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programme is assessed based on the population parameters for the pest and biocontrol agent.
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1. Motivation and significance

While insects are an integral part of ecosystem processes,
they also have the capacity to become invasive, impacting hu-
man health, infrastructure, agriculture, and the environment. The
negative impacts of invasive insects are enormous — Bradshaw
et al. [1] estimate they cost at least US$70.0 billion per year glob-
ally, while associated health costs exceed US$6.9 billion per year.
Decision analysis using simulation models has made significant
contributions to the management of invasive species in recent

* Corresponding author.
E-mail addresses: ocacho@une.edu.au (Oscar J. Cacho), shester@une.edu.au
(Susan M. Hester).

https://doi.org/10.1016/j.s0ftx.2023.101321

years [2-6]. Models based on ecological principles allow biose-
curity agencies to determine the conditions for success of man-
agement programmes prior to potentially significant investment
occurring.

The spread of an invasion is a complex spatio-temporal and
stochastic process which is not easy to model in an operational
setting. The software described in this paper, WaspSim, provides a
tool for modelling the spread of two species and their interaction
as pest and biocontrol agent. The WaspSim model was developed
as part of a project aimed at evaluating whether an invasive
insect would be a good candidate for classical biological control
(CBC) [7], where the aim is permanent establishment of an agent
to control a pest. CBC can be an economically feasible option to
control pests that are widespread in the landscape, but long time
frames and large budgets are typically required for screening,
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Table 1
Model equations.

N Equation Description

(1) Wae = aw (1 — Eq ) Wy o™ Wasp growth, autumn

(2) W i1 = Wae (1 —Epi) Wasp growth, spring

(3) Byt = apBy e Poibst Biocontrol growth, autumn

(4) Bs¢+1 = Ba (1 — pip) Biocontrol growth, spring

(5) Eq.c = min (ppBs,. 1) Biocontrol effect on wasp
growth

(6) Eye = min (¢gBs, 1) Biocontrol effect on wasp
mortality

(7) Bw = KITAZ,‘;VV Growth exponent, wasp

(8) Ber = K:",jft Growth exponent, biocontrol

9 pij = — Dispersal kernel

Ty 1+(%) )

(10) Wy = PywW; Distribution after dispersal,
wasp

(11) By = PgB; Distribution after dispersal,
bioc.

(12) pg=1— e dwWaeH Probability of detection

(13) Ke = pgWa,e Wasp nests destroyed

(14) Wit = Wa (1 - pa) Wasp nests remaining

(15) F @) = on (Novs — Nprea (u1))” + @ (Aobs — Aprea (1))’ Genetic Algorithm likelihood

function

testing, breeding and releasing biocontrol agents. Technical feasi-
bility is a pre-requisite for economic feasibility and if a biocontrol
agent is not technically feasible, then an economic evaluation is
not needed. Technical feasibility in the CBC sense means that the
pest and the biocontrol populations reach an equilibrium at low
density, where the damage caused by the pest is kept low at no
additional expense. WaspSim allows for assessment of technical
feasibility and will therefore be most beneficially used in the
context of early assessments of biocontrol agent performance
when screening potential candidate species.

The model of Barlow et al. [8] is modified in WaspSim to rep-
resent the growth of the wasp and biocontrol agent populations
and their interaction, and to introduce dispersal equations for
spatial spread of both species. WaspSim was recently applied by
Cacho and Hester [9] who focused on the invasion of European
wasp (Vespula germanica), in south-eastern Australia. The Euro-
pean wasp is a social insect, reliant on one or more queens for
reproduction, with its population represented in the model as
nests, or colonies, per unit area. The input data consists of maps
of the area of interest, representing the presence of the pest over
time, human population density, and habitat suitability for the
pest.

The model is designed for social insects in general, where a
colony (nest) has a fixed location, and spread over the landscape
through time occurs via a queen. This is similar to the case of an
invasive plant, where the adult has a fixed location and spread
occurs through seed dispersal. In both cases, the core population
(nests or plants) is fixed in space and dispersal occurs through
propagules (queens or seeds). The model could be applied to
non-social invasive insects, or other animals, as long as the spa-
tial range of the core population (the variable that measures
population density) is within a cell on the map.

