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Abstract

Tephritid fruit flies (Diptera; Tephritidae) represent a group of insects that include some of the most economically
important pests in horticulture. Because of their economic importance, the financial impacts of an incursion of
tephritid fruit flies into a new area can often result in restrictions to trade. The economic impacts of any trade restric-
tions imposed by importing countries are confounded by the current absence of consistent and accepted criteria
for the strength and extent of any trade restrictions and declaring the end of an incursion. The author has developed
models that can be used to establish criteria for the management of tephritid fruit fly outbreaks as outlined in inter-
national standards. A model enables criteria on when to recognise an incursion has occurred and establish export
restrictions. Another model determines what area or radius an export restriction zone (ERZ) should cover. And a third
model establishes criteria for the conditions required to enable an ERZ to be rescinded and the area’s pest free status
reinstated. The models rely primarily on fruit fly biology and the effectiveness of surveillance trapping systems. The
adoption of these proposed criteria internationally for establishing a control system and responding to fruit fly out-
breaks would provide considerable economic benefits to international trade. Additionally, these criteria would enable
countries to make more informed cost-benefit decisions on the level of investment in fruit fly control systems that
better reflects the economic risks fruit flies represent to their economy.

Background

Tephritid fruit flies (Diptera: Tephritidae) represent a
group of insects that include some of the most economi-
cally important pests in horticulture. There are an esti-
mated 4,000 species of tephritid fruit flies world-wide,
but only around an estimated 350 are considered poten-
tially economically significant (Plant Health Australia,
2016), and around 70 of notable economic importance
(Garcia 2009; Vargas et al. 2015; Qin et al. 2015; Dooren-
weerd et al. 2018). The incursion of a tephritid fruit fly
species that is of notable economic importance into a
new area can often result in restrictions to trade. The
economic impacts of any trade restrictions imposed
by importing countries are confounded by the absence
of consistent and accepted criteria for the degree and
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duration of any trade restrictions. For example, differ-
ences between countries in the size of the area upon
which export restrictions are imposed (the export restric-
tion zone or ERZ) increases the transaction costs to
exporters as they are forced to implement multiple lay-
ered compliance systems (Dominiak and Fanson 2014)
(see Table 1 for examples).

Horticultural producers and exporters worldwide
require pre-agreed generic bilateral market access condi-
tions in the event of future fruit fly incursions, to signifi-
cantly reduce the economic impact of trade restrictions
on tephritid fruit fly incursions. Substantial benefits
would accrue if one arrangement was accepted by all.
However, sound scientific reasoning is required to sup-
port the development of a framework that can be applied
across the range of fruit fly species and potential out-
break scenarios. A good scientific basis is required by
trading partners to agree in advance to the parameters of
any trade response.
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Table 1 Difference amongst countries in criteria to declare a fruit fly incursion, the size of the area to be treated and for declaring

eradication (c 2015)

Criteria New Zealand system
(for Bactrocera tryoni and

Bactrocera dorsalis)

Australian system
(for Bactrocera tryoni)

Californian system
(for Bactrocera dorsalis)

Trigger for a fruit fly incursion Detection of any juvenile life stage
found in locally ground fruit or
gravid female fly for eradication

OR

Detection of 1 or more* adult male
flies for eradication

* depends on the circumstance of the
finds

Depends on the circumstance of the
eradication and largely dictated by
trading partners

Size of ERZ

Declaring a Successful Eradication  Depends on the circumstance of the
eradication and largely dictated by
trading partners

Detection of any juvenile life Detection of any juvenile life stage
stage found in locally ground found in locally ground fruit or gravid
fruit or gravid female fly for female fly for eradication
eradication OR

OR Detection of 6 (urban) or 8 (commer-

Detection of 5 or more adult cial) adult (non-gravid) flies within
male flies in 14 days within 28 days and 4.8 km
1 km radius

15 km radius 8.2 km radius

The greater period of trapping
with zero flies detected (of any

Three fruit fly generations (egg to egg)
with zero flies detected (of any life

life stage) within the ERZ®: stage)

One generation (egg to egqg) (No minimum trapping density is
plus 4 weeks specified)

OR

12 weeks

(No minimum trapping density
is specified)

Two fruit fly species in the Bactrocera genus are con-
sidered internationally amongst the most economi-
cally important (Schutze et al. 2015; Doorenweerd et al.
2018; Dominiak and Fanson 2020). Queensland fruit
fly Bactrocera tryoni (Froggatt) (Diptera: Tephritidae)
is the most important fruit fly pest in eastern Australia
(Dominiak et al. 2015; Plant Health Australia 2016) and
is currently known to infest more than 100 native and
introduced hosts (Hancock et al. 2000). Oriental fruit
fly Bactrocera dorsalis (Hendel) (Diptera: Tephritidae) is
known for its extreme polyphagy, with over 209 recorded
larval hosts across 51 plant families (Clarke et al. 2005).

Any internationally agreed framework for the man-
agement of these fruit flies would need to align with the
international standard FAO (2016). This international
standard provides a high-level framework for the estab-
lishment or reinstatement and maintenance of Pest Free
Areas (PFA) for tephritid fruit flies. The international
standard outlined three actions that occur when a PFA is
invaded by a tephritid fruit fly. Here I present models that
can be used to establish criteria for the three actions out-
lined in FAO (2016) (Fig. 1), namely:

1. Criteria for determining when an outbreak has
occurred; the number of adult flies that are detected
before an ERZ is implemented and the pest-free sta-
tus of the localised area is suspended (often referred
to as the trigger);

2. Criteria for determining the size (area or radius)
of the eradication area and therefore the ERZ, out-

side of which any host material grown would still be
deemed to be within a pest free area; and

3. Criteria for the conditions required to enable an ERZ
to be rescinded and the area’s pest free status rein-
stated.

Criteria for the fruit fly outbreak “trigger”

FAO (2016) stated that for all fruit flies of economic
importance the number of detected fruit flies that indi-
cate a breeding population may exist in the area, and
therefore trigger the need to establish an ERZ, is as
follows:

a. Detection of any gravid female flies or any juvenile
life stage (excluding immature (teneral) adults) not
directly associated with imported produce, should
indicate the need to establish an ERZ;

b. For fruit flies attracted to any of the (male) lures
included in a fruit fly surveillance system, the detec-
tion of 2 or more male flies should be considered a
potential outbreak (FAO 2016).

For the second trigger, the upper number of male fruit
flies detected in lure-baited traps that indicates the need
to establish an ERZ (the trigger number) needs to be
resolved for each fruit fly species (see Meats 2014).

While criteria (a) is clear, for criteria (b), can we define
“two or more fertile adults” more precisely to ensure
any imposition of an ERZ is appropriate to the risk? The
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Fig. 1 Relationship between the three criteria for a fruit fly outbreak. Purple text boxes indicate the key action points and focus of this study

risk with regards to market access could be described as
being: The unacceptable likelihood of there being a popu-
lation of fruit fly (present in the area) that is of sufficient
size to result in host material becoming infested, being
exported, establishing a population in an export market,
and causing unwanted impacts. For the purposes of this
paper, the market access risk will be simplified to: The
unacceptable likelihood of there being a breeding popula-
tion of fruit fly present in the area.

