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Abstract

Commercial and environmental considerations have led to increased pressure to reduce pes-
ticide use in agricultural crops resulting in a growing interest in development of pesticide
application protocols that allow for their targeted use. In this paper, we revisit a standard
decision-making protocol for pesticide application and introduce protocol modifications to ap-
ply pesticide to selected spatial sub-domains in the agricultural field. The baseline case we
consider is the control of populations of the grey field slug (Deroceras reticulatum) in commer-
cialfields. Itiswellknown that slugs have strongly heterogeneous (patchy) spatial distribution
and we show that targeting patches with higher slug density only, may offer significant po-
tential for reducing the use of pesticides. An approach to incorporating targeted application
of pesticide into a control protocol with treatment decisions based on a threshold population
abundance will be discussed. The benefits of the targeted use of pesticides will be clearly
demonstrated using data on slug abundance collected in commercial fields.

We then argue that employing a single threshold for decision-making in the pesticide ap-
plication protocol is not the most efficient way to assess risks associated with the population
abundance when pesticide is applied selectively. It will be shown that a protocol for targeted
use of pesticides depends heavily on the definition of a spatial density patch in heterogeneous
spatial distribution, and a single decision-making parameter such as the population threshold
cannot accommodate important information about the patch size. Hence an alternative is to
introducetwo controlling parametersintotheprotocolin orderto quantifythe pestabundance
in each patch and patch size separately and we discuss this approach in the paper.
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1 Introduction

Pesticide application is the most widely used means of pest control and it has been estimated
that around 3x10°kg of pesticides are used across the globe per year Pimentel (2009). How-
ever, the indiscriminate use of pesticides can have serious negative consequences. Application
of pesticidesis costly and can risk damage to the environment Jepson et al. (1990). Pesticides
are known to contribute to air, soil and water pollution DEFRA (2016) and there is also some
evidence linking their use to human illnesses Alavanja et al. (2013); Pimentel and Greiner
(1997). The overuse of pesticides can lead to insect resistance making future management a
more difficult task Alyokhin et al. (2008). Finally, lethal or sub-lethal effects on non-target
organisms such as natural enemies Sohrabi et al. (2013) can result in resurgence in the pest
population or a secondary pest to emerge. Such risks are addressed by legislation governing
the development and subsequent use of pesticidal products, and by technology that improves
targeting and reduces drift, but there is awidespread recognition of the requirement toreduce
and optimise the volumes used Matthews (2014, 2016).

Increased pressure to reduce the use of pesticides in agricultural crops results in an urgent
need for new approaches to pest control that both reduce the number of applications in
commercial agricultural fields and make those applications more precise. The concept of
spatially targeted pesticide application to control pest population has already received the
attention of researchers; e.g. see Archard et al. (2004); Brown et al. (2008); Pimentel (1997);
Sotherton et al. (1993). Among other examples, the study in Brenner et al. (1998) has been
focused on the probability of the presence of the pest in a spatial environment, allowing for
the targeted use of pesticide in spatial areas where there is a high probability of pest presence.
Probability mapping has also been done on larger scales in agriculture Fleischer et al. (1999)
where sampling has been used to generate a probability threshold map, a contour map showing
the probability of the number of pests within a known area exceeding a defined threshold.
There have also been discussions on weed detection and targeted spraying of herbicide Miller
(2003) as well as efforts to produce a system of automated robotic pesticide spraying over
target areas for use in greenhouses Sammons et al. (2005). Most recently the concept of
targeting molluscicide treatments at the spatially and temporally stable patches of higher slug
densities that have been shown to occur in arable crops have been investigated in the field
Forbes et al. (2017). Such studies, however, have not related targeted use of pesticides with
the need to develop a monitoring and control protocol that takes account of the locations of
spatial patches where the population density is high.

In our paper we develop a prototype protocol for targeted use of pesticides where the above
issueis addressed. The grey field slug (Deroceras reticulatum (Muller, 1774)) has been selected
as the baseline case to discuss optimal application of pesticide to strongly heterogeneous pest
distributionsand theissuesthatneed toberesolved for successful targeting of pesticidesin se-
lected spatial domains. The grey field slug is an important pest of a wide range of agricultural
and horticultural crops, resultingin significant economiclosses in most years Nichols (2014);
Twining et al. (2009). For many years slug control in arable crops has relied on molluscicide
pellets applied to the entire field when the slug population exceeds defined thresholds. Mean-



while, it has been reported in numerous studies Archard et al. (2004); Bohan et al. (2000);
Forbesetal. (2017) that the spatio-temporal dynamics of the slug population resultsin hetero-
geneous spatial patterns of the slug density in arable fields whereby readily detected patches
ofhigher slug numbers are interspersed within areas of lower slug densities irrespective of the
population size. A patchy distribution of slugs may offer significant potential for reducing
use of pesticides in agricultural fields. If a commercially viable method of identifying their
location and size can be established then application of pesticides may be targeted at high
slug density patches alone, leaving areas with lower slug numbers untreated.

Weexplainhowtoincorporatetargeted application of pesticidesintoa hypothetical protocol
based on the threshold slug population abundance. The benefits of the targeted use of pes-
ticides will be clearly demonstrated when we investigate data on slug abundance collected in
several commercial fields. The prototype protocolis sufficientlyflexibletobereadily extended
to other pest species that display a heterogeneous distribution. Meanwhile there remain sev-
eral open questionsthat may constrain further development of the protocol, one ofthembeing
a definition of spatial patches. It will be argued in the paper that a generic definition of a
patch as any spatial sub-domain with a closed boundary that has non-zero population density
is not efficient when targeted use of pesticide is considered. Hence the generic definition of a
spatial patch will be revisited to allow for the inclusion of various additional constraints on
patch size and population density within the patch. We then investigate the impact of those
constraints on the pesticide application procedure.

The paper is organised as follows. In Section 2 we introduce a generic targeted pesticide
application procedure in a case where a population of grey field slugs has to be controlled.
The section is focused on identification of areas with non-zero slug density with consequent
application of pesticide in those areas, no matter how low the slug density is in each patch. In
Section 3 we compare the results of Section 2 with a standard pesticide application protocol
based on a threshold population abundance and demonstrate how the targetedapplication
procedureshould be modified totakethethreshold numberintoaccountandtoavoid pesticide
application in areas with low population density. We then show in Section 4 that a targeted
use of the pesticide protocol depends heavily on the definition of a spatial patch and a single
control parameter such as the population threshold in the current standard monitoring/control
protocol cannot accommodate important information about patch size. An alternative to
the ‘single threshold’ based approach is then to introduce two control parameters in order
to quantify both the pest abundance in each patch and the patch size. Thus, we explain in
Section 4 how to take into account the pest density and the patch size in the pesticide
application protocol. Finally, conclusions and directions for future work are considered in
Section 5.

2 The baseline method

Our aim in this section is to explain a hypothetical pesticide application protocol that can
be considered as a prototype for targeted use of pesticide. In this and the next section we



demonstrate our approach by using the baseline case of the grey field slug population.

