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ABSTRACT

Aim We address the problem of geographically allocating scarce survey
resources to detect pests in their pathways of introduction given information
about their likelihood of movement between origins and destinations. We
introduce a model for selecting destination sites for survey that departs from
the aim of reducing propagule pressure (PP) in pest destinations and instead
aims to increase monitoring of pest origins. The model is a maximum expected
coverage problem (MECP), which maximizes the expected number of origins
that are covered by the survey system, where an origin is covered if at least one
of its transmission pathways connects to a surveyed destination. For compar-
ison, we present two models that aim to reduce PP in destination sites. One
model maximizes the expected number of transmission pathways that are cov-
ered by survey locations and the other maximizes the expected number of
survey locations that have one or more pest introductions.

Location United States, Canada.

Methods We demonstrate the models by analysing the human-mediated
spread of the emerald ash borer (Agrilus planipennis Fairmaire), a major pest of
ash trees in North America, by visitors to campgrounds in central Canada and
the US Midwest. The models incorporate estimates of spread rates from a net-
work of campers travelling from approximately 6500 invaded domains to 266
uninvaded campgrounds in three Canadian provinces (Ontario, Quebec and
Manitoba) and three US states (Michigan, Minnesota and Wisconsin).

Results The MECP and PP-based model solutions agreed for large surveillance
budgets but exhibited differences when the budgets were small. These results
stem from differences between the coverage-based objective in MECP and the
PP-based metrics in the PP models.

Main conclusions Our comparison of MECP and PP-based models reveals
the trade-offs between objectives. Overall, the MECP is generic and can be
adapted to survey species that are spread via other human-mediated vectors.

Keywords

emerald ash borer, human-mediated spread, invasive species, maximum
expected coverage problem, optimal survey allocation, pathways, propagule
pressure.

INTRODUCTION

et al., 2008; Aukema et al., 2011). In North America, signifi-
cant funding has been spent by federal, state and provincial

Human-assisted introductions of invasive alien species have
resulted in significant economic damages world-wide
(Meyerson & Reaser, 2003; Perrings et al, 2005; Hulme
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agencies on large-scale pest surveillance programmes to
prevent or mitigate these damages (NISC (National Invasive
Species Council), 2007; Tobin, 2008).
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A fundamental challenge for invasive species managers is
deciding where to locate scarce survey resources in unin-
vaded areas. Many decision models design cost—effective
surveillance programmes based on pest propagule pressure
(PP) and establishment likelihood concepts. Propagule
pressure is a measure of the expected number of individuals
(e.g. the number of fertile adults of the species of interest)
reaching an uninvaded location and is commonly expressed
in terms of the rate, probability or likelihood of arrival
(Johnston et al., 2009; Simberloff, 2009). PP is location-
specific and characterizes the destinations where invasive spe-
cies may spread from their origins (Fig. 1la). Geographical
variation in PP is a main determinant of invasive species’
spread patterns (Simberloff, 2009). Various surveillance pro-
grammes based on PP (or similar establishment likelihood
metrics) have been designed to detect and eradicate establish-
ing pest populations before they become large and costly
(Hauser & McCarthy, 2009; Cacho et al., 2010; Epanchin-
Niell et al., 2012; Hester & Cacho, 2012; Horie et al., 2013).
Cost—effective surveillance programmes have also been
designed to detect pests in their pathways of introduction
with the aim of reducing PP (Surkov et al, 2009; Spring-
born, 2014).