2. Software description

WaspSim is a free MATLAB package for use in evaluating
whether an invasive insect would be a good candidate for a
classical biological control programme. It can be used to estimate
uncertain population dynamics parameters based on public data,
and can be extended to evaluate impacts based on the location
of affected industries, human populations, and environmental
assets. Examples are provided as stand-alone scripts. The mathe-
matical model is explained in detail in Cacho and Hester [9] and

details are not repeated here. The focus of this paper is on the
application of the numerical model.

Matlab was chosen because it provides an integrated mod-
elling environment based on matrices, it has several useful tool-
boxes with common syntax, and it is fast to solve large problems.
The disadvantage is that accessing the Matlab environment has a
cost, as opposed to other languages such as Python.

2.1. Software architecture

The model equations are listed in Table 1. These are conven-
tional equations of population dynamics and spread. The effects of
the biocontrol on the pest are assumed to be linear (see equations
5 and 6), but they can be easily adjusted if there is evidence that
other functional forms are more appropriate.

The biocontrol agent in the model affects the pest population
in two ways, by reducing the growth rate of new queens, and
by increasing the mortality of nests. Model parameters can be
adjusted to represent any biocontrol agent (or combination of
agents) that act in this way. Other modes of action for the biocon-
trol could be represented by targeting other growth and dispersal
parameters for the pest. The full code for the model is publicly
available, so these changes could be made by users if needed.

The equations from Table 1 are packaged within a series
of MATLAB functions to conduct stochastic spatiotemporal sim-
ulations of the pest and biocontrol populations. Running the
simulation model requires access to the MATLAB Base software.
To speed up execution the model will run in parallel if the Parallel
Computing Toolbox is available. In addition, the Statistics and Ma-
chine Learning Toolbox is required to run some of the functions
that process model outputs. Fig. 1 shows the steps of a simulation
run as a flow diagram. This diagram represents the strategy
used to run the model for the analysis conducted by Cacho and
Hester [9]. Other approaches to conducting simulations can be
followed by manipulating different parameters in the model and
creating different experimental designs.

The first step (Fig. 1) is to select the biocontrol release strategy
based on two decision variables: the spatial coverage of the
release (x.), and the intensity of release per site (x,). Both x.
and x, are expressed as percentages, x. is the percentage of
sites on the map that will be inoculated with the biocontrol
based on density of the pest per site, and x, is the proportion
of nests that will be inoculated in each site. The second step is to
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] Set biocontrol release strategy [x,, x,] ‘

‘ Set experimental design [, 1z, /3. &3] ‘

Input data
(Table 3)

—’{ Initial biocontrol parameter set |

!

—.‘ Run stochastic model for n, Monte Carlo iterations ‘

!

Solve model for t = 1... n,
Dispersal
Growth

Next parameter set
(o, 1z, 73, 5]

n!
reached

| Output data = -
S

Fig. 1. Flow diagram of the wasp biocontrol simulation model.

setup the experimental design, which consists of selecting model
parameters and combinations of values to be tested. In Cacho and
Hester [9] we used a full factorial design with three levels for each
factor, resulting in n, = 3* = 81 experimental treatments. Each
treatment is a row in the experimental matrix (bpem), which has
dimensions 81 x 4.

The next series of steps consists of two loops, setting the
biocontrol parameters based on each row of (bpgm), and running
a Monte Carlo simulation for the desired number of stochastic
iterations (n,). Within each stochastic iteration, a simulation is
run for the desired number of time periods (n;). Each simulation
produces output matrices for the pest and the biocontrol popu-
lations (w; and b, respectively). These matrices have dimensions
nexng, where n. is the number of grid cells in the map for the
area of interest. Essentially, each column of w; and b; is a map of
the state of the invasion at time ¢ for the corresponding stochastic
run, expressed as density per unit area for each cell. The results of
stochastic simulations are saved in tri-dimensional matrices W;
and By, of dimensions n.xn;xn,, where each matrix along the
third dimension represents a realisation of w; and b;.