The grey field slug (Deroceras reticulatum) is a gastropod mollusc that is widespread in
Europe and in particular in the UK where the data we use in our study havebeen collected.
Theslugisaslowmovingspeciesand hastwoactivitypeaksinarablefields,between November
and December and again between late-February and May Port and Port (1986). Data on slug
abundance were collected by researchers in several commercial winter wheat fields between

autumn 2015 and autumn 2017 Forbes et al. (2017). A standard experimental design was

established for the research in all fields in both cropping years. Refuge traps consisting of
upturned 18cm diameter, plastic plant pot saucers were placed in a regular 10 x 10 grid with
distance h = 10 meters between nearest traps. Sampling grids were installed at a minimum
of 20 meters from the nearest field edge. The number of slugs under each refuge trap were
recorded after traps had been left undisturbed for 14 days, and thereafter at regular intervals.

Animportant assumption in our study was that the sampling grid used for collection of slug
data was sufficiently fine to provide accurate information about both the heterogeneous spatial
slug distribution and the total slug abundance in the field. We would like to emphasize here
that although the above assumption is essential for our discussion, we recognise that using
such a fine sampling grid (i.e. 100 traps per hectare) is not realistic in routine data collection
for commercial pest management. Determining a minimum number of sampling locations
required for accurate reconstruction of spatial density patches is a challenging question that

requires further careful study. While the above question is beyond a scope of this paper, it
will be a topic of future work.

The dataset we use to introduce our approach is a spatial distribution of the slug population
obtained from trap counts collected on 18 November 2016 from a commercial arable field sown
with winter wheat, located at South Kyme, Lincolnshire, UK. The trap count data collected in
the field are shown in Table 1, and the spatial slug distribution reconstructed from these data
is shown in Fig. 1 where the total length L of the sampling grid (100 m) in both directions is
converted to the non-dimensional unit length L = 1; see Appendix A for further explanation
ofthe conversion of the GPS coordinates in the physical domain to the grid coordinates in the
unit square. Given that a regular grid of traps is used in the monitoring routine, the distance
h between traps and the coordinates of each trap are readily calculated in the converted
domain. The continuous distribution shown in the figure has been obtained from the discrete
data in Table 1 by using the MATLAB software MATLAB (2017). An interpolation function
‘interp2’ in MATLAB takes trap counts that are available at trap locations only and converts
that data into a continuous population density function defined at every point of the domain
of interest by applying piecewise linear interpolation. Slug patch is then defined as any spatial
sub-domain with the closed boundary where the population density is greater than zero (cf.
Fig.1a).

For the sake of discussion in this section we assume that a pesticide will be applied in our
hypothetical protocol to any slug patch in the field, no matter how low the slug density is
within the patch. Thus the first step in our procedure is to identify the boundaries of spatial
patches that are clearly seen in Fig. 1a. Employing the MATLAB software for this purpose
requires converting the data in Table 1into binary data (i.e. producing the presence/absence
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Table 1: Trap count values taken from a regular sampling grid of 10 x 10 traps in the South
Kyme field on 18 November 2016.

map from the original data). Consider trap count Ci in the ith refuge trapi=1,2, - -, N,
where N is the number of traps in the field, and let h be the distance between neighboring
grid points on a regular sampling grid. For each data point, if the trap count is Ci > 0 then
we set Ci = 1 and if Ci = 0 it remains set as 0. This produces a binary table showing only the
location of slugs (as linked to the position of each trap in the field) and not the quantity.
Neighbouring values of 1 in the horizontal or vertical direction are then said to be in the same
patch and we can therefore count distinct patches in the field and define their boundaries by
using the image processing package in MATLAB (2017).

The patch boundaries are visualised in Fig. 1b. We assume that every trap is installed at the
centre of its square catchment area and the catchment area has the linear size of h/2, where
his the distance between neighboring traps. Hence a slug patch which appears as an isolated
non-zero trap count in Table 1 will have the same area as trap catchment area A = h x h.
That assumption is illustrated in Fig. 1b where the regions shown in green within slug patch
are regions enclosed by neighbouring traps that contain slugs and the outer region shown in
blue has the width of h/2. Hence, in patches shown purely in blue, there are only one or two
traps where slugs were found and their neighboring traps did not contain slugs.

We now model the application of pesticide so that the entire area of a patch is covered. The
pesticide is applied when the spreader is moved along a track in the field and in our model we
assume that the field has three interior tracks that are shown as solid vertical lines in Fig. 1c.

Each vertical track in the figure is completely defined by its x-coordinate, x!, and we then
label the tracks as x', xt and x* respectively. We also assume that two external tracks (i.e.

vertical boundaries ¥ = 0 and x = 1 labeled as x* and x® in Fig. 1c) can be used for pesticide
1 2

spreading, the pesticide can be spread in either direction from a track (i.e. to the left and
to the right), and the pesticide is uniformly distributed between the track and the midpoint
between two tracks. Therefore if a patch on one side of the track is detected, pesticide will be
spread in a rectangular block.

The track lines and the midpoints between tracks are represented in Fig. 1b-d as solid and
dotted lines respectively. In our algorithm we define projection of each slug patch onto track
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Figure 1: Trap counts were taken on a sampling grid of 10 by 10 locations in the South Kyme field
on 18 November 2016 (see details in the text), the corresponding numerical values are given in
Table 1. The total length L of the sampling grid (100m) in the x and y directions is rescaled as L =
1. The continuous distributions and patch boundaries shown in the figure are obtained by using the
MATLAB software. (a) The slug spatial distribution reconstructed from trap counts based on linear



interpolation between trap locations. (b) Contour plot showing slug patches (areas of light green
colour in the figure) with the boundary region (blue colour). (c) Contour plot showing slug patches
mapped onto the tracks. The mappings are shown as red lines along the track indicating the points
from where pesticide should be applied. (d) Contour plot showing slug patches with pesticide
applied in red shaded areas. Pesticide used M = 45.5%.



lines and those coordinates are used to generate rectangular domains where pesticide will
be applied. For each slug patch p to be handled, the algorithm outputs the track label (as
explained above) and the coordinates ysp and y? along the track where pesticide should start
being applied and stop being applied.

Consider, for example, the first slug patch labeled as ‘patch 1’ at the upper left corner of
Fig. 1b. In order to cover that patch with pesticide, it should be applied when the spreader
moves from pointyf to yf along track x5 and when it then moves in the opposite direction

from point yP to yP along track x' ; see Fig. 1c. The above information is recorded, is stored
S f 1

along with the patch label, and the same analysis is made for any slug patch detected in the
field. As a result, the algorithm returns all data required for targeted use of pesticides in the
field. The output data are illustrated in Fig. 1c: spreading of pesticide will happen when the
spreader moves along each interval shown in red.

Once the output information has been obtained, the rectangular domains are restored to
containeach patch where the pesticide should be spread. The areas ofthe field where pesticide
is applied can be seen by the shaded areas in Fig. 1d. The total area A of pesticide applied to
the field is calculated by summing the area of each shaded rectangular block. Since the total
field areais A~ = Lx L = 1 and assuming that total coverage of the field would use M- = »
mass units of pesticide (i.e. 100% of pesticide), we can find the percentage of pesticide M
used by targeting only the patches as M = A x M«. In the case of South Kyme, when the
patches are targeted from three internal tracks and two external tracks, only M = 45.5% of
pesticide is used.