Here, we address the problem of geographically allocating
survey resources to detect invasive pests in their pathways of
introduction given information about the likelihood of pest
movement between origins and destinations. We introduce a
decision model for selecting destination sites for pest survey
that departs from the aim of reducing PP and instead aims
to increase monitoring of pest origin locations. Monitoring
pest origins is important to enforce or assess pre-border phy-
tosanitary or biosecurity quarantine measures in places where
invasive pests are known to exist. Increasingly, biosecurity
procedures are switching from border-centred to pathway-
centred principles and aim to undertake additional pre-bor-
der mitigation measures to minimize the risk of invasive pest
entries at the level of origin locations (Tanner, 1997; Hulme
et al., 2008; Maynard & Nowell, 2009; Bacon et al., 2012).
Monitoring pest origins is also important to assess the attri-
butes of propagules that are transmitted from different sites.
These attributes could affect the likelihood of pest establish-
ment in uninvaded sites (Liebhold & Tobin, 2008). The
model maximizes the expected number of pest origins that
are covered by the survey system, where an origin is consid-
ered covered if it could transmit propagules to one or more
surveyed sites. We formulate the model as a maximum
expected coverage problem (MECP), which was originally
designed to choose a fixed number of facility locations to
maximize the expected number of demand nodes covered
(Daskin, 1983) and has subsequently been used in biological
conservation to select reserve sites for species protection
(Haight et al., 2000; Arthur et al., 2002; Camm et al., 2002).

The MECP concept is a new approach to the problem of
invasive species surveillance. For comparison, we present two
other survey models that aim to reduce PP in uninvaded
destination locations. The first PP model is based on a
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Figure 1 Basic concept of invasive species’ spread in a
landscape: (a) — A schematic depiction of the location-specific
propagule pressure metric; (b) — a schematic representation of
invasive species’ spread vectors from the invaded area I to
uninvaded area J; (c) — I x J matrix with the species’ spread
rates from the invaded locations 7 to uninvaded locations j.

common knapsack allocation algorithm (Salkin & De Kluyver,
1975; Tulloch et al., 2015) and maximizes the expected
number of transmission pathways that are covered by survey
locations, while the second PP model maximizes the
expected number of survey locations that have one or more
pest introductions. Overall, the MECP and PP models pro-
vide alternative ways of addressing the pest surveillance
problem depending on decision-making goals.

We applied the MECP and PP models to plan the surveil-
lance of the spread of the emerald ash borer (EAB), Agrilus
planipennis Fairmaire (Coleoptera:Buprestidae), in central
Canada and the US. Native to eastern Asia, EAB is a major
threat to North American ash (Fraxinus) species, all of which
are susceptible to attack. Since its initial introduction in
Michigan, EAB has already caused significant damage in east-
ern USA and Canada (Poland & McCullough, 2006; Kovacs
et al., 2010). We solved our survey models using estimates of
spread likelihoods from a network of campers travelling from
approximately 6500 invaded locations in the area of EAB
quarantine to 266 uninvaded campgrounds in three Cana-
dian provinces (Ontario, Quebec and Manitoba) and three
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US states (Michigan, Minnesota and Wisconsin). We then
compared the MECP-based allocations of survey resources
with the outcomes of the two models based on PP metrics.

METHODS

Surveillance planning as a maximum expected
coverage problem

Consider a surveillance programme aimed at detecting
propagules of an invasive species that is spreading in a
heterogeneous landscape. The landscape consists of N loca-
tions of interest, where I origin locations are known to be
invaded by the species and ] destination locations are not
invaded yet. The surveillance programme is intended, with a
defined budget level C, to allocate survey resources across
the subset of uninvaded locations J. Assume that the deci-
sion-maker can estimate the potential costs, ¢ of surveys at
individual locations, j, (j € J). Due to budget constraints
(C), only a portion of uninvaded locations, M, can be
covered by the survey, so M is a subset of J.

Any geographic location, i, in already-invaded areas (i.e.
in subset I) can serve as a potential origin of the species’
spread to uninvaded locations j in subset J. Each pair of ori-
gin and destination locations, ij, can be characterized by the
relative rate, pip at which the species could spread from
invaded location i to uninvaded location j along a corre-
sponding vector, ij (Fig. 1b). Assume that the p; values are
based on prior knowledge about the species’ spread and
reflect, in coarse terms, geographical variation in one or
more factors deemed responsible for the species’ spread from
i to j (such as transportation, trade, recreation or movement
of susceptible host organisms, such as nursery stock). For
computational convenience, assume that the relative rate val-
ues, pjj derived from these factors are rescaled to fit to a 0-1
interval.