Using this process, we produce 81 sets of W; and B; matrices
(see Example 1 below), one for each row of the experimental
design matrix byqm. At this stage the analyst needs to decide how
to package these results. Options include:

(1) Introducing a fourth dimension to contain the results for
each parameter set.

(2) Using an array of n, Struct or Cell variables within MATLAB
to contain the three-dimensional matrices for the whole
experiment;

(3) Producing a two-dimensional dataset containing individ-
ual observations of w; and b, per map cell, time period,
stochastic run, and experimental treatment; or

(4) Calculate the summary statistics across stochastic runs and
package the summary results within new Struct variables.

The best option depends partly on personal preferences and
skills of the analyst, partly on further analysis needs, and partly
on memory and storage space available. It would also be influ-
enced by the intended audience. Many terabytes of data can be

produced quickly depending on the size and resolution of the
map (n.), the desired time horizon (n;), the number of rows of
the experimental design matrix (n.), the number of stochastic
iterations (n,), and the number of biocontrol release strategies to
be simulated.

In the example below, we use option (4) to save storage
space and gain faster access to the data saved on disk for further
analysis. Strategy 3 is well suited to produce output files in csv
format that can be read into other software (such as R or Python)
for further analysis of results. Options 1 and 2 allow the full set
of results to be saved but will result in very large binary (.mat)
files that can be slow to access later on, particularly when stored
in remote servers.

We save the summary results from stochastic runs in one
output file for each experiment, so each biocontrol-release strat-
egy has its own file. The outputs of the model are explained in
more detail in the Supplementary Data (SD) (see Table SD.3).
The results are saved as data structures with the expected value
(ev), the standard deviation (sd) and the probability of wasp and
biocontrol presence in each cell on the map (prob). These three
variables have the same structure (Figure SD.4), containing tri-
dimensional matrices for wasps (W;) and biocontrol (B;), with
dimensions n. xng xne.

2.2. Software functionalities

The components of the MATLAB model are listed in Table 2.
There are 4 scripts and 12 functions. Most of the work happens
within the functions, but the average user only needs to become
familiar with the scripts to run the model effectively. Users who
wish to introduce more sophisticated changes, such as modifying
the nature of the biocontrol effects on the pest (equations 5
and 6) will need to modify code within functions. To simplify
this process, the functions in Table 2 are cross-referenced to the
equations in Table 1, making it easier to locate the function that
needs to be modified for a particular purpose.

Running the model
To get started, open Sim_cluster_script.m in the MATLAB envi-
ronment. This script allows you to generate the results reported
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Filename

Description

Scripts

Sim_cluster_script.m

Main script to run the model

Create_W0.m Creates initial random invasion matrix

Wasp_GA_script.m Main script to run the GA parameter estimation process
Plot_figs.m Script to read result files and plot figures presented in this paper.
Functions

Disp_Kernel.m
Extract_Results.m
Grow_Ricker.m
Lik_fn.m

Rand_Spread.m
Rand_Spread_02.m
Run_experiment.m
Run_Wasp_GA.m
Sim_Biocontrol.m
Solve_W0.m

Spread_Stoch_Biocontrol.m

Spread_Stoch_control.m

Dispersal kernel (Eq. 9)

Packages summary results from stochastic wasp simulation to save memory
Ricker growth function (Egs. 1, 2, 3, 4)

Likelihood function to be minimised by GA to estimate wasp parameters (Eq.
15)

Random spread function using a loop for invaded sites (Egs. 10, 11)

Random spread function using a full matrix (slow) (Egs. 10, 11)

Runs an experiment of simulation model for a set of treatments with varying
biocontrol parameters

Runs one iteration the GA for a given random seed

Runs stochastic simulation of wasp-biocontrol for given parameter set
Estimates initial number of wasp infestations based on presence reports and
probability of detection (Eq. 12)

Runs one step of wasp-biocontrol simulation for n, years (Egs. 5, 6, 7, 8, 12,
13, 14)