The size of the population of flies constituting a risk
to export markets, otherwise stated in this paper as the
‘breeding population size, will therefore need to be deter-
mined for each fruit fly species. The ‘breeding popula-
tion size’ can be considered the minimum number of
fruit flies in an area at which mating is likely to occur and
potentially result in eggs being laid in host material (e.g.
based on the probability of success). This is similar to the
concepts of ‘Allee threshold’ used in population dynam-
ics, as well as the ‘minimum viable population size’ used
in conservation ecology (Tobin et al. 2011).

Criteria for the size of the ERZ

The aim here is to determine a scientifically justified
size for the ERZ around the detection site for the pop-
ulation of flies of each fruit fly species that may be pre-
sent at the time of detection. FAO (2016) stated that

the “eradication area should cover the infested area. In
addition, a buffer zone should be established in accord-
ance with this standard, and as determined by delim-
iting surveys, taking into account the natural dispersal
capability of the target fruit fly species, its relevant bio-
logical characteristics, and other geographic and envi-
ronmental factors.” The combined eradication area
and buffer zone can be considered the ERZ; movement
of all host material should be restricted within this
area.

FAO (2016) further stated that a “circle delimiting the
minimum size of the eradication area should be drawn,
centred on the actual target fruit fly species detection
and with a radius large enough to comply with the above
considerations”.

Therefore, an ERZ is a circle on a map that is centred
on the site of a fruit fly detection and encompasses an
area that covers the natural dispersal capability of the
target fruit fly species. The size of the ERZ can vary
greatly between countries as is evident in Table 2. An
analysis of Australian B. ¢tryoni trapping data found that
a single fly of this species of fruit fly was unlikely to
naturally disperse more than 1.5 km suggesting that the
current 15 km infestation radius employed by Australia
could be reduced substantially to 3 or 4 km (Dominiak
and Fanson 2020).
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Criteria for indicating eradication success

The aim here is to establish the evidence threshold
required to provide sufficient confidence that eradication
has been successful and the ERZ can be removed. FAO
(2016) stated that the eradication can be considered suc-
cessful and the area declared free of the target fruit fly
when there have been “no further detections of the tar-
get fruit fly species for a period determined by its biology
and prevailing environmental conditions, as confirmed by
surveillance’.

The aim of this paper, therefore, is to provide a method
of determining the criteria for the management of teph-
ritid fruit fly outbreaks as outlined in international
standards.

Methods

Model development

To estimate aspects of establishing and removing fruit
fly ERZs, my model relies primarily on aspects of fruit
fly biology and epidemiology along with a measure of
lure +trap efficacy referred to as the effective sampling
area (ESA). Turchin and Odendaal (1996) refer to the
ESA as both a translation coefficient between popula-
tion density and insect captures in a single trap, and the
area by which we need to divide trap catch in order to
obtain an estimate of population density. This relation-
ship between trap catch and insect density is particularly
useful when considering the effectiveness of surveillance
and population delimitation programmes.

The ESA is (approximately) equal to the proportion of
trappable individuals that are captured (over a set period
of time) divided by the trapping density (Kean 2015a).

Equation 1: Calculating the effective sampling area
(ESA)

ESA ~ CaptureProportion

TrappingDensity (1)

The ESA can be estimated for each fruit fly species
using published records of fruit fly release and recapture
rates into areas that contain trapping grids of a known
density (traps/ha). The ESA will vary between fruit fly
species, therefore the requirements for the ERZ will also
vary between fruit fly species. Additionally, the ESA may
vary with habitat, weather, season, lure age, etc., but the
derived values are assumed to cover the range of condi-
tions likely to be encountered in urban and production
environments.

A survey from 2002 to 2010 of the use of the ‘5 male
files trapped over two weeks’ trigger used by Australia to
declare outbreaks of B. tryoni identified 439 incursions
(detections) of which 48 (10.9%) achieved the 5-fly trig-
ger and were declared as outbreaks. The remaining 391
incursions (89.1%) were not declared as outbreaks, and
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all subsequently died out without intervention (Domin-
iak and Fanson 2014). These results indicate that the 5-fly
trigger for B. tryoni has ensured all potential outbreaks
were responded to appropriately. My initial calculations
of the trigger number for B. tryoni using the conserva-
tive value for the ESA (0.5 ha) indicated that the detected
fly trigger number would be ‘1" over a period longer than
2 weeks. I wanted to ensure the outputs of the model
aligned more closely with the observed situation in Aus-
tralia, so I have used the median estimated value for ESA
(ESAeq) as a closer approximation of the true ESA value.

I used published data to estimate the ESA of standard
lure-based traps, as used in fruit fly surveillance pro-
grammes, for the two species of interest. When using
a cue-lure trapping lure, I calculated that the ESA for
B. tryoni was between 0.5 and 2.5 ha, with a median of
1.5 ha over a two-week period. When using a methyl
eugenol trapping lure, I calculated that the ESA for B.
dorsalis was between 5 and 12 ha, with a median of 9 ha
over a two-week period. Full details of this are given in
the Supplementary information. Other authors have cal-
culated the ESA for B. tryoni at 0.214 ha per day using
one data source converted to a daily catch rate, equating
to an ESA of 3 ha over a two-week period (Stringer et al.
2017).

Determining the total emergent population size
Using area dispersion data for fruit fly species generated
from single point release and area recapture studies, we
can determine the proportion of the total fruit fly popu-
lation that will be present in the highest densities. In all
cases the highest density area is at the centre of the distri-
bution, taken here as the central 1 hectare approximated
as a 60-m radius (r) circle (1.13 hectares). By increasing
the number of lure responsive flies, we can determine
the threshold for detecting a population that exceeds the
threshold for an outbreak in that highest density area
(centre 60 m circle (1.13 hectares)) using Eq. 2.

Equation 2: Calculating the density of flies within a
specified radius from a known fly population distribution

Cr
Dr = NtxA—r 2)
where D, = the density of flies (per hectare) in the centre
60 metre radius (r) of the site of population emergence.
N, = the number of detectable (male) flies assumed to be
in the area, which can be taken as the number of invad-
ing or emerging male flies in the area. C, = The propor-
tion of the total fruit fly population present in the centre
60 metre radius (r), based on results from single point
release and area recapture studies. A, = the area (ha) of
the centre 60 metre radius (r) (1.13 hectares).
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The results derived from Eq. 2 applied to example data
calculated from another fruit fly (e.g. Ceratitis capitata)
are provided in Fig. 2. In this example the number of male
flies in any 1-hectare area considered sufficient to more-
than-likely result in an establishment event (the founder
population size) is 6 flies (e.g. the minimum number of
files required to establish a population).

From Fig. 2 it is apparent that based on this example a
founder population size of 6 flies, a total population of 38
adult male flies or more may result in a density of flies at
the centre of the outbreak that exceeds that founder pop-
ulation size. The breeding population size for this exam-
ple would therefore be taken to be 38 adult male files, or
76 male and female adult flies assuming the sex ratio is
1:1.