3 Threshold-based pesticide application

The example of the South Kyme field in the previous section is convenient for the purpose
of illustration of our approach as it presents a patchy spatial distribution with very distinct
slug patches. However, if the data in Table 1 were considered under more realistic conditions,
then no pesticide would be used at all. Monitoring and control protocols usually require that
a management action is only applied if an estimate of the average trap count (or the average
density) exceeds a given management threshold Sternetal. (1959). Although individuals from
different slug life stages are unlikely to have the same negative impact on crops, average trap
countin this studyreflected normal commercial practice in referring to total trap count (adult
+ sub-adult + juvenile slugs). Let us define average trap count S as

1
S = G, (1)

e.g. see Davis (1994); Snedecor and Cochran (1980) where Ci is the trap count in the ith
refuge trap and N is the number of traps in the field. In most pesticide application protocols
average trap number S has to be checked against the imposed action threshold value S and
pesticide will only be applied if S = Si. Let us define a threshold value in our hypothetical
protocol as St = 5 (note this is higher than the usual thresholds used in commercial practice



Field Date P M % S
Uppington 04.01.16 2 100 1.78
Uppington 19.01.16 4 100 1.29
Uppington 01.02.16 5 92.5 1.65
Uppington 16.02.16 12 32.5 0.2
Adney Corner 30.11.15 13 35.0 0.25
Adney Corner 14.12.15 14 77.5 0.69
Adney Corner 29.01.16 3 100 0.98
Adney Corner 16.02.16 18 55 0.42
Stoney Lawn 07.12.15 1 100 3.02
Stoney Lawn 06.01.16 1 100 5.98
Stoney Lawn 11.01.16 1 100 6.21
Stoney Lawn 14.01.16 2 100 6.03
Stoney Lawn 18.02.16 1 100 9.13
Badjics 18.12.15 5 91.3 1.61
Badjics 06.01.16 2 100 2.24
Badjics 20.01.16 2 100 1.60
Badjics 18.02.16 1 100 4.00
Adney Middle 08.12.15 4 100 1.20
Adney Middle 22.12.15 1 100 1.68
Adney Middle 14.01.16 1 100 2.28
Adney Middle 18.01.16 1 100 4.00
Adney Middle 12.02.16 1 100 2.35

Table 2: Analysis of trap count data collected on several commercial fields. The number of
patches P is defined by the MATLAB software where slug patch is considered as an isolated sub-
domain with the non-zero slug density (see details in the text). The average trap count S is
calculated as in (1). The amount of pesticide M needed to cover all patches in the field is
calculated as the percentage of the amount needed to cover the entirefield.

which can be up to a mean of 4 slugs per trap depending on the crop or crop condition being
treated). In our model case of the South Kyme field the average trap count is S = 0.49 and
is much less than St. Given a very low number of slugs, there is no need to apply pesticide.

The above conclusion about the use of pesticide is further confirmed by data in Table 2
where we show the result of our algorithm applied to spatial distribution of slugs in several
commercial fields. Again we assume that total coverage of the field would use M = 100 mass
units of pesticide. The analysis of the amount of pesticide M (column 4 in the table) reveals
that in most cases the entire field will be covered by pesticide if we aim to control all slug
patches without taking the threshold value into account. On the other hand, it isseen from
the table that the average trap count S in column 5 is well below the threshold value for many
commercial arable fields presented in the table and pesticide application is not requiredin
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Table 3: Trap count values from the 10 x 10 sampling grid in the Stoney Lawn field. Trap
counts were taken on 14 January 2016.

those fields at all. We conclude from comparison of columns 3, 4 and 5 that in most cases
presented in the table we have a small number of slug patches (column 3) and the slug density
is low within each patch. Hence our next step is to incorporate the threshold criterion in our
algorithm in order to avoid application of pesticide to slug patches with low slug density.

To explain our approach, let us consider another example where slug data were collected in
a field in Stoney Lawn, Shropshire, UK, on 14 January 2016. The main difference between
this dataset and the South Kyme dataset considered previously is that there is a much larger
slug population in Stoney Lawn. Table 3 shows the trap count values where the values range
from o to 48 with average S = 6.03 and we also note that the majority of trap counts are at
least 1.

The spatial slug distribution reconstructed from the data in Table 3 is shown in Fig. 2a. The
patchidentification procedure explained in Section 2isthen applied and patch boundaries are
shown in Fig. 2b where we can see one very large patch covering the majority of the field.
Therefore, if we were to apply the algorithm as in the previous example of the South Kyme
field, almost the entire field would need tobe targeted. Meanwhile, visual inspection of spatial
slug distribution in Fig. 2a reveals that there are several areas of the low slug density where
pesticide is not required along with one area of very high density where the pesticide must
be applied. Let us recall that in the targeted use of pesticide procedure in Section 2 we have
defined slug patch as any sub-domain of the non-zero slug density in the field and that
simplistic definition is not efficient when the density of slugs varies in different patches. A
more careful definition of patches is therefore required to allow for selection of patches with
the high density and that should be incorporated into the targeted use of pesticide protocol.

3.1 The threshold-based protocol

When apesticideisapplied uniformly across the whole field, threshold Stis a key parameterin
themonitoring and control protocol asitdetermines whether pesticide applicationisrequired
or not. Therefore, one method of choosing the patches to target would be to list the traps in
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Figure 2: Trap counts were taken on a regular sampling grid of 10 by 10 locations in the Stoney
Lawn field on 14 January 2016 (see also Table 3). The total length L of the sampling grid in the
x and y directions is rescaled as L = 1. The continuous distributions of the slug density in
the field shown in the figures were obtained from the discrete data by using MATLAB software.
(a) The slug spatial distribution reconstructed from trap counts in Table

3. (b) Contour plot showing areas with the non-zero slug density at Stoney Lawn. (c)-(d) Application
of the thresholding procedure with a threshold of Sin = 5. () Two patches with  the highest slug
density are identified and pesticide will be applied in red shaded areas only.

(d) The distribution of slugs after the pesticide has been applied. The field has an original
average trap count of S = 6.03. After the application of pesticide, the new average trap count
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IS S = 4.71. The amount of pesticide used was 7.5% of that which would be used to cover the
entire field (cf. Fig. 2b).
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descending order of the size of the trap count. The average trap count S is then calculated
according to (1). If the average trap count is above the threshold S, the trap with the
maximum trap count is marked to be targeted and the area of potential pesticide application
is defined. The average trap count S is then recalculated under the assumption that the trap
already marked to be targeted now has a zero trap count. If the new average trap count in (1)
is still above the threshold then the trap with maximum remaining trap count is also marked
to be targeted. The average trap count S is again recalculated with any traps that have been
targeted set to zero along with any other traps in the area of pesticide application. The above
procedure is repeated until the recalculated average value S is below the threshold or below
the targeted pest suppression; see Appendix B for more detail.