Runs one step of wasp simulation for n; years with no biocontrol but with
destruction of nests that are detected (Egs. 7, 12, 13, 14)

Data

base_data_nsw.mat
base_data_vic.mat
ga_data_nsw.mat
ga_data_vic.mat
nsw_0.mat
vic_0.mat
nsw_20_10_1.mat
vic_20_10_1.mat

base input data sets used to initialise the wasp invasion
input datas used in the GA estimation
counterfactual (no biocontrol) simulation results

Simulation results for biocontrol release strategies
Xp = proportion release per site (20% or 50%)

nsw_50_01_1.mat
vic_50_01_1.mat
WO_prm_nsw.mat
WO_prm_vic.mat

Xxc = spatial coverage (10% or 1%)

Input data for main simulation, based on initial random invasion matrix WO
previously generated with Create_W0.m

in Cacho and Hester [9]. Before running the code, consider that
it may take several days to complete the simulations, depending
on the computer used. You may wish to change the experimental
design and simulate only a few cases for a single spatial cluster
to get a feel for the model.

There are two input data files available (W0_prm_nsw.mat and
WO_prm_vic.mat) that represent wasp invasions in the Australian
states of Victoria (VIC) and New South Wales (NSW). Loading
either of these files in the MATLAB environment allows users
to inspect the variables required to run the model. Becoming
familiar with these variables is a required step for those who wish
to apply the model to other regions or to a different species of
pest.

The workspace for these two input files is shown in Fig. 2.
Notice the symmetry between the variables for the two clusters,
with the only difference being in the dimensions of matrices that
represent maps. There are 389 grid cells (n.) in NSW (Fig. 2 A) and
658 in VIC (Fig. 2B). Simulations will take longer to solve for VIC
compared to NSW due to the larger dimensions of the matrices.

Going back to the Sim_cluster_script.m file, note the correspon-
dence of the code to the steps illustrated in Fig. 1. In step (1) the
biocontrol release strategy is set using a factorial design for 25
combinations of x. and x,. In step (2) the experimental design is
set using a factorial experiment for 81 combinations of biocontrol
parameter values. In step (3) the experiment is run, first for VIC
and then for NSW. This last step calls Run_experiment.m within a
loop and saves a file for each biocontrol release strategy in the
Results folder.

The number of stochastic runs (Monte Carlo iterations) is pre-
determined by the number of columns in the initial state matrix
W0, which was created earlier using the script Create_W0.m.
Fewer iterations can be run by truncating columns of WO if
desired, or running Create_WO0.m again for the desired number of
iterations. In the latter case, it is a good idea to save the file with
a different name to avoid confusion. For example, if a new version
of WO is created for 1200 stochastic runs the files could be named
WO_prm_nsw_1200.mat and WO_prm_vic_1200.mat.

3. Illustrative examples

Example 1. Biocontrol feasibility

In this example we show how to replicate some of the results
reported in Cacho and Hester [9]. The main interest in that study
was to find sets of biocontrol parameter values that would result
in a feasible programme. Feasibility, in the classical biological
control sense, means that the pest and biocontrol populations
reach some form of equilibrium where the pest is kept at low
density, and for negligible cost into the future after the initial
investment.

In this example we test four parameters for the biocontrol
agent (step 2 in Fig. 1): the growth rate («p) the carrying capacity
per wasp nest (ug), the median dispersal distance (y3), and the
effectiveness of the biocontrol in suppressing wasp nests (eg).
We used a full factorial design with three levels for each factor,
resulting in n, = 3% = 81 experimental treatments. Each
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2897 double

EE] garea

gmap 3897 struct
gpoly 3891 polyshape
tH hh_dens 389x1 double
prem 1x1 struct

HH wo 3891000 double

EE wp_mat

H wp_samp

204 double
1000x4 double

Workspace Workspace
MName = Yalue Mame = Yalue
HHp 389x359 double HH D 658x658 double

658x7 double

EE] garea

gmap 658x7 struct
gpoly 658x1 polyshape
H hh_dens 658x1 double
prm 1x1 struct

HH wo
Bﬂ wp_mat

EE] wp_samp

658x 1000 double
24 double
1000x4 double

Fig. 2. The workspace after loading the input files WO_prm_nsw.mat (A) and WO_prm_vic.mat (B). The meanings of variables in the workspace are given in Table

SD.2.