Analysis of Triggers for Initiating an Export Restriction
Zone

If we know the size of the population of flies in an area
that would be a risk to export markets (the breeding
population size), we can calculate the number of flies
we would be most likely to detect at a given detection
probability (sensitivity of the surveillance trapping sys-
tem). I assumed that capture is random, therefore the
probability of trapping a certain number of flies in an
area over a set period, based on a predetermined exist-
ing population, can be calculated using the binomial
distribution (see Eq. 3). When more than one trap is
deployed, I define trap cover as the total area sampled
(number of traps x ESA) as a proportion of the total
area (ESA x trap density). As trap cover will not equate
to probability of capture if trap sampling areas overlap,
for a range of trap configurations the expected pro-
portion trapped, which is equivalent to the probability

of capturing an individual, is closely approximated by
an exponential function (1 — exp (— trap cover)) or
(1 — exp(—ESA,10q X Ty)) (Kean 2015a, b). This expo-
nential function arises from the zero term of the Pois-
son distribution and appears in a wide range of studies
on the detectability of organisms (see Kean 2015a, b).

Equation 3: The conditional probability of trapping
exactly f (male) flies given that there are N, detectable
(male) flies in the area.

P<f|Nt>f = N¢! + (f'(Nt —f)') X (pf(l _p)Nt—f)
(3)
where P(f|N;) o= the conditional probability of detecting

flies given the total number of detectable (male) flies in
the area is N,. f = the number of (male) flies detected in
any of the traps within the area. N, = the number of
detectable (male) flies assumed to be in the area, consid-
ered for the purposes of this paper to be the breeding
population size. | is the factorial function in statistics.
p=the probability of trapping a male fly, which equals
1 — exp(—ESA,,eq X T;) where T, is the surveillance
trapping density (number of traps per hectare) and the
ESA,eq is the median value for the effective sampling
area for each fruit fly species and (—ESAeq x T,;) the
trap cover.

Plotting the calculated values for Py (the probability)
against f (the number of flies detected) provides a dis-
tribution as shown by the example in Fig. 3 (where N,
equals 52 and p equals 0.1319) based on data from a fruit
fly species with an ESA of 0.5 and 0.283 traps per ha. This
curve should be interpreted as showing that, at a given
probability of trapping male flies in an area (p); when the
population of the flies in an area is N, the probability (P)
is highest (at 16%) you will detect either 6 or 7 flies over
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Fig.4 An example of the cumulative probability of a specified trapping grid detecting f male flies (P) from a breeding population size (N,). The red

the duration of trapping i.e. there is a lower probability of
detecting only one fly or 10 flies. The curve can also be
plotted as a cumulative distribution, with the threshold
being the number of flies detected above the 50% level (7
flies in this case).

Based on Fig. 3, we can estimate that, once seven
(male) flies have been detected (the probability of
catching 7 flies is>0.5), there is a greater than 50%
probability that the total number of files in the area
may exceed the breeding population size of 52 (in this
example). For instance from the example provided in

Fig. 3 the trigger that would lead to establishing an
ERZ for export markets would be seven male fruit flies
(the red line) over the trapping period. An alterna-
tive method of plotting the same information is to use
a cumulative probability for the vertical (y) axis (see
Fig. 4).

The next questions to consider are:

a) Over what period the trigger is relevant (i.e. what is
an appropriate trapping period), and

b) Over what area (radius) should any detections count
toward the trigger?
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The ESA of the traps for each fruit fly species is based
on the length of time the researchers recorded trap
catches when gathering the data to estimate the trap sen-
sitivity. However the majority of adult fruit flies survive
or remain available to be trapped for only a relatively
short time in optimal conditions (Vargas and Carey 1990;
Yonow et al. 2004).

Therefore, I propose that the maximum period of fly
capture (trigger) to determine if a breeding population
exists in the area (and an ERZ is required) should be
equivalent to the lesser of:

+ The time it takes for a cohort of adult flies to decrease
by 50% due to natural mortality, minus the duration
of adult male fly maturation;

+ OR

+ The length of time the researchers recorded trap
catches when gathering the data to estimate the level
of trap sensitivity (the ESA) (assuming the research-
ers released mature flies) (e.g. 2 weeks).

Further, I propose that, to ensure a timely response to
a potential establishment event is maintained, the time
limit for the trigger should (where possible) be no more
than two weeks (14 days) of the initial fruit fly detection.
The area over which any detected fruit flies should be
included in the trigger count is equivalent to the maxi-
mum area the fruit fly outbreak is likely to be contained.

Calculating the size of an export restriction zone (ERZ)

The ERZ is an area established for the purposes of pro-
viding assurance that host material grown and exported
from outside the zone remain within a pest free area.
Therefore, to be effective, the ERZ needs to delimit the
probable area in which a breeding population may exist,
if there is one present, with the assumption that we do

not know the population distribution from the first few
detections. From a risk-in-trade perspective, only juve-
nile (egg, larval) life stages are likely to move internation-
ally, and the ERZ need only delimit the probable area
within which a breeding population of flies may exist.

Generally, for small expanding populations the area
occupied by a population increases as the number of
individuals increase. Studies on the distribution of B. try-
oni in Australia found that dispersal distances often fol-
lowed an inverse-square relationship or analogous model
(Meats 1998a). The more flies in a small incipient popu-
lation, the greater the area covered by the population
before the inverse-square becomes less than one (no flies
present). Therefore, it is assumed that the size of the ERZ
should be proportional to the number of flies estimated
to be present at the time the zone is established. The
greater the time between the fruit fly establishing a pop-
ulation in an area and the population being detected by
the surveillance system (and an ERZ being established),
the greater the size and spatial extent of the population
likely to be present. This relationship between fruit fly
population size and surveillance system (trapping grid)
sensitivity is supported by Meats et al. (2003), who noted
“Effective quarantine radii for suspension of fly-free status
should be related to the number of flies trapped around
the epicentre and the density of the trap array”. An illus-
tration of this relationship is provided in Fig. 5.