One important observation which should be incorporated into the procedure is that the
pellet applicator is restricted to moving along defined tracks applying pellets to a swathe
extending outwards on either side. Because of those restrictions when pesticide is applied
to a targeted area around a trap, other traps within that area may have pesticide applied to
them irrespective of the trap count(i.e. despite not being specifically marked out to be
targeted). We therefore have to set counts from such traps to zero before the next iteration
of the procedure.

Returning to the example of the field in Stoney Lawn, using the above procedure requires
the areas around only three traps to be targeted before an average value S < St = 5 is
obtained. The average of all trap counts in Stoney Lawn is S = 6.03 but after targeting the
traps with values 48, 34, and 32 (the three highest counts as seen in Table 3) the averageis
reduced to S = 4.71. The patches of high slug density to be targeted are shown in Fig. 2c.

As explained above, after the pesticide has been applied, we assume that any trap within
the area targeted by pesticide has a zero trap count. In the Stoney Lawn field three traps were
marked for pesticide treatment, but an additional four were also within the swathe in which
pellets were applied when the spreader moved along each track. Hence we have seven traps
in total where the trap count is set to zero after pesticide application. Those ‘new’ zerotrap
counts are taken into account in formula (1) when the average is calculated after pesticide
application. The trap counts in the traps that have pesticide applied account for 22.9% of the
total number of slugs in the field (132 out of 603) but the pesticide used is now only M = 7.5%
of the amount required to cover the entire field. The resulting hypothetical distribution of
slugs after the pesticide has been applied is shown in Fig. 2d.

If we use the same example of the Stoney Lawn field but change the threshold to St = 3,
a higher number of traps will be required to be targeted to reduce the average S below the
threshold. Inthiscase, 10 traps are chosen for targeting with 23 traps having pesticide applied
in total. Fig. 3 shows the outline of the patches to be targeted in relation to the distribution
of slugs. The average slug count from the remaining traps is reduced to S = 2.91. The trap
counts set to zero after pesticide application account for 51.7% of the total population (i.e.
312 out of 603 slugs) and the amount of pesticide used is 26.2%. Conversely, if the threshold
St is increased then fewer traps will be targeted. If Sth = 6 then only one trap with the trap
count of 48 will be targeted and if Stn = 7 then there will beno pesticide applied in the field
as the average trap count S = 6.03 is already below the threshold.

13
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Figure 3: Targeted application of pesticide in the Stoney Lawn field with a threshold of S = 3.
(a) Contour plot showing slug patches to be targeted. (b) The spatial distribution reconstructed
from data in Table 3) with pesticide to be applied in red shaded areas after slug patches to be
targeted have been identified. The field has an average trap count S = 6.03 and after the
application of pesticide the new average trap count is S = 2.91. The amount of pesticide used
IS now 26.2% of what would be used to cover the entirefield.

Field Date S Snew M % Cmax
Stoney Lawn 06.01.16 5.98 3.97 22.50 11
Stoney Lawn 11.01.16 6.21 3.76 23.75 13
Stoney Lawn 14.01.16 6.03 3.95 15.00 18
Stoney Lawn 18.02.16 9.13 3.51 41.25 12
Badjics 18.02.16 4.00 3.78 2.50 11
Adney Middle 18.01.16 4.00 3.81 1.25 11

Table 4: The results of targeted pesticide application based on the threshold value St = 4. The
average trap count is calculated before (S) and after (Snew) pesticide application; see details in
the text. The amount of pesticide M needed to cover marked areas in the field is calculated as
the percentage of the amount of pesticide needed to cover the entire field. Cmax is the highest
remaining trap count after pesticide application.

3.2 Targeting patches with high slug density: examples

We now investigate the threshold-based protocol in more detail by employing it for decision
making on pesticide application in several fields in Shropshire which have relatively high
average trap count S = 4 (Table 2). Spatial distributions of slugs in those fields are shown
in Fig. 4 and patches with high slug density are clearly visible in each field. We assume that
those fields are subject to pesticide application as they exceed a threshold value St = 4. The

14



Field Date S Snew M % C'max
Stoney Lawn 06.01.16 5.98 3.64 24.00 10
Stoney Lawn 11.01.16 6.21 3.91 19.00 13
Stoney Lawn 14.01.16 6.03 3.67 16.00 17
Stoney Lawn 18.02.16 9.13 3.80 38.00 12
Badjics 18.02.16 4.00 3.78 2.00 11
Adney Middle 18.01.16 4.00 3.81 1.00 11

Table 5: The results of targeted use of pesticide when the number of interior tracks is increased
from 3 (see previous examples) to 4. The threshold value is Sin = 4. The legend is as in Table 4.

results of pesticide application are shown in Table 4. The average trap count S calculated
for original spatial distribution in each field is compared with the new average trap count
Snew recalculated after pesticide application. It is seen from the table that Srew is below the
threshold valuein allfields. Letusnotice, however, that the heterogeneous spatial distribution
remains and slug patches are visible in all fields after pesticide application (Fig. 4). Only a
fraction of the total population is treated as a result of the threshold-based protocol and in
several cases just one or two patches should be removed in order to meet the condition S <S.
Oneexample of very small pesticide usage is given by the Badjics field whereitis sufficient to
treat only one of the patches with higher population density to reduce the overall population
level in the area studied to below threshold level (cf. Fig. 4e(i) and e(ii) where the spatial
distribution is shown before and after pesticide application respectively). It requires M =
1.25% to treat the patch and move the average trap count at the Badjics field below the
threshold. However, despite the condition S < St being formally fulfilled, the new average
trap count S = 3.81 remain very close to the threshold. It can be seen from the spatial
distribution in Fig. 4e(ii) that the slug patches still have relatively high population density.
Hence a more careful definition of the pesticide application protocol maybe required, and we
discuss an alternative approach in the next section.
Let us now investigate what happens when we change the number of tracks used by the
pellet applicator when moving across the field. The results are shown in Table 5 where the
number of interior tracks is increased from 3 (as in previous examples) to 4. We anticipate

Field Date M %(Sth=3) | M %(Sth=4) | M%(Sth =5)
Stoney Lawn 06.01.16 40.00 22.50 12.50

Stoney Lawn 11.01.16 33.75 23.75 12.50

Stoney Lawn 14.01.16 26.25 15.00 7.50

Stoney Lawn 18.02.16 50.00 41.25 26.25
Badjics 18.02.16 13.75 2.50 0

Adney Middle 18.01.16 12.50 1.25 0

Table 6: The results of targeted use of pesticide when the threshold number St varies (see the
threshold value St in brackets). The legend is as in Table 4.
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a(i) b(i) c(i)

Figure 4: The spatial distribution of slugs from trap counts (i) before and (ii) after pesticide has
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been applied to targeted traps. The action threshold is St = 4. (a)-(d) represent spatial
distributions at the Stoney Lawn field on 06.01.2016 (a), 11.01.2016 (b), 14.01.2016 (c), and
8.02.2016 (d), (e) the Badjics field on 18.02.2016 and (f) the Adney Middle field on 18.01.2016.
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that if we were to increase the number of tracks in the field, we would be able to target the
patches with a smaller total area more accurately and fewer traps that are not targeted will
have pesticide applied to them. However, the results presented in Table 5 do not justify using
extra tracks for more efficient pesticide application. It is seen from the table that the amount
of pesticide used in each field remains approximately the same (or even increases in some
cases) when another track is added to the route. Thus the optimal number of tracks in the
field remains an open question and development of areliable protocol with regard to thisissue
will require further study.

