S. sclerotiorum
ascospores generated by naturally diseased crops within
the virtual market garden area (not illustrated) varied

(1)

Ev bLAI

u
---------–exp= (4)
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asymmetrically across the 49 ha area, partly as a result of
the prevailing NE wind in Canterbury during the spring
period. The median of the 49 average densities generated
by PC-STACKS, one value per 1 ha cell in the 7 × 7
matrix representing the market garden area, was 2,880 ×
106 ascospores/(m3 of air at a height of z=1.0 m).

The contour line for ascospores dispersing from the
virtual sheep pasture biocontrol source at the density
equal to the median average density in the virtual
market garden area (1:1 added to natural), was located
within the boundaries of the biocontrol source. By
contrast, the contour representing the 1:10 ratio of
added to natural ascospores was located beyond the
biocontrol pasture source, at a maximum distance of
300 m from the edge of the biocontrol source (Fig. 1).
The asymmetry in the contour is, as was the case for the
market garden area, partly the result of the prevailing
NE wind allowing more spores to disperse in the SE
that in the NE direction over the 91-day period.

The contour line for ascospores dispersing from the
virtual dairy pasture biocontrol source representing the
density equal to the median density in the virtual market
garden area (1:1 ratio of added to natural spores), was
also located within the biocontrol source. Here again the
contour representing the 1:10 ratio was located beyond
the biocontrol pasture source, but closer than for the
sheep pasture, at a maximum distance of 150 m from the
edge of the biocontrol source (Fig. 1). Again, the asym-
metry is partly the result of the prevailing NE wind.

Discussion

The question posed was “how near to land growing
susceptible market garden crops can biological weed
control using S. sclerotiorum be practised in pasture
without ‘unacceptably’ increasing the disease risk to
these crops?” We might expect that (1) the probability
and/or severity of Sclerotinia disease in these crops
would be increased above the natural level if they are
subjected to large numbers of additional airborne
ascospores emitted by the pasture undergoing biocon-
trol, and (2) that a separation distance between such
crops and a biocontrol site may therefore be necessary.

It has been suggested (de Jong et al. 1990a,b) that it
may be acceptable to define a safety zone around a
biocontrol site by calculating the distance at which the
density of added ascospores has declined to the natural
level in the air above a susceptible crop; this corre-
sponds to a doubling of the ascospore density above the
crop. On this basis a safety zone would have been
unnecessary for the sheep and dairy pastures modelled
here. In the case of a sheep pasture biocontrol source, a
more risk-averse safety zone could be defined by calcu-
lating the distance at which the density of added
ascospores is 10% of the market garden level (1:10 ratio
of added to natural ascospores). In this case, 300 m in
any direction would have been adequate in 1996 (Fig.
1). In the case of dairy pasture, this 1:10 ratio distance
was halved (Fig. 1), a result of the greater spore-trap-
ping ability of the dairy pasture due to its higher LAI (de
Jong et al. 2002b). This dramatic impact of pasture LAI
on downwind spore density suggests that withholding
grazing, or reducing the frequency and/or duration of
grazing during the sporulation period (September–
November) in the year following an application of S.
sclerotiorum, when ascospore emission is maximal
(Bourdôt et al. 2001), would be options for shrinking
the safety zone.

The safety zones calculated here are likely to be
conservatively wide because in the model, the apothe-
cial surface area per sclerotium, A, in the biocontrol
pasture sources (and in the market garden sources) was
based on data measured in a non-grazed sheep pasture.
Under normal grazing it is highly probable that a
proportion of the apothecia produced at the biocontrol
pasture sources will be destroyed by treading. Although
we have no supporting data for such an effect, any such
damage would reduce the apothecial surface area per
sclerotium. If, for example, apothecial surface area A
(in Equation 3) is halved at the biocontrol sites in the
presence of grazing animals, then Q and thus also
ascospore density C (Equation 1), would be halved.
This would result in narrower safety zones than are
indicated in Figure 1 since the aerial density of
ascospores dispersing from the biocontrol sources
would be 50% lower at all distances from the sources.

The safety zones estimated here are based on the
average ascospore emission over the 91-day period in

Figure 1. Safety zones for a 1:10 level of risk for sheep
( ) and dairy ( ) pastures in Canter-
bury, New Zealand, treated with Sclerotinia
sclerotiorum to control Cirsium arvense. The
central square represents the 100 m × 100 m (1
ha) biocontrol source of ascospores. The
contour lines represent the position where the
ascospores dispersing from the biocontrol site,
at a height above ground of z = 1.0 m, are at an
average density equal to 10% of the median
density for the market garden area.
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spring in Canterbury when S. sclerotiorum sporulates in
pasture (Bourdôt et al. 2001) and can therefore be
expected to be reasonably robust. Nevertheless, they
are also based on (1) the average sheep and dairy
pasture and so do not account for extreme management
scenarios that may result in either very low or very high
pasture LAIs, and consequently very high or very low
escape fractions (Equation 4), and (2) just one year of
meteorological data. Since LAI and meteorological
conditions are driving forces in both the escape (Equa-
tion 4) and dispersal (Equation 1) of the ascospores,
safety zones can be expected to vary substantially
between alternative pasture management strategies and
between different years and climatic regions. In addi-
tion to these sources of variation, there may be
between-year variation in the length of emission period
and the seasonal pattern of the release rate of
ascospores, Rspor, within this period, which may both
contribute to between-year variation in the safety zone.

Because of this expected variation, the safety zones
calculated here for pasture treated with an S.
sclerotiorum-based mycoherbicide may not be gener-
ally applicable to all pasture management scenarios,
regions and years. Quantification of the effects of these
sources of variation would enable regulatory authorities
to make a judgment as to the general applicability of
these estimates, and/or the need to modify them to
enable the safe (risk averse) use of S. sclerotiorum as a
mycoherbicide in pastures.

The dispersion and escape models discussed here
may be applied to other aerially dispersed pathogens,
intended as bioherbicides, to set safety zones where
there are perceived risks of additional disease in adja-
cent crops. Full methodological details are provided by
de Jong et al. (2002a).
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