When no more than one generation (F,) of fruit flies
are likely to have begun emerging in an area (Fig. 6a),
the relationship between the maximum dispersal dis-
tance (based on a probability distribution before the
inverse-square becomes less than one) and the ERZ can
be demonstrated by the diagram provided by Fig. 6b.
In this example the single fly caught in the surveil-
lance trap could have originated from a population
of flies anywhere within the radius of the maximum
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X flies emerge in a
few days

Juvenile flies
disperse in all
directions

Male flies
mature and
become
attracted to
lures

50% of
flies
within
this area

Number of flies present

95% of
flies
within
this area

Distance from site of emergence

a: Stylised dispersal distance of a single generation
of trappable fruit flies

b: Maximum dispersal distance of a population of
fruit flies from a single generation

dispersal (green circle)

(and subsequent generations)

c: Stylised dispersal distances of two generations of

d: Maximum dispersal distance of a population of
fruit flies from two generations

Fig. 6 Examples of a maximum potential fruit fly dispersal distance based on the detection of a single specimen (adult or juvenile). a, ¢ Provide
illustrative contour maps for trappable fly densities from the site of first emergence. b, d Provide maximum dispersal distances (red circles) from
potential sites of emergence (blue circles) based on the location of the first fly detection. The black lines labelled “D"indicate the overall maximum

Sites of F;

‘ (only one generation)

trappable fruit flies

dispersal distance (the blue circle) from the point the
fly was trapped. If (in a worst case scenario) the fly had
flown the maximum dispersal distance (e.g. the popula-
tion epicentre on the outer line of the blue circle), the
population of first generation of emergent flies could
have dispersed anywhere within the red circle (four
red circles are drawn here as examples). The green cir-
cle encases all the possible areas the population of flies

could exist based on the detection of the single fly. The
green circle with a radius of twice the maximum dis-
persal distance therefore represents a worst-case sce-
nario for possible fruit fly population distribution when
only a single generation (F,) of fruit flies have emerged.
Maximum dispersal distance can only be achieved if
the fly flies in a straight line with minimum death rate;
flies usually have a more random series of flights, so the
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maximum dispersal distance is already overly optimis-
tic (Dominiak pers. comm.).

If detection of a population of fruit flies is sufficiently
delayed to potentially allow two generations (F,) of flies
to emerge (Fig. 6¢), the relationship between the maxi-
mum dispersal distance and the ERZ can be demon-
strated by the diagram provided by Fig. 6d. The green
circle encases all the possible areas the population of
flies could exist based on the detection of the single fly.
The green circle with a radius of four times the maxi-
mum dispersal distance (twice the radius of a single
generation) therefore represents a worst-case scenario
for possible fruit fly population distribution when two
generations (F,) of fruit flies have emerged.

The question then becomes: How do we know if the
surveillance system is likely to detect a population in or
before the first (F,) or second (F,) generations?

This could be answered using the calculations which
determine the potential size of the population present
when a detection is made by the surveillance system.
If the potential size of the population detected by the
surveillance system is greater than the population size
needed to enable a breeding pair to successfully estab-
lish a new population, then the confidence is lower that
a second generation of flies has not arisen. For exam-
ple: when the breeding population size is 50 flies but
the surveillance system is most likely to only detect a
population of 85 individuals or more, then there is the
potential for a breeding pair from the first generation to
have established a second generation (85 > 50).

The sensitivity of the surveillance trapping system
to detect a fruit fly population can be calculated using
Eq. 4.

Equation 4: Calculating the sensitivity of a fruit fly sur-
veillance system in detecting a fruit fly population.

S =1-—exp(—ESA,eq X T4 X Np) (4)

where S = the sensitivity of the fruit fly trapping grid
measured as the probability of detecting one or more
male flies given a population of N, adult males of a par-
ticular fruit fly species. ESA,,,; = the median effective
sampling area (ha) of each trap in the trapping grid for a
fruit fly species. T,; = the trap density of the surveillance
grid (traps per hectare). N, = the total number of detect-
able (male) flies assumed to be in the area.

When a detection occurs in a surveillance trap, the
greatest likely number of adult male fruit flies of a par-
ticular species in the area (N,) can be estimated for each
fruit fly species as the number present when the prob-
ability of detecting one male fly (S) exceeds 95%. Then,
the size of the ERZ can be estimated based on this value
of N, and the known distribution pattern of the fruit fly
population (P,) (see Eq. 5).
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Equation 5: Calculating the number of flies outside an
area with a specified radius for a fruit fly population of
known size and pattern of distribution.

N, =Ny — (Ny x Py) (5)

where N, =the number of male flies likely to be outside
of the area with a radius of r. N, =the total number of
detectable (male) flies assumed to be in the area. P, =the
cumulative percentage of flies found within the area that
has a radius of r. This parameter is based on the adult fly
distribution curves calculated for each fly species.

The value of N, can be estimated for areas with an
increasing radius. Therefore, the radius of the ERZ is two
or more times the radius required to ensure the number
of male flies outside of the area (N,) is less than one i.e.
zero male flies (see Fig. 6).

Determining when to Remove an Export Restriction Zone
The current practice for determining when to end an
eradication programme (and remove an ERZ) specifies a
time interval during which no further fruit fly detections
are recorded, and should be based on the biology of the
fruit fly and prevailing environmental conditions (FAO
2016). Meats and Clift (2005) noted that these time inter-
vals have used a physiological time scale (day-degrees)
which was equivalent to one generation plus 28 days (e.g.
Australia) or up to three generations (e.g. USA) or more
and can only usually be determined at the time of the
response (see Kean (2015b) for a meta-analysis of fruit
fly development times). Meats and Clift (2005) proposed
an alternative method which used a pre-determined time
interval, based on measured trap sensitivity and trapping
density, and does not require the calculation of genera-
tion length under different temperature scenarios. The
authors further suggest that time periods during which
temperatures fall below adult maturation (life-cycle
development) and/or effective movement thresholds
(and therefore adult attraction to trap lures) should not
be included when calculating the length of zero trapping.
I propose that one criterion for the time interval to
remove the ERZ be based on trapping sensitivity, and
is achieved when the probability that the area is free of
a population of the target fruit fly species is equal to or
greater than a 95% level of confidence. Additionally, I
propose that a minimum time equivalent to one genera-
tion (egg to mature (trap sensitive) adult fly) and 4 weeks
(a single trapping period) under existing climatic condi-
tions and under a continuous (uninterrupted) trapping
period should be required to ensure that if any imma-
ture fruit flies are present they will be detected. A simi-
lar approach for declaring areas free of insects has been
proposed previously by Barclay and Hargrove (2005)
where trapping periods are interrupted by a suitably long
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winter, and the fruit fly species in question over-winters
in the adult life stage. Therefore, the minimum require-
ment of a single generation may not be necessary as no
juvenile life stages will be present when climatic condi-
tions become suitable for trapping once more.

This level of confidence in fruit fly freedom can be
achieved via two main routes:

a. For non-persistent populations, the onset of cold
weather seasons will remove the population and
ensure the next production season is free of that fruit
fly species;

b. A sufficient period of zero fruit fly detections (of any
life stage) providing at least a 95% level of confidence
that the area within the ERZ is free of the fruit fly in
question.

For the first situation (a), the information required to
determine if a fruit fly is only able to form a seasonal
population in an area is determined by the climate of that
region (winter temperatures and duration).

For the second situation (b), the probability that an area
does not have an established population for each period
of zero trapped flies can be calculated using Eq. 6.

Equation 6: Calculating the sensitivity of a fruit fly sur-
veillance system in detecting one or more flies in a popu-
lation over multiple periods.

P, =1—exp(—N X ESA,peq X Ty)* (6)

where P, =The probability of detecting n trappable
insects that arise within the trapping area over a trapping
periods. ESA,,,; = The median effective sampling area
(ha) of each trap in the trapping grid for a fruit fly spe-
cies. N = The threshold number of trappable insects aris-
ing independently within the surveillance area, which in
this instance would be the minimum number required to
establish a population. T; = The trapping density of the
trapping area for each fruit fly species (traps per hectare)
during the eradication phase of the response. a = The
number of trapping periods.