Finally, we investigate how the pesticide consumption depends on the threshold value em-
ployed in the protocol. We anticipate from our discussion in Section 3.1 that changing the
threshold value will change the amount of pesticide used on the field. The total amount of
pesticide applied when the threshold is decreased to St = 3 and increased to St = 5, com-
pared with the original threshold St = 4 is shown in Table 6. One obvious conclusion arising
from the results in the table is that the amount of pesticide applied is reduced when a larger
value of the threshold is used in the pesticide application protocol. It is interesting to note,
that pesticide consumption decreases quite significantly when the threshold is increased. In
the extreme case of the Stoney Lawn field on 18.02.2016 (line 4 of Table 6) we originally have
the average trap count S = 9.13 (cf. 4). Applying the threshold St = 3 requires 50% of the
field area to be treated with pesticide and reduces the average trap count to Snew = 2.67 while
applying the threshold St = 5 requires half that area to be treated (M = 26.25%) and leaves
the average trap count after pesticide application as Snew = 4.97.

It is readily concluded from the above examples that targeted use of pesticide allows one
to decrease significantly the amount of pesticide required to reduce the average trap count
below a defined threshold. However, one problem with the protocol is that it is not clear from
our use of the average trap count above whether it results in the optimal choice of traps for
pesticide targeting. Consider, for example, a relatively low average trap count, such that just
one trap has to be targeted to meet the condition S < St. In cases such as in Fig. 4f(i) there
isonetrap count thatis considerably higher than the others and thus identifying a clear target
for pesticide application. However, in Fig. 4e(i) there are several trap counts that are much
higher than the rest, and targeting one trap in this case will reduce the average trap count
to below the threshold while having little effect on the overall spatial distribution of slugs
in the field (which is partly determined by environmental factors). Moreover, while the
protocol reduces the average trap count below the threshold by making the average number of
slugs in each selected patch lower, it does not result in smaller slug patches. In the case of the
Stoney Lawn field, 14.01.2016, with threshold Si = 5, targeted application of pesticide met
the condition S < St yet it resulted in 93 traps having been left untargeted out of 100 and
patchydistribution of slugs has been preserved. Hence, the targeted use of pesticide resulting
from the protocol based on the average trap count alone, neglects the patch size which is
anotherimportant property of heterogeneous spatial slug distribution. In the next section we
discuss possible modifications of the protocol that addresses explicitly the spatial distribution
of slugs.
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4 Multi-parametricidentification of patchesin the tar-
geted use of the pesticide protocol

It has been argued in the previous section that the threshold-based protocol does not take
into account spatial characteristics of discontinuous (patchy) distributions and ittherefore
remains uncertain whether the protocol offers an optimal selection of spatial sub-domains
where pesticide should be applied. Uncertainty associated with the choice of traps for targeting
when the spatial structure of slug distribution is neglected can be illustrated by the following
simple example. Consider a linear transect across a hypothetical field where trap counts in
traps spaced at equal distances are [2, 6, 27, 15, 8, 6, 7, 19, 11, 4]. The average trap count is
S = 10.4. For the sake of simplicity in this example we assume that if a trap is targeted then
pesticide will be applied over that trap only and neighbouring traps will not be caught in the
areaof pesticide application as can happeninthe two-dimensional domains. Fig. 5a showsthe
contribution of each trap count towards the average trap count (see stacked block A). In the
pesticideapplication protocolbased onthesinglethreshold value Stasexplainedin Section 3.1
the traps are targeted one by one, starting with the largest trap count and descending towards
the smallest, until the average trap count S after pesticide has been applied is less than the
threshold Sth. However, the above method of selecting traps for targeting is not unique. It
can be seen from the figure there are several alternative combinations of trap counts which
collectively meet the condition S < S (see stacks B, C and D in Fig. 5a) and it remains
unclear from the protocol which combination is optimal.

Our algorithm for trap selection in Section 3.1 is based on the implicit definition of slug
patch as a sub-domain with the high slug density. This definition does not take into account
the spatial size of any single patch asthe slugabundanceis considered as the dominant feature
of patch. An alternative definition, however, could be based on the geometric size of patch
where the area occupied by the patchis considered asits main characteristic and the following
protocol takes this factor into account.

4.1 Definition of patch characteristics: slugabundancein patchyvs.
patch size

As we could see in Section 2 the most straightforward way to define a spatial patch would
be to label any isolated spatial sub-domain with the non-zero population density as a patch.
The above definition accounts for patch size automatically, yet it may result in redundant
pesticide application when the population density across the entire field is low. We therefore
proceed with a more prescribed definition of patch size where only patches with relatively high
population abundance will be considered.

The concept underpinning the modified definition of patch size is to identify key trap counts
to be targeted, and then by examining the neighbouring trap catches, determine whether
the patch has ended or whether it also covers the area assessed by these traps. The above
suggestion requires two thresholds Su and Si (i.e. the upper and lower thresholds). The
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Figure 5: A transect test case of trap counts. Roman numerals i—x are used for traps number-
ing. (a) The threshold based approach (see Section 3). Each coloured block in stacked bar A
represents the contribution of each trap towards the average S = 10.4 (going from trap i at the
bottom to trap x at the top). The threshold is set at St = 5; see red solid horizontal line in the
figure. To satisfy our aim of reducing the average as S < Sth, we need to remove blocks until the
trap counts stack is smaller than the threshold. That can be achieved in various ways; see stacks
B, Cand D in the figure. (b) The ‘double threshold’ approach. The trap count in each trap along
the transect is shown as a coloured stem in the figure. The solid lines are the upper threshold Su
set to 20 (blue) and 15 (red). The dashed lines are the lower threshold Si set to 10 (blue) and 5
(red).

procedure to find patches is then to firstly identify all trap counts with a value greater than
or equal to upper threshold Su and mark those traps in the sampling grid. For each ofthese
points in the grid, we then consider the neighbouring trap counts. If a neighbouring trap
count has a value greater than or equal to the lower threshold S, then it is included as part
of the patch. The process is then repeated iteratively for all new traps included in the patch
until no neighbouring trap catch is found to exceed Si.