VIC (x =20, x_=10)
c p

o
o

0.4 i

Wasp density (nests/kmz)

0 1 2 3

4 5 6 7

Biocontrol density (adults/kmz)

Fig. 3. Simulation results presented as a phase diagram for the VIC cluster, with biocontrol release coverage (x.) of 20% and release intensity (x,) of 10%. Each
simulation begins at the top left of the diagram, corresponding to high wasp density and low parasitoid density, and general tracks down and to the right towards

a steady state. Colours represent the (81) different time trajectories.

treatment is a row in the experimental matrix (bpqm), which has
dimensions 81 x 4.

A useful way of finding feasible solutions is to plot phase
diagrams showing the trajectories through time of the pest and
the biocontrol against each other (Fig. 3). The trajectories that end
in equilibrium towards the bottom of the diagram (at low wasp
density) are feasible in a control sense. Recall that each output file
produced by Sim_cluster_script.m represents an experiment with
a different biocontrol release strategy. Each experiment would be
associated with a phase diagram, so in this case we would have
81 diagrams for each of the two clusters (VIC and NSW). This
link between phase diagram and experiment becomes obvious by
inspecting the MATLAB code in Listing 1, used to construct Fig. 3.
Note that the file vic_20_10.mat is loaded to create the plot. This
instruction can be replaced with a different file name (and the
title of the plot adjusted) to represent any experiment.

Listing 1: Code to plot Figure 3

clear;

load('vic_20_10.mat'");

Wmean = permute(sum(ev.W .* garea)./sum(garea),[3,2,1]);
Bmean = permute(sum(ev.B .* garea)./sum(garea),[3,2,1]);
plot(Bmean', Wmean','.-');

axis([0,7,0,1.1]);

xlabel('Biocontrol density (adults/km”2)");

ylabel('Wasp density (nests/km”2)');

title('VIC ({\itx_c}=20, {\it x_p}=10)')

grid

clear;

load('vic_20_10.mat'");

The MATLAB code in Listing 1 shows one way of accessing the
simulation results using the ev (expected value) data structure
explained before. The phase diagram is generated with the com-
mand plot(Bmean’, 4, '.-’); the variables Bmean and Wmean are
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Fig. 4. Wasp invasion maps for two different experimental treatments in the VIC cluster.

the mean density of biocontrol and wasp populations over time
for the whole map. The command that creates the latter variable
is:

Wmean=permute(sum(ev.W. x garea)./sum(garea), 3, 2, 1]);

The key variables here are ev.W and ev.B, which contain the
means of 1000 stochastic simulations packaged as a tri-
dimensional matrices with dimensions (658 x 60 x 81), equiv-
alent to (n.xn;xn,) for the VIC cluster. To calculate the mean
wasp density across the 658 cells on the map, we first convert
to total nests per cell, sum across all cells and divide by total
area of the map. We need to do this because not all cells are the
same area (due to truncation along the coastline). The command
sum(ev.W .* garea)./sum(garea) calculates a weighted average of
wasp density based on the areas of the cells in the map. This
command results in a matrix of dimensions (1 x 60 x 81),
which is converted to two dimensions (81 x 60) by swapping the
first and third dimensions using permute. The same operation is
applied to ev.B to obtain Bmean. The rows of Wmean and Bmean
represent experimental treatments and the columns are years.
Plotting the transpose of these matrices results in the 81 time
trajectories in Fig. 3.