In these calculations each trapping period is equivalent
to the length of time taken to lure the adult males used in
the experiments to determine the level of trap sensitiv-
ity, and only applies to periods when the environmental
conditions (e.g. temperature) are sufficient to support
adult fly attraction to lures (e.g. sufficient maturation
and/or effective flight). For the purposes of this analysis,
I assumed that the minimum possible number of adult
male fruit flies required to establish a population in a new
area is 2 (or more). This is a very conservative number
and is different from the breeding population size which
provides a more realistic estimate of the number of flies
required to establish a population.
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Fruit fly data for models

For the purposes of demonstrating the use of these
models, I collated relevant data on two of economically
important tephritid fruit fly species: Queensland fruit fly
(B. tryoni) and Oriental fruit fly (B. dorsalis).

In all tephritid fruit fly species, the adult is the only
stage capable of dispersal independently of its host (or
vector in the case of pupae). Eggs are laid below the skin
of the host fruit. Generally, these hatch within 1-3 days,
and the larvae feed for 10-31 days (Garcia 2009). Ripe
fruit falls to the ground, or larvae leave the hanging fruit
and drop to the ground and pupation is in the soil under
the host plant (Bateman 1972). The lure-based traps used
in the fruit fly surveillance systems almost exclusively
attract only mature (sexually active) male flies (Royer
2015).

Data for Queensland fruit fly

Queensland fruit fly (B. tryoni) is very destructive to a
wide range of fruit hosts and is the most costly and seri-
ous insect pest of horticulture in Australia (Dominiak
et al. 2015; Dominiak and Mapson 2017).

Adult fly dispersal behaviour is influenced by many fac-
tors, including availability of food (primarily sugars and
protein), temperature, humidity, wind, odours, life span,
escaping predators, and fruit suitable for oviposition
(Yonow et al. 2004; Clarke et al. 2011). Additionally, dis-
persal is influenced by sexual status, though not necessar-
ily sex (Weldon 2005). Sexually immature (post-teneral)
adult B. tryoni males tend to disperse away from the site
of pupal emergence, regardless of the suitability of the
immediate habitat for survival and reproduction (Wel-
don 2005). Movement by sexually mature adult B. tryoni
is typically non-dispersive, involving local movements
to search for food, mates and oviposition sites. How-
ever dispersive movement has been reported in sexually
mature adult B. tryoni in response to adversity, including
lack of adequate oviposition sites (Weldon 2005).

Most studies have concluded that the lifetime disper-
sal distance of B. tryoni rarely exceeds 600 m (Domin-
iak 2012; Dominiak and Fanson 2020), although two
studies indicate that longer dispersal distances of a
small number of individuals may occasionally occur:
Fletcher (1974) claimed that B. tryoni could disperse
up to 22.7 km, and MacFarlane et al. (1987) reported
a single B. tryoni was found 94 km from the release
point. Weldon (2005), in release/recapture experi-
ments in New South Wales, Australia, found that
recaptures of most male and female B. tryoni were
made within 500 m of the release point, although a
small proportion of males were found over 1000 m
from the release point two weeks after release. Weldon
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(2005) also found that laboratory-rearing and steri-
lisation did not significantly affect dispersal ability
of post-teneral male B. tryoni relative to wild flies.
Meats and Edgerton (2008) indicated that these long-
distance dispersals became over dispersed and did not
participate in matings. I therefore consider that these
over-dispersed flies do not contribute to ERZ calcu-
lations, recognising that equivalent studies on gravid
female fly dispersal distances are not available. These
short dispersal distances are consistent with findings
for other fruit fly species (Dominiak 2012; Dominiak
and Fanson 2020). Long-distance dispersal has been
linked to isolated favourable habitats separated by
resource poor country that forced dispersing flies to
make longer flights. In favourable habitats, such as
large urban areas or well-managed orchards, dispersal
distances are likely to be relatively short (Raghu et al.
2000; Dominiak 2012; Dominiak and Fanson 2020).

Dominiak et al. (2013) reviewed historical release
and capture data from a programme of work in New
South Wales Australia in 1998/99. Of the 19,758 ster-
ile flies released over the summer months, 95% of
those trapped were within 1360 m of their point of
release, 98% within 1574 m, and 100% within 5553 m.
The authors estimated that 99.9% of the released flies
that were caught were within 2159 m of the point of
release. From distribution data provided by the review
of Dominiak et al. (2013), an adult fly distribution
model was developed for B. tryoni using a generalised
linear model with a binomial error distribution which
accounts for over-dispersion. The predicted distri-
bution curve developed from this model is shown in
Fig. 7.

Based on Fig. 7, I estimate that after two to three
weeks of emergence (once the male flies mature and
become attracted to the trapping lures), 95% of the
emergent flies can be found within a radius of 1340 m
of the point of release and 99% of the flies can be found
within a radius of 1770 m.
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Data for Oriental Fruit Fly

Oriental Fruit Fly (B. dorsalis) forms part of a spe-
cies complex, within which over 50 species have been
described in Asia (EPPO 2009). Schutze et al. (2015)
recently synonymised Bactrocera papayae Drew & Han-
cock and Bactrocera invadens Drew, Tsuruta & White
with B. dorsalis sensu stricto. Prior to this Drew and
Romig (2013) synonymised Bactrocera philippinensis
Drew & Hancock with B. papaya. The data included in
this paper pre-dated the synonymizing and as such is B.
dorsalis sensu stricto only (as at 2014).

The B. dorsalis adult is a strong flyer, recorded to travel
up to 50 km in search of food and sites to lay eggs. In
studies on foraging behaviour, adult flies of B. dorsalis
was recorded moving up to 600 m between areas of food
and non-food plants in field experiments in Taiwan (Chiu
1983), where observations found that bamboo stands
were the most preferred sites for resting. The transport of
infested fruits is the main means of global movement and
dispersal to previously uninfested areas (EPPO 2009).

Froerer et al. (2010) studied the long-distance dispersal
of B. dorsalis in Hawaii:

+ Unassisted long-distance flights of between 2 and
11.39 km were reliably recorded, but these were
very rare events. A total of 217,560 adult flies were
released in 4 releases, of which only 30 (0.000137%)
were recovered at distances over 2 km.

+ Only one of the four releases looked at median dis-
tance dispersal: 90,078 flies were released and a total
of 1,887 flies were recovered from the fourth release
at distances ranging from 0.02 to 1.90 km.

+ While short-distance movement occurred for over
2 weeks, long-distance movement seems to have
occurred within a short period of time after a release.

Using a generalised linear model with a binomial error
distribution which accounts for over-dispersion, the pre-
dicted distribution curves for B. dorsalis are shown in
Fig. 7.