Consider again the transect example introduced in Fig. 5 and let us now show the trap
count in each trap along the transect as a coloured stem in Fig. 5b where trap numeration
and colour scheme is the same as in Fig. 5a. Let us establish upper threshold §! = 20 (blue

solid horizontal line) and lower threshold $1 = 10 (blue dotted horizontal line). Then there
is only the trap count in trap iii which is greater than the upper threshold and there willbe

only one small patch around trap iii and trap iv, as all neighbouring trap counts are below
the lower threshold. However if we decrease the lower threshold and use §1 =20 and .$2 =5,
shown with the solid blue and red dotted line, then there will be one large patch covering
the area around trap ii to trap ix, as all of these traps have trap counts exceeding the lower

threshold and at least one of the trap counts is above the upper threshold. If we also decrease
the upper threshold and use S? = 15 and S|2 = 5 (the two red horizontal lines in Fig. 5b), then
u
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Su P T% | Snew | M%
5 9 38 0.43 | 73.75
10 4 33 0.64 | 70.00
20 3 30 0.97 | 67.50
30 2 26 1.56 | 57.50
40 1 22 2.29 | 50

Table 7: A comparison of the results of applying the double threshold protocol using data from
the Stoney Lawn field on 14.01.2016, but with different upper threshold values Su. The lower
threshold is Si = 5. P is the number of patches, T is the percentage of traps targeted for pesticide
application, Srew and M % are as in Table 4.

we also get one large patch covering trap ii to trap ix as lowering the upper threshold does
not result in marking any new traps outside of this area. Finally, if we consider §* = 15 and
S} = 10, there are two trap counts in Fig. 5b that are higher than the upper threshold, two
trap counts higher than the lower threshold and there are several traps between them with
the trap counts below the lower threshold. Therefore we will have two distinct patches, one
covering traps iii and iv and one covering traps viii and ix.

4.2 Example of the two-parametric patch identification

Let us label the pesticide procedure where the lower and upper thresholds are introduced
as a ‘double threshold’ protocol. We conclude from the above consideration that the upper
threshold Sy largely determines the number of patches to be targeted and the lower threshold
Si determines both the size of those patches and the number of situations where two patches
can be considered as having merged into one. Let us further illustrate the ‘double threshold’
protocol by applying it to the Stoney Lawn field on 14.01.2016 (see data in Table 3 and the
spatial distribution in Fig. 2). This protocol yields different results to the ‘single threshold’
based approach discussed in Section 3.

a b c d
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Figure 6: A comparison between the results of the patch definition at the Stoney Lawn field on
14.01.2016 with the lower threshold set to Si| = 5 and varying upper thresholds. Contour plots
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showing slug patches (areas of light green colour in the figure) with boundary region (blue
colour). (a) Upper threshold is Su = 10 (b) Su = 20 (¢) Su = 30 (d) Su =4o0.
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SI P T% Snew M %
20 4 6 3.95 | 15.0
15 4 10 3.06 | 25.00
10 3 16 1.96 | 43.75
6 3 24 0.97 | 67.50
4 3 41 0.23 | 83.75
3 2 54 0.0 100

2 2 71 0.0 100

Table 8: A comparison of the results of applying the double threshold protocol using different
lower thresholds to data from the Stoney Lawn field on 14.01.16. The upper threshold is Su
= 20. The legend is the same as in Table 7.

Table 7 shows the results of the ‘double threshold’ protocol when we fix the lower threshold
as Si = 5 and vary the upper threshold from Su = 5 to Su = 40. When the upper threshold is
increased, we can see that the number of patches and targeted traps decreases as expected.
The results of this can be seen in Fig. 6 where Su is set to 10, 20, 30 and 40. In the figure,
the size of the individual patches is always the same but the number of patches decreases as
Su increases. When Su = 10 there will be at least one trap in each of the four patches that
has a trap count higher than Su; see Fig. 6a. However only one of those patches has a trap
with a count exceeding Su = 40; see Fig. 6d.

Consider now Table 8 where we fix the upper threshold to Su = 20 and vary the lower
threshold S from S| = 2 to S| = 20. This allows us to confirm how the two thresholds define
the patches and how varying them changes outcomes.

As explained above, the upper threshold controls the number of patches and the lower
threshold determines the size of the individual patch. When we decrease the lower threshold,
we can see that the number of targeted traps always increases but the number of patches will
either decrease or stay the same. This is because the maximum number of patches with a
fixed Su will be found when S| = Su and the traps that have counts that exceed this threshold

a b ¢ d
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Figure 7: A comparison between the results of the patch definition at the Stoney Lawn field on
14.01.2016 with the upper threshold Su = 20 set to 20 and varying lower thresholds. Contour
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plot legend as in Fig. 6.(a) Si = 20 (b) Si =15 (¢) Si =10 (d) Si = 3.
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often belong to separate patches. This can be seen in Fig. 7(a) and in the top row of table
8. There are six traps targeted when Su = Si = 20 but three of them are in the same patch.
As Si decreases, more traps that were neighbouring those in the patch will be incorporated
into that patch as soon as their trap count exceeds the new value of Si; see Fig. 7(b)-(c).
Eventually, with decreasing Si, the patches will become large enough to merge together and
hence we have a decreasing number of patches; see Fig. 7(d).

The ‘double threshold” approach offers a stricter control on the patch size in comparison
withthe ‘single threshold’-based protocol. Meanwhile applying the double threshold protocol
on its own does not guarantee that the average trap count will be S < S after pesticide
application. Hence our next goal is to combine both ‘single threshold’ and ‘double threshold’
approaches into one protocol, therefore ensuring that a new average trap count is lower than
the threshold St while also acknowledging the spatial properties of the patches. The details
of a unified protocol are explained below.

4.3 A unified approach to definition of slug patch

A unified approach summarises our discussion about an optimal definition of slug patch in a
targeted use of pesticide procedure where we now design a pesticide application protocol to
take into account both the slug density in the patch and the patch size. The protocol utilizes
the algorithms discussed in Sections 3.1 and 4.1 and consists of two respective steps. The first
stepis, asin the single threshold based approach developed in 3.1, to determine the traps that
must be targeted to reduce the average trap count below the given threshold. That should
reveal slug patches with the high slug density irrespective of their spatial size. We then follow
the procedure from the ‘double threshold’ approach developed in Section 4.1 and apply lower
threshold Si to the traps identified for targeting in step 1. Therefore, any neighbouring traps
with a trap count about Si will also be targeted thus defining the size of the patches requiring
treatment. For simplicity, it may be appropriate to set Si = Sw, i.e. all neighbouring traps
with counts higher or equal to the threshold should also be targeted.

Sth St M% S? M*%
3 2.01 26.2 0 100

4 3.95 15.0 0.23 83.75
5 4.71 7.50 1.56 57.50
6 5.49 2.50 2.29 50.00

Table 9: Results from the combined protocol on Stoney Lawn 14.01.16 with the varying thresh-
old Sw. The field had an average trap count of S = 6.03 prior to pesticide application. The
lower threshold at the second step of the combined protocol isSi = Sw. S* and M % are the
average trap count and the area treated with pesticide that would result from treatment decisions
being made at the first step of the combined protocol (see details in the text), S and M 2% are
the average trap count after pesticide application and the area treated with pesticide following
decisions made at the second step of the protocol.
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Figure 8: The targeted trap counts in the Stoney Lawn field on 14.01.16. Contour plot legend
as in Fig. 6. (a) the single threshold approach applied only (St = 5) and (b) an additional lower
threshold applied (Si = 5).