Above we aggregated over the whole map to work with mean
population densities and did not capture spatial variation in the
data. We can also use ev.W to look at spatial patterns in wasp
density using the command Wmap = permute(mean(ev.W,2), [1-
3]). In this case we estimate the mean across the second dimen-
sion (time) to calculate the average wasp density per cell on the
map over the whole time horizon, and the permute command
swaps the second and third dimensions. This results in a matrix
Wmap of dimensions (658 x 81), where each column is the map
of average wasp density for a different experimental treatment.
Fig. 4 displays the maps for the first and last treatments in the
experiment, showing the difference between failure and success
based on average wasp density over time. The code to plot these
maps is in the Plot_figs.m function, starting on line 17.

Example 2. Estimating wasp parameter values using a genetic
algorithm

Parameter values for any species could be estimated using
different estimation techniques depending on data available and
the spatial scale of the analysis. This could be done by embedding
the simulation model within other types of algorithms to fit the
model to data.

In the case study of Cacho and Hester [9], parameter values for
the population dynamics of European wasp in Australia were not
available, but realistic ranges were known for the four key param-
eters: growth rate (ay ), carrying capacity («w ), median dispersal

distance (yw ), and probability of detection (8y ). In this example
we use the model to estimate values for these parameters using
a genetic algorithm (GA) combined with occurrence data from
Atlas of Living Australia (ALA) (see Table SD.1). Details of the GA
estimation are provided in the SD.

The parameter distributions for the two clusters in our case
study are compared against each other in Fig. 5. See the Plot_figs.m
script for the code to generate this figure.

4. Impact

WaspSim was designed as a tool to evaluate the technical
feasibility of a biological control programme. It will be a useful
tool for biosecurity practitioners prior to investing significant
time and funds into CBC programmes that could be technically
unfeasible, and which often fail [10]. The original research was
commissioned by a national biosecurity agency for this purpose.
The first application of the model was published recently [9], but
we expect other applications to follow as practitioners become
aware of the tool and learn to use it. The model can be run easily
by anyone with access to MATLAB. The data used to calibrate and
populate the model are publicly available for many species (see
Table SD.1) and other datasets would be available to biosecurity
agencies with interest in applying the model. The innovation in
WaspSim is in its integration of data and code to provide a useful
tool for a complex spatiotemporal problem.

Example 1 involved assessment of technical feasibility for a
biocontrol programme, based on biological parameters for pest
and biocontrol species. This in itself can lead to considerable
savings by focusing only on candidate species most likely to
succeed. The assessment can be extended to evaluate economic
feasibility. By overlaying maps of industries and environments
affected by the pest, we can estimate damages avoided over time
for any pest control scenario.

The model can be applied to other social insect species via
modification of population parameter values. It can also be used
for spread modelling of a single species, independently of the
biocontrol component. This is needed for delimiting the likely
area of an incursion, designing containment strategies and con-
ducting time to eradication modelling. All these are actions that
biosecurity agencies need to undertake on a regular basis with
less than ideal analytical tools. WaspSim fills an important need
and we expect it to have impact within the biosecurity and
invasive species communities.

Application of the model requires information on likely values
of parameters for the population dynamics of the biocontrol agent
and the pest, which could come from the literature or from fitting
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Fig. 5. Comparison of wasp population parameter results for two geographical clusters (VIC and NSW) expressed as density distributions for growth rate (A), carrying
capacity (B), median dispersal distance (C) and detection probability (D). Values estimated using a GA with 20 different random seeds.

equations to data. This means that the model is applicable once
one or more potential biocontrol agents have been identified, and
some knowledge of their population dynamics exists. The model
could be used to determine which species should be selected for
further investment.

5. Conclusions

Implementing classical biological control programmes can take
significant amounts of time and money, and success is not guar-
anteed. Mathematical models of biological control can give early
indications about the technical feasibility of the agent, using
available information on pest spread and likely agent perfor-
mance in the environment into which it will be introduced.
WaspSim has been developed for this purpose. We have shown
its application to control of European wasp given available data
on pest spread and assumptions about biocontrol agent perfor-
mance. The feasibility that the biocontrol agent will establish
and spread; and the effectiveness of the agent in suppressing
growth and spread of the pest, are key to the success of the
biological control programme. Understanding the conditions that
would make a biocontrol agent effective can help screen potential
candidates and focus efforts only on those that are likely to
succeed.
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