Country data for models

New Zealand and B. tryoni/B. dorsalis

The base-line level of assurance supporting New Zea-
land’s fruit fly free status is provided by the New Zea-
land’s fruit fly surveillance programme. Approximately
7,500 lure traps (Lynfield design) are set up and main-
tained from September to June of each year (Quilici and
Donner 2012; Acosta and White 2011). Traps are placed
in arrays, concentrating in populated areas serving as
centres for tourism and/or trade, areas of significant hor-
ticultural activity, and areas climatically conducive to the
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establishment of fruit flies (MPI 2014). The density of
traps in the arrays reflects to a degree the effective trap-
ping distances of each trapping lure. A summary of the
details on New Zealand’s surveillance and response sys-
tem (MPI 2014) are provided in Table 2.

Australia and B. tryoni

The surveillance system for B. tryoni was established by
each of the states of Australia under the Fruit Fly Code
of Practice (COP 2014). In areas where freedom from B.
tryoni is being maintained, male cure-lure baited Steiner
or Lynfield traps are placed in 1000 m grids within com-
mercial host growing areas (e.g. orchards) and in 400-m
grids in urban areas (COP 2014).

Additionally, the federal standard for response to B.
tryoni in Australia are contained in COP (2014). As B.
tryoni is now considered endemic to coastal areas of
Queensland, New South Wales and Victoria, Australia,
COP (2014) for this fruit fly applies to areas outside of
this distribution range. For a B. tryoni response COP
(2014) requires the use of cue-lure based surveillance.
A summary of the details on Australia’s surveillance and
response system (COP 2014) are provided in Table 2.

USA (California) and B. dorsalis

Little detail could be found on the Californian surveil-
lance system for B. dorsalis, for the purposes of this paper,
I assumed that it meets the minimum requirements for
maintaining a PFA as detailed in RSPM 17 (2010). This
standard requires for methyl eugenol-responsive species
(e.g. B. dorsalis) that the trap density in high risk areas
(entry points etc.) is three traps per km? urban areas is
one trap per km? (1000 m trapping grid), and in com-
mercial production areas is two traps per 2 km? (2000 m
trapping grid). The State of California’s response to B.
dorsalis occurs under the guidelines provided in the
USDA APHIS Action Plan for Oriental Fruit Fly (USDA
APHIS 1989).

For the purposes of this paper, I assume that after the
date of the last fruit fly detection surveillance for fruit
flies will return to the trapping system described above
for the delimitation area (the 1000 m trapping grid with
a further 400 traps out to a 8.2 km radius in urban areas
and the 2000 m trapping grid with a further 400 traps
out to a 8.2 km radius in commercial production areas).
A summary of the details on California’s surveillance and
response system (USDA APHIS 1989) are provided in
Table 2.

Simplification of surveillance and response scenarios used

in this analysis

Each surveillance system provides a level of sensitivity
in its ability to detect a fruit fly population based on the
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nature of the lures and traps used and the density of the
trapping grid. The minimum number of traps deployed in
each surveillance area has been simplified for each fruit
fly species within each country to determine the trig-
ger numbers, size of an ERZ, and the criteria for remov-
ing an ERZ. Detection sensitivities across surveillance
areas can only be modelled when the distribution of the
targeted fruit fly is known with some accuracy. In most
eradication scenarios the distribution of the fruit fly only
becomes apparent part way through the eradication cam-
paign. To avoid situations where trapping densities vary
across a surveillance or eradication areas, each of the
surveillance and response scenarios considered in this
analysis was simplified (using conservative (worst-case)
trapping densities by understating the number of traps in
each area) as detailed in Table 2.

Results

Calculations for response criteria for Queensland Fruit Fly
(B. tryoni)

Population size required for establishment

Meats (1998b) calculated that for B. tryoni the founder
population size to successfully establish was 12 flies per
hectare containing host material. As the sex ratio in B.
tryoni is 1:1 (Clarke and Dominiak 2012; Fanson et al.
2014), a population of 12 adult flies is most likely to con-
tain 6 male flies. As the highest population concentration
of B. tryoni male flies in any single outbreak scenario is
at its centre, from the distribution data shown in Fig. 7
we can determine the total trappable population size
required to achieve or exceed 12 adult flies (6 male flies)
in the centre 1 hectare of the population.

From the distribution model shown in Fig. 7, we can
determine that the proportion of the total fruit fly popu-
lation present in the centre 60 m radius (r), which for B.
tryoni is 13.2%. By increasing the number of flies emerg-
ing we can determine the threshold for achieving more
than 6 male flies in that centre 60 m circle using Eq. 2.

The results derived from this Eq. 2 applied to the data
for B. tryoni are provided in Fig. 8.

From Fig. 8, I found that a population of 52 adult
male flies (104 adult flies) or more may result in a den-
sity of flies at the centre of the outbreak that exceeds the
founder population size (6 male flies) as determined by
Meats (1998b). Therefore, I assume the breeding popu-
lation size for B. tryoni was 52 male files or 104 male or
female adult flies (given the sex ratio in B. tryoni is 1:1
(Meats 1998b)).

Trigger for imposing an export restriction zone for B. tryoni
From the response parameters and the biological descrip-
tion of B. tryoni, the variables required to determine the
probability of detecting male flies using a trapping grid
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during intelligence gathering activities (surveillance) for
Australia and New Zealand and are as follows:

» The number of detectable (male) flies in the area esti-
mated to be required to establish a breeding popula-
tion (N,) of B. tryoni is 52 (the breeding population
size).

+ For New Zealand and urban areas in Australia, the
minimum trap density (7)) in the delimitation zone
for B. tryoni is 0.065 traps per hectare.

« For production areas in Australia, the minimum trap
density (7)) in the delimitation zone for B. tryoni is
0.0104 traps per hectare.

+ A median estimate of the effective sampling area
(ESAjeq) of each trap in a trapping grid for B. tryoni
using the cue-lure bait is 1.5 ha.

+ For New Zealand and urban areas in Australia,
the probability (p) of trapping a single male B.
tryoni in the delimitation area can be calcu-
lated from the ESA,,.; and trap density (T,) as
1 — exp(—ESA,eq X T4), which equates to 0.0929.

+ For production areas in Australia, the probability (p)
of trapping a single male B. tryoni in the delimitation
zone can be calculated from the ESA,,.; and trap
density (T;) above as 1 — exp(—ESA,;eq x T4), which
equates to 0.02.

Using Eq. 3, the probability (P(f|N,)) of detecting f
flies in New Zealand and urban areas in Australia can be
determined for a range of values of f and the trigger num-
ber determined by observing when the results achieve
the highest level of detection (see Fig. 9).
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Measurements that were taken to determine the level
of trap sensitivity were based on laboratory-reared ster-
ile (non-fertile) flies that were captured over a 4-week
period after release (Dominiak et al. 2013). This is less
than the estimated 7 weeks required for a population to
be reduced to 50% of its original level, although B. try-
oni male adults require around two weeks to mature (to
become attracted to trap lures) (Meats 1998b), leaving
around 4 to 5 weeks of trapping mature lure-attracted
male flies.