Consider our baseline example of the Stoney Lawn field on 14.01.16. In this case T = 3
traps are targeted in two patches when we set the threshold St = 5. If a pesticide was applied
this would reduce the average trap count from S = 6.03 to S = 4.71 and it would require M
=7.5% of the pesticide amount used to treat the whole field (cf. data in Table 6). However, if
instead of applying pesticide we go to step 2 of our unified protocol, then additional traps
are targeted under the condition that trap count Ci in the ith trap is Ci > S provided the ith
trap is a neighbour of any of the three traps initially marked for targeting by step 1. If we
then apply the lower threshold S| = St = 5, this increases the number of traps targeted to T
= 26, still making up two individual patches as shown in Fig. 8, and the new average trap
count is Snew = 1.56 after pesticide application. The area treated with pesticide relates to the
amount used and it increases from M = 7.5% to M = 57.5% mass units.

Table 9 shows the results of the combined protocol after the first and second step of patch
identification when the threshold St is varied. In the table, S* and M '% are the average
trap count and the area treated with pesticide if decision to treat is made at the first step of
the combined protocol. Those values are compared to S? and M?% which are the average
trap count after pesticide application and the area treated when decision making occurs at
step 2. It is seen from the table that the addition of a lower threshold that takes into account
patch size significantly reduces the average trap count Shew after pesticide application yet it
increases the amount of pesticide used. When S = Si = 6, after applying the combined
approach the average trap count is reduced to S = 2.29, far less than the threshold St but it
requires M = 50% of the field to be treated. In contrast, the single threshold based protocol
(i.e. the first step of the combined approach) would use only M = 26.2% of the total pesticide
to reduce the average trap count to S = 2.91.
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Itcanbeconcluded fromthestudycase consideredin thissectionthatthe combined protocol
uses pesticide in a less efficient way in comparison to the standard threshold based approach.
Nevertheless, the combined protocol maybe more effective in real world applications asit may
beimportant to target large areas to slow down or stop slug patches reforming as may happen
if smaller areas are targeted and the surrounding areas have reasonably large trap counts.

5 Conclusions

In the present paper we have established a theoretical basis for a prototype targeted pesticide
application protocol that allows the selective control of a pest populationin agricultural fields.
The protocol is based on the analysis of a strongly heterogeneous spatial distribution of the
pest population using field data collected from commercial fields. Although the conclusions
are applicable to many pest species, the grey field slug (D. reticulatum) was selected as the
baseline case for our study as there is extensive evidence that the spatial distribution this
species in arable cropsis strongly heterogeneous South (1992); Bohan et al. (2000); Archard
et al. (2004); Mueller-Warrant et al. (2014). Our approach identifies the areas of high slug
density (slug patches) and pesticide is applied selectively to those areas alone, differing from
many existing commercial protocols in which the entire field is uniformly treated. Our model
demonstrates that the approach results in considerable savings in the total crop area treated,
and thus the amount of pesticide used, potentially contributing to current environmental
sustainability priorities and yielding a small positive effect on profit margins.

While the suggested protocol provides a platform from which multiple opportunities relating
to selective application of pesticides can be pursued, it requires further validation and develop-
ment to facilitate cost-efficacy and commerecial viability before it can be considered for use by
practitioners. The most challenging issue that has still to be resolved is definition of a spatial
patch. We have argued in Section 3 that a generic definition of a patch as any spatial sub-
domain with a closed boundary that has a non-zero population density is not efficient when
targeted use of pesticide is considered. Indeed, the above definition implies that pesticide is
applied to every patch in the field, irrespective of its size or the pest density within it. Un-
der morerealistic conditions, the definition of patch will require some additional constraints.
Depending on economic and environmental goals, practitioners will require the identification
of sufficiently large patches with population density that exceeds defined level. It has been
shown in Section 4 that different approaches to defining a patch will lead to different conclu-
sions about the spatial pattern of pest distribution and consequential variability in the area of
a crop identified for treatment with pesticides (cf. Fig. 6 and Fig. 7). We therefore conclude
that the definition of a spatial patch has to be carefully considered before it can be employed
in a targeted-treatment protocol. Heterogeneous spatial distributions of various animals have
been afocus ofintense studyin past decades and reliable statistical measures have been devel-
oped to classify the degree of animal aggregation in a spatial domain (e.g. see Taylor (1984);
Waters (1959)). However, the extent to which it is possible to exploit previous research re-
sults in spatial analysis undertaken as a part of an investigation of the problem of targeted
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use of pesticides is unclear. The definition of a spatial patch requires careful investigation in
future work as it becomes dependent on the conditions of the control protocol. Furthermore,
the targeted use of pesticide procedure discussed in the paper requires ‘temporal stability’ of
patches. Since the decision about patch boundaries is essentially based on the analysis of trap
counts, the time scale of the trapping protocol implies that the procedure cannot be applied
to species who form volatile patches where the patch boundaries change rapidly withtime.
The definition of temporal stability of a patch depends on the definition of patch per se and
those two issues should be investigated together.

Anotherimportant question thatourstudyraisesisthe economicreliability of threshold val-
ues. Established monitoring and control protocols are based on the assumption that treating
pest populations to prevent them reaching or exceeding defined threshold levels should avoid
(oratleast alleviate) economic damage being caused by the pest. The targeted use of pesticide
procedure relies heavily on the above assumption, but the present paper demonstrates that it
can result in significant numbers of pests (in our case slugs) remaining in locations surrounding
those that have been targeted. Thus, despite having reduced the population to sub-threshold
level, itis possible that the remaining individuals may form a nucleus for pest resurgence after
the efficacy of the pesticide has declined, resulting in rapid reformation of patches, particu-
larly if there is an environmental driver for clustering in those areas. It might be argued that
the current practical use of thresholds have been based partly on the assumption that a large
proportion of the population is removed after treatment, and thus the economic calculations
underpinning them incorporate these considerations (firstly by reducing post-treatment crop
losses sufficiently to make treatment cost-effective and secondly by reducing the rate at which
resurgence occurs). On the other hand, approaches in which treatments are applied to entire
fields mayresult in the post-application average trap count being unnecessarily much smaller
than the threshold value. The current study offers a basis from which recalculation of thresh-
olds can contribute to more sustainable use by application of reduced volumes of pesticide
through more careful targeting. It hasbeen demonstrated in the paper that definition of more
accurate thresholds will require more information about heterogeneous spatial distributions
of pest populations and two control parameters quantifying both the pest abundance in each
patch and the patch size will be required in monitoring and control protocols.