The anticipated rates of species spread from the invaded
subset I to uninvaded subset J can be described by an I x J
matrix of the Pij values where the rows, i = 1,..., I, denote
the invaded locations and columns, j = 1,..., J, the unin-
vaded locations (Fig. 1b,c). Essentially, the I x J matrix
describes a bipartite network of spread vectors 7j connecting
each pair of 7 and j locations. We formulate the surveillance
planning problem as the selection of particular destination
locations j in subset ] as survey sites to maximize the
expected number of origin locations, i, (i € I), covered by
the survey system, where a location is covered if it can trans-
mit propagules to one or more surveyed sites, subject to
budget constraint C. This is a general case of the MECP
(Haight et al., 2000; Polasky et al., 2000; Arthur et al., 2002);
we adapt our MECP formulation from a biological conserva-
tion model described in Camm et al. (2002) and Arthur
et al. (2004).

We start from the I x J matrix of the p;; values denoting
the relative likelihood that each uninvaded destination loca-
tion j will receive the invasive species from a given origin

Invasive species surveillance with the MECP approach

location i (Fig. 1c) and 0 < p;; < 1. For our example, we
focus only on human-mediated spread of invasive alien spe-
cies and assume that the p; values primarily describe long-
distance spread events beyond the range of the species’ own
biological spread capacity. Because we also assume that the
geographical extent of our study is very large, and that the
spatial resolution exceeds the species’ dispersal distance by
biological means, we have further made the simplifying
assumption that the p;; values are independent of the likeli-
hood of arrival at adjacent locations within a single survey
planning period (which we believe is a fair assumption when
considering long-distance, human-mediated spread).

Let x; be a binary decision variable that specifies, for all
locations in subset J, whether a given location j is selected
(i.e. x; = 1) or not selected (i.e. x; = 0) for survey. Then, the
likelihood that the set of ij vectors, originating from a partic-
ular origin location 7, by which the target species spreads to
locations in uninvaded subset ], is not covered by the
selected set of survey locations can be estimated as a product
of the non-arrival rates over these locations:

H(l = pijX;)- (1)

j€l

Equation 1 also implies that location i is not covered if
none of its transmission pathways could reach the surveyed
sites.

With the independence assumption, the likelihood that the
pest entry vectors originating from location i are covered by
at least one surveyed location can be written as:

1 —H(l = Pij;)- (2)

jel

The survey allocation problem can subsequently be formu-
lated to select the set of survey locations that maximizes the
expected number of source locations that are covered by the
survey system, where a source location, i, i = 1,...,I is con-
sidered covered if it can transmit propagules to one or more
uninvaded survey locations, j, j = 1,...,J, subject to a budget
constraint:

I J
TMECP = Maxz (1 — H (1 —pijxj)) (3)

i=1 j=1

s. t.

J
Z Cij S C (4)

j=1
x€{0,1} VjelJ. (5)

Note that the objective function in Eq. 3 only considers
how a particular subset of source sites is covered by the sur-
veyed locations, which in turn represent a subset of the
uninvaded area. The MECP objective function is nonlinear
but has a linearized approximation (Camm et al., 2002;
Arthur et al,, 2004). In this study, we applied a piecewise
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linearized approximation of the MECP objective function
from Camm et al. (2002) and Arthur er al. (2004) (see
Appendix S1).

Propagule pressure models

We compared the MECP model solutions with the solutions
generated by two survey planning models based on the PP
metric. Propagule pressure model 1 (PP1) follows the com-
mon definition of PP as a probabilistic measure of the
expected number of individuals arriving at an uninvaded
location from the already-invaded area (Simberloff, 2009)
and depicts this pressure as the sum of the species’ arrival
rates to an uninvaded location j from all invaded (or
presumably invaded) locations i:

I
> i), VieT (6)
i=1

The PP1 model allocates the surveys by selecting, from all
possible destination locations, the particular subset of loca-
tions that maximizes the sum of the species’ spread rates,
subject to a budget constraint:

J I
Tpp1 = Maxz |:Z Dij :| (7)
i

j=1 i=
s.t. 7
ZC]')C]'SC (8)
j=1
x €{0,1} Vje]. 9)

Propagule pressure model 2 (PP2) uses a different PP met-
ric that estimates the expected number of destination loca-
tions that may receive an invasive species from one or more
origin locations. Let 1 — pj; be the likelihood that the species
is not spread from source location i to uninvaded location j,

and H(

i=1
spread from one or more of the source locations i (i = 1,...,

pij) is the likelihood that the species is not

I) to uninvaded location j. Then, the rate at which the
species is spread from one or more source locations to the
uninvaded location j can be estimated as:

[1 -IIa Pij)} - (10)
i=1 j

Using the survey selection binary variable x; (defined
above), we estimate the likelihood that the species is spread
from one or more of the source locations to a surveyed loca-

{1 H(lpij)] x;. (11)
j

i=1

tion j as:

Note that when location j is not surveyed (i.e. x; = 0), the
value of Eq. 11 is zero. The survey allocation problem is

formulated as maximizing the expected number of unin-
vaded destination locations to which a pest could spread and
potentially be detected by surveys, subject to a budget con-
straint:

Tpp2 = Max E

j=1

{ I1¢ 1@;)} : (12)
j

i=1

J
chxjgc (13)

j=1
xe{0,1}Vje]. (14)

In short, the PP1 model tries to capture as much of the
total PP as possible with the selected survey locations and
uses sums of species arrival rates from the already-invaded

area I to an uninvaded location j, iil (pi;)- With the PP2
model, we are trying to capture as many of the likeliest inva-
sion sites as possible with the selected survey sites and use
the likelihood that the species moves from one or more loca-
1- Hle (1 — pj) . Notably, when only
a small portion of the uninvaded area can be surveyed, the

tions 7 to location j,

value in Eq. 10 for the selected survey sites may be close to
1, and the PP2 model could have multiple optimal solutions
(ties). Each of these solutions, with similar tpp, values, may
have different Typcp and Tpp; estimates. For each budget
level, we determined whether multiple optimal PP2 solutions
were present and reported the solutions with the highest
Tyecp and Tpp; values. For this study, the MECP, PP1 and
PP2 models used the same set of survey costs (c;), spread
rates (p;;) and budget constraints (C). The models were com-
posed in the OpenSolver tool (www.opensolver.org) and
solved with the SCIP linear programming solver (http://
www.scip.zip.de).

Case study example

We applied the MECP and PP models to plan the surveillance
of the spread of the EAB in eastern USA and Canada (Fig. 2).
Long-distance EAB spread has been associated with human
activities, primarily with commercial and passenger vehicles
that could potentially move firewood or other infested materi-
als (Haack er al., 2002; Kovacs et al., 2010; Koch et al., 2012;
Yemshanov et al., 2012, 2014). There is also growing evidence
that the species could hitchhike on vehicles (Buck & Marshall,
2008) hence suggesting that vehicles arriving at recreational
facilities are a potential spread vector. Because the frequency
of camper travel between locations has been recognized as a
viable predictor of the human-mediated spread of wood-bor-
ing pests, including EAB (Haack et al., 2010; Jacobi et al,
2011; Koch et al., 2012), we used a network of campgrounds
as potential locations for EAB surveys. The geographical extent
of our analysis was defined by the northern limit of the geo-
graphical distribution of ash species in central Canada and the
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Figure 2 Origin-destination vectors, ij, of potential emerald ash borer (EAB) spread with campers travelling from areas under EAB
quarantine to campgrounds in uninvaded areas in three US states (Michigan, Minnesota and Wisconsin) and three Canadian provinces
(Ontario, Quebec and Manitoba). The solid outline marks the area under EAB quarantine (as of February 2014) and the bold line
depicts the northern limit of the ash distribution range (i.e. susceptible EAB host trees). US states: MI, Michigan; WI, Wisconsin; MN,
Minnesota; Canadian provinces: ON, Ontario; QC, Quebec; MB, Manitoba.