From Fig. 9, I found that the detection of 5 male B.
tryoni in a 4-week period would suggest that it is more
likely than not that the maximum acceptable popula-
tion size is exceeded. This provides a fly trigger level of
5 adult flies within 4 weeks (28 days) for New Zealand
and urban areas in Australia. For the two-week trig-
ger period, around half the flies are required for half the
length of time," which equates to 3 adult B. tryoni males
within 2 weeks (14 days) providing an equivalent trigger
for establishing an ERZ.

For production areas in Australia, where the trapping
density is only 0.0136 traps per hectare and the probabil-
ity of trapping a single male B. tryoni is 0.02; the detec-
tion probability is so low (see Fig. 10) that detecting any
male flies would indicate the maximum acceptable popu-
lation size has been exceeded.

Calculating the size of an export restriction zone for B.
tryoni

From the response parameters and the biological descrip-
tion of B. tryoni provided, the variables required to deter-
mine the sensitivity of the surveillance trapping system

! Calculations not shown.

used in New Zealand and Australia to detect B. tryoni
populations are as follows:

+ A median estimate of the effective sampling area
(ESA eq) of each trap in a trapping grid for B. tryoni
using the cue-lure bait is 1.5 ha.

+ In New Zealand and in urban areas of Australia they
use a 400 m surveillance grid to detect B. tryomui,
which provides a trap density (T,) of 0.065 traps per
hectare.

+ In production areas in Australia they use a 1000 m
surveillance grid to detect B. tryoni, which provides a
trap density (T;) of 0.0104 traps per hectare.

The calculations from applying Eq. 4 predict that the
400-m surveillance grids used in New Zealand and
urban areas of Australia have at least a 95% probability
of detecting one fly in a population of 31 or more male B.
tryomi flies in an area. The same calculations predict that
the 1000-m surveillance grid used in production areas of
Australia has at least a 95% probability of detecting one
fly in a population of 192 or more male B. tryoni flies in
an area.

The population size likely to be detected by the 400-m
surveillance grids in New Zealand and urban areas of
Australia (31) is less than the breeding population size for
B. tryonmi of 52, indicating only one generation of flies is
likely to be present. However, the population size likely
to be detected by the 1000-m surveillance grids in urban
areas of Australia (192) is considerably more than the
breeding population size for B. tryoni of 52, indicating
more than one generation of flies may be present.

Therefore, to determine the size of the ERZ for B. try-
oni detected using a 400-m surveillance grid it is pro-
posed that, before an ERZ is established:
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a) The population size likely to be in the area would be
the breeding population size: namely 52 adult male
flies; and

b) The trigger number of 3 flies would need to be cap-
tured over 14 days; and

c) Only one generation (F;) of flies may have emerged
in the area.

Using Eq. 5, values for the number of male flies out-
side a trapping area (N,) can be calculated over a range
of increasing distances from the population epicentre
(Py). The results suggest that under a 400-m trapping
grid there are unlikely to be any male flies (or gravid
female files or both) more than 1600 m from the epi-
centre. The radius of the ERZ for only one generation
(F,) of B. tryoni would then equal twice this radius (see
Fig. 6b) or 3200 m.

To determine the size of the ERZ for B. tryoni
detected using a 1000-m surveillance grid it is pro-
posed that, before an ERZ is established:

a) The population size likely to be in the area would be
192 adult male flies; and

b) The trigger number of 1 fly would need to be cap-
tured over 14 days; and

¢) Two generations (F,) of flies may have emerged in the
area (e.g. 192>52).

Using Eq. 5 above, values for the number of male flies
outside a trapping area (N,) can be calculated over a
range of increasing distances from the population epi-
centre (P,). The results suggest there are unlikely to be
any male flies more than 1950 m from the epicentre.
The radius of the ERZ for two generations (F,) of B. try-
oni would then equal four times this radius (see Fig. 6d)
or 7,800 m.

Criteria for removing an export restriction zone for B. tryoni
From the response parameters and the biological
description of B. tryoni provided above, the variables
required to determine the length of trapping period
required to provide a 95% level of confidence that the
ERZ can be removed from New Zealand and Australia
are as follows:

+ New Zealand applies a surveillance trap density (Td)
of 0.283 traps per hectare to detect B. tryoni after the
last fruit fly has been detected.

« Australia uses a 400-m surveillance grid to detect B.
tryoni after the last fruit fly has been detected, which
provides a trap density (Td) of 0.065 traps per hec-
tare.
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o A median estimate of the effective sampling area
(ESApeq) of each trap in a trapping grid for B. tryoni
using the cue-lure bait is 1.5 ha.

By plotting the cumulative probabilities of detecting
two male flies in a trap density (T;) of 0.283 traps per
hectare (New Zealand scenario) over more than one
trapping period (4 weeks) using Eq. 6, I found that 3.5
trapping periods or just under 14 weeks of no fly detec-
tions would provide >95% probability that a breeding fly
population (> 2 male flies) no longer exists in the area.

Doing the same under the Australian scenario of
detecting two male flies in a trap density (T,;) of 0.065
traps per hectare over more than one trapping period
(4 weeks), I found that 15.4 trapping periods or just under
61.6 weeks of zero fly detections would provide>95%
probability that a breeding fly population (>2 male flies)
no longer exists in the area covered by 0.065 traps per
hectare.

Calculations for response criteria for B. dorsalis
Population size required to enable establishment

Meats (1998a, b) calculated that for B. tryoni the ‘founder
population size’ was 12 flies per hectare. To do this, Meats
(19984, b) had to determine several biological character-
istics for B. tryoni that would also need to be found for
B. dorsalis to complete the same assessment. I could find
no equivalent analysis for B. dorsalis in the literature.
Baker et al. (1990) noted that three sexually mature adult
flies were required to have any likelihood of a population
establishing in an area. As the sex ratio in B. dorsalis is
1:1 (Binay and Agarwal 2005), a population of>3 adult
flies was most likely to contain>1 male fly. For the pur-
poses of this analysis, I will conservatively assume that
the number of emerging adult flies required to establish a
population in a new area contains 2 (or more) male flies.

As the highest population concentration of B. dorsalis
male flies in any single outbreak scenario is at its centre,
and using the distribution data shown in Fig. 7, we can
determine the total emergent population size required to
achieve or exceed >3 adult flies (2 male flies) in the cen-
tre 1 hectare of the population. A circle with a radius of
60 m is just over 1 hectare (1.13 ha) in area. From the dis-
tribution model shown in Fig. 7, we can determine that
the proportion of the total fruit fly population present in
the centre 60 m radius (r), which for B. dorsalis is 11.7%.
We can determine the threshold for achieving more
than 2 male flies in that centre 60 m circle using Eq. 2 by
increasing the number of invading or emerging flies.

We can calculate values for the threshold number of
detectable flies in the area over a range of increasing pop-
ulations of invading or emerging flies (N;) when the den-
sity of flies in the centre 60 m radius circle (D,) exceeds 2
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male files. I found that a population of 16 adult male flies
(32 adult flies) or more may result in a density of flies at
the centre of the outbreak that exceeds the founder popu-
lation size (2 male flies or 3 flies in total). I will therefore
assume the establishment population size for B. dorsalis
is 16 male files or 32 adult flies (given the sex ratio in B.
dorsalis is 1:1 (Binay and Agarwal 2005)).

Trigger for B. dorsalis Export Restriction Zone

Using the response parameters and the biological
description of B. dorsalis, 1 found that the variables
required to determine the probability of detecting male
flies using a trapping grid during surveillance for Califor-
nia, USA, and New Zealand were as follows:

« The number of detectable (male) flies in the area esti-
mated to be required to establish a breeding popula-
tion (N,) of B. dorsalis is 16 (the breeding population
size).

+ For New Zealand, the minimum trap density (7,) in
the delimitation zone for B. dorsalis is 0.0077 traps
per hectare.

+ For urban areas in California, the minimum trap
density (7)) in the delimitation zone for B. dorsalis is
0.0104 traps per hectare.

+ For production areas in California, the minimum
trap density (7)) in the delimitation zone for B. dor-
salis is 0.0026 traps per hectare.

+ A median estimate of the effective sampling area
(ESAeq) of each trap in a trapping grid for B. dorsa-
lis using the methyl eugenol bait is 9 ha.

+ For New Zealand, the probability (p) trapping a sin-
gle male B. dorsalis in the New Zealand surveillance
grid can be calculated from the ESA,,,.; and trap den-
sity (7,) above as 1 — exp(—ESAeq x T4), which
equates to 0.0667.

+ For urban areas in California, the probability (p) of
trapping a single male B. dorsalis in the delimitation
zone can be calculated from the ESA,,.,; and trap
density (7)) above as 1 — exp(—ESA;eq X T4), which
equates to 0.0894.

+ For production areas in California, the probability
(p) of trapping a single male B. dorsalis in the delimi-
tation zone can be calculated from the ESA,,.; and
trap density (7)) above as 1 — exp(—ESA,eq X Ty),
which equates to 0.023.

Using Eq. 3, the probability (P(f|N,)) of detecting fflies
in New Zealand and California can be determined for a
range of values of fand the trigger number determined
by observing when the results achieve the highest level of
detection. The results were calculated for urban areas in
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California as this is the most sensitive surveillance system
of the three examples.

Vargas and Carey (1990) and Vargas et al. (2000)
observed laboratory-reared flies in environmental cham-
bers and found that B. dorsalis adults survived for around
50 to 200 days depending on temperatures. Bactrocera
dorsalis male adults require around two to four weeks to
mature (to become attracted to trap lures) (Vargas pers.
com.) leaving 7 to 9 weeks of effective trapping before
adult population numbers declined beyond 50%. Meas-
urements that were taken to determine the level of trap
sensitivity (ESA) were based on flies that were captured
up to 4 weeks after release (Froerer et al. 2010) which is
less than the estimated time taken for the population to
decline to 50%.

From the results I concluded that the detection of 1
male B. dorsalis in a 1000-m surveillance grid would sug-
gest that it is more likely than not that the maximum
acceptable population size is exceeded. As the New Zea-
land surveillance grid (1200 m) and the surveillance grid
in production areas in California (2000 m) are less sensi-
tive than the urban surveillance grid (1000 m), I consider
that they would have a single-fly trigger.

Calculating the size of an export restriction zone for B.
dorsalis

From the response parameters and biological description
of B. dorsalis provided earlier, the variables required to
determine the sensitivity of the surveillance trapping sys-
tem used in New Zealand and California, USA, to detect
B. dorsalis populations are as follows:

+ New Zealand uses a 1,200-m surveillance grid to
detect B. dorsalis which provides a trap density (Td)
of 0.0072 traps per hectare.

« For urban areas in California, the minimum trap den-
sity (Td) in the delimitation zone for B. dorsalis is
0.0104 traps per hectare.

« For production areas in California, the minimum
trap density (Td) in the delimitation zone for B. dor-
salis is 0.0026 traps per hectare.

+ A median estimate of the effective sampling area
(ESApea) of each trap in a trapping grid for B. dorsa-
lis using the methyl eugenol bait is 9 ha.

From the results obtained from applying Eq. 4 to cal-
culate trapping sensitivity (S) for New Zealand (1200-m
surveillance grid) over a range of adult male population
sizes (N,) I estimate that the current surveillance grid
used in New Zealand to detect B. dorsalis populations
has at least a 95% probability of detecting one fly in a
population of 47 or more male flies in an area. Repeat-
ing the same calculations for urban (1000 m grid) and
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Table 3 Summary of results from calculations for New Zealand, Australia and California control scenarios for B. tryoni and B. dorsalis

Fruit fly control scenarios

Trigger number for

Calculated Radius of Time to remove the

establishing an ERZ the ERZ ERZ (reinstate the
PFA)

B. tryoni New Zealand 3 flies in two weeks 3200 m 14 weeks
Australia—urban areas 3 flies in two weeks 3200 m 61.6 weeks
Australia—production areas 1fly 7800 m 61.6 weeks

B. dorsalis New Zealand 1fly 5480 m 6 weeks
California—urban areas 1fly 5080 m 228 weeks
California—production areas 1fly 6400 m 312 weeks

production (2000 m grid) areas in California, I found the
predicted population sizes at the trigger point were 32
and 128 male flies respectively.

Using Eq. 5, values for the number of male flies outside
a trapping area (N,) can be calculated over a range of
increasing distances from the population epicentre (P;).
I found that there are unlikely to be any male flies more
than 1370 m from the epicentre. The radius of the ERZ
for two generations of B. dorsalis would then equal four
times this radius or 5480 m. I repeated the same calcu-
lations for populations in urban and production areas in
California containing 32 and 128 male flies and found
potential distributions of 1270 m and 1600 m respec-
tively. Therefore, the radius of the ERZ for two genera-
tions of B. dorsalis would equal four times these radii or
5080 m for 1000-m grids and 6400 m for 2000-m grids.

Criteria for removing an export restriction zone for B.
dorsalis

From the response parameters and the biological descrip-
tion of B. dorsalis provided above, I determined the
length of trapping periods required to provide a 95% level
of confidence that the area is free of a breeding popula-
tion of B. dorsalis in New Zealand and California, USA.
Once the area is declared free of B. dorsalis, the ERZ can
be removed from. The variables required are as follows:

+ New Zealand uses a surveillance grid to reinstate a
PFA for B. dorsalis which provides a trap density (Td)
of 0.142 traps per hectare.

+ For urban areas in California, the minimum trap den-
sity (Td) of the surveillance grid to reinstate a PFA for
B. dorsalis is 0.029 traps per hectare.

+ For production areas in California, the minimum
trap density (Td) of the surveillance grid to reinstate
a PFA for B. dorsalis is 0.022 traps per hectare.

+ A median estimate of the effective sampling area
(ESAyeq) of each trap in a trapping grid for B. dorsa-
lis using the methyl eugenol bait is 9 ha.

I applied Eq. 6 to these variables for the New Zealand
data and plotted the probabilities of detecting two male
flies in ERZ over more than one trapping period. I found