Finally, a challenging question closelyrelated tothe use of thresholds, istheissue of accurate
evaluation of the pest abundance. In the present study we have assumed that the average trap
count is a reliable estimate of the pest population in the field because a very fine sampling
grid has been used in our study. While average trap counts have long been used to provide
information on population abundance in ecological applications or when making pest man-
agement decisions Anderson et al. (2013); Disney (1986); Walters et al. (2003), it hasbeen
recently demonstrated in our work Petrovskaya and Embleton (2013); Petrovskaya (2018)
that the spatial heterogeneity (patches) presenting in a spatial pattern of the population can
make the problem of population abundance evaluation challenging. The problem is exacer-
bated by the fact that a coarse sampling grid is usually employed in a monitoring/control
protocol and it has been shown Petrovskaya et al. (2018) that in the latter case the estimate
of population abundance becomes essentiallyarandom variable. Furtherinvestigation of this
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issue is required.
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Appendix A: GPS coordinate transformation

Inthissectionweexplainbrieflyaprocessthatwilltransform coordinatesfromtheunitsquare,
as we have used in Section 2, to actual GPS coordinates in the field. The coordinates of the
four corners traps in the sampling grid are required as an input and we then geometrically
transform those coordinates into the unit square to be further used in the MATLAB software.
We can then use the transformation to convert any GPS coordinates from the field into unit
square coordinates. The unit square can then be transformed back to the GPS coordinates
and any coordinate from the unit square can be converted to GPS coordinates. This will be
necessary when determining the start and finish points for applying pesticide in the field.
We consider the GPS coordinates (x, y) and the four corner traps to be (xi,yi) fori=1,...,4
going clockwise starting from the bottom left point as shown in Fig. 9. The coordinates (x,y)
are then changed according to the transformation that turns the corner coordinates into a
unit square. However, we need the traps to be in the interior of the unit square and not on
the boundary, therefore we position the corner points at distances of ; from the boundary:

m, (L1-"), (1-"1-") gnd (1-", 1) where h is the distance between traps. The first
step is to translate the coordinates so that (x1, y1) = (0, 0) so that we can make our rotation
and scaling transformation. Therefore

(x, y) = (x —x1,y —y1). (2)

As we know the traps are already set out in a square of 100m, the only remaining transfor-
mations required are rotation and rescaling. The rotation matrix is given as

cos(0) - sin(G)r

"7 sin(6) cos(6) )

. (X}, y3)

(o1, 1)

o y) o ) (% 0")

—

Figure 9: An example of a field with nine traps and the coordinates of the four corner traps
transformed into the unit square.
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and the scaling matrixis

th o
M. s = t 1-h > (4)
0 7,
where C i
0=tant L4 (5)
X4 = X1
is the angle from the horizontal between the bottom left and right corners and
v
xi= (x1—x2)?+ (y1—ya)?, (6)
yr = M CTEry (Y1~ y2)? (7)

are the distances between (x1,y1) and (xs,y4), and (x1,y1) and (x2, y2) which reduces the size
from the distance between the corners to a distance of 1 —h. Although in this report we only
take the case of a square grid of traps when measured in metres, this is not necessarily square
when taking GPS coordinates, therefore the scalings in the x and y directions are not the
same.

By multiplying these matrices together we are left with one transformation matrix to apply
to the translated (xt, yt) to get our new coordinates for the unit square (xu, yu).

]
cos(@) -sin(@) ™ o (1-h) cos(@)  —(1-h) sin(9)
y
sin(@) cos(6) >8 1:,2_ _T- § , . 8)
T= al anen® @hyeoso) ©)
t
r
Xt
t
Y, "
Then we reposition away from the boundary so that
Gy = e (10)
t ; tt ;)

Tofind (x,y) from coordinates in the unit square (x*,y"), we translate the coordinates back
to the unit square and use the inverse matrix to translate back to GPS coordinates.

() = o - By - By, (11)
t t o o
X 3
r =T X , (12)
y Yt
where
U r
Ti _ (1—h)chos(0) —(1—h))/lsm(0) _ 1 X COS(Q) XISin(G) . (13)
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(1—h)Xlsin(6)) (1_41);&@ (1 = h)2 =y sin(6) yi cos(H)

Finally we have

(6, y) = (xt + x1, Yo + yo). (14)
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Appendix B: algorithm for threshold based protocol

In this section we provide justification of our algorithm for marking traps for pesticide appli-
cation discussed in Section 3. We analyse the average trap count by rewriting expression (1)
in Section 3 as follows:

1 1 B G U S

N Ci= N . (Sth +0i— Sth) = Sth + N (Cl th ): (15)

i=1

S =

i=1 i=

where we notice that the difference Ci — St for any trap count Ci can be negative, positive
or zero value. Let N1 traps have the trap count Cj < St, j =1, 2, - - -, N1, and N2 traps have
the trap count Ci = S, 1=1, 2, - - - , N2, where N1 + N2 = N . We then rearrange the sum in
(15) as

1 Ny |N2

Sih — S = l:f |_j: (Sth—Cj) — _ (Ci =Smn) , (16)
1 1

where both sums in (16) are positive because of the definition of trap counts Cj and Ci.
Clearly the condition St — S > 0 holds if we have
i i
(Sth — Cj) > (Ci = Stn). (17)
i= i=
e . . & .
Let us find the highest trap count in the sum  (Ci — St) and denote it as Ci- . Suppose
i=1
that the pesticide has been applied to the area around the trap i~ only and all slugs have been
killed in that area as a result of pesticide application. We can therefore consider the trap
count in that trap as Ci- = 0 after pesticide application and the expression (16) becomes

1 Nt Nb-1
Sh—-S=__L Sn-Cj)—-_ _(Ci—-Sn) , (18)
N =1 i=1

where the trap count Ci- = 0 now contributes to the first sum on the right-hand side of @8).

Wethen check the condition (17) again and, if it does not hold, we find the highest trap count
K

in theremainingsum  (Ci — Sth) and repeat our analysis of (18) as above till the condition
i=1

(17) becomes true. It is obvious from (17) that the number T of traps marked for pesticide

application can only be T'< Nz and we minimise the number T by selecting a trap with the

highest trap count at every step of our algorithm.

The practical application of the above approach requires that the traps are ordered by the
size of the trap count in the descending order and the average trap count S is calculated
according to (1). If the average trap count is above the threshold Sw, the trap with the
highest trap count is marked to be targeted. The trap count in that trap is then considered as

31



zero and the average trap count S is recalculated. If the new average trap count in (1) is still
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11 | 20 ;
31 1[0 1| 1| 2|3 |4|5[|6]|7 9
8416 Ci|31 |[20|11|8|6|4|2|1|0

Table 10: (a) Example trap counts in a 3 x 3 sampling grid. (b) New number i is assigned to
each trap as the trap counts Ci are ordered in the descending order. Traps 1 and 2 with trap
count C1 = 31 and C2 = 20 respectively (shown in bold in the table) must have zero trap count
to ensure that the average trap count is S < Sth = 5. Hence those traps are marked for pesticide
application (see details in the text).

above the threshold then the trap with highest remaining trap count is marked to be targeted
and the above procedure is repeated till we have S < Stn.

Weillustrate selection of patches with high slug density by considering the model example
of trap counts in a hypothetical sampling grid of 3 x 3 locations. Let trap counts collected on
that grid be as shown in table 10. The total number of slugs in the table is 83 with an average
trap count S = 9.22. Let us set the threshold St = 5. As the average trap count S is above
the threshold the first step is to target the highest trap count. The trap counts are reordered
in the descending order and traps are renumbered accordingly. The highest trap count of 31
now is in the first trap. Assuming none of the other traps are in the area where pesticide is
applied, the trap count of 31 is set to 0. Hence the new average trap count is S = 5.78. This
is still over the threshold and so the next highest trap count, 20, is targeted giving a new
average of 3.56. Since the average trap count is now less than the threshold, we can ignore all
remaining traps when applying pesticide.
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