US Midwest (Little, 1971), the current extent of EAB infestation
and by the availability of data that document the movements of
campers in Canada and USA. Such data are maintained by
provincial ministries of natural resources (MNRs) in Canada,
and state departments of natural resources (DNRs) in the USA.
In addition, the US National Recreation Reservation Service
(US NRRS) maintains an online reservation system at federal
campground facilities nationwide (Koch et al, 2014). The
available information for Canada included provincial camp-
ground reservations for Quebec, Ontario and Manitoba, and
in the USA, from Minnesota, Michigan and Wisconsin, as well
as the reservations stored in the US NRRS database.

Model-based assessment of potential EAB spread
with campers

In our study, we considered the pathways of human-assisted
EAB spread with campers to a network of campground
facilities. We used a pathway-based model that simulated the
long-distance spread of EAB via a network connecting invaded
origin and uninvaded destination locations. The model was
based on the frequencies of campers travelling to a network of
state, provincial and federal campground facilities from areas
currently under EAB quarantine. These frequencies were esti-
mated from the campground reservation data, which provided
visitor origin and destination campground locations.

We used the geographical locations of each visitor’s origin
and destination campgrounds, as well as the total annual
number of visitors along unique ‘source-destination’ paths,
to build a spread matrix I x ]| where each element defined
the relative rate of camper travel from a presumably invaded
source location, i, to a destination location j. We tracked
destination locations (set J) in three Canadian provinces
(Ontario, Quebec and Manitoba) and three US states
(Michigan, Minnesota and Wisconsin) and origin locations

(set I) from areas under EAB quarantine, which we treated
as invaded sites (Fig. 2). We then used the matrix I x J to
simulate spread of EAB through the camper travel network
from quarantined (and presumably invaded) areas to unin-
vaded campgrounds. Based on the stochastic simulations,
each pair of invaded source — uninvaded destination loca-
tions (i.e. a spread vector 7j) was characterized by an EAB
spread rate value (p;). To keep the computing time reason-
able, the spread matrix was assembled at a 15-km spatial res-
olution. Because our study was focused on assessing the
long-distance human-mediated spread of EAB, the cell size
was selected to exceed the natural spread capability of EAB
(which has typical flight distance of mated females c. 3 km
(Taylor et al., 2010)). The multiple locations within a
15 km x 15 km map cell were aggregated into a single
source (or destination) location. The final matrix resembled
the conceptual diagram shown in Fig. 1(b), where each ele-
ment depicted the rate of EAB movement, p;; (Fig. 1c), from
invaded location, i, i€l to campground destination j in the
uninvaded area J. The size of the matrix was 6572 potentially
invaded source locations (15 km x 15 km map cells) by 266
campgrounds in uninvaded areas (Fig. 2).

Survey planning scenarios

We used the matrix of EAB spread rates to parameterize the
MECP and PP-based survey models. The location-specific
estimates of the annual survey costs included two
components. The fixed cost portion included trapping sup-
plies, safety and operational supplies, administrative support
and salaries of survey staff (assuming deployment of the
traps at survey locations and two checkups of EAB emer-
gence in the middle and at the end of the season, plus the
costs associated with identifying EAB from the collected
material). The variable costs portion included the cost of
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travel, vehicle lease and fuel expenses needed to access survey
locations. We modelled the variable cost portion as linearly
dependent on the distance from the survey location to the
nearest urban area with likely availability of qualified person-
nel to conduct the survey. For Canadian locations, we used
the summaries of costs of surveillance programmes provided
by the Ontario Ministry of Natural Resources, and for US
locations, we used similar data from the Minnesota Depart-
ment of Natural Resources. The average programme costs for
Canadian provinces were estimated at Cdn$890 per year per
surveyed location (in 2013 equivalent), with the correspond-
ing portions of fixed, variable and administrative/supporting
costs at 53%, 33% and 14%. The approximate costs for US
locations were estimated at US$696 (CAPS, 2013), and the
ratio between fixed and variable costs was 78.5-21.5% (M.
Abrahamson, pers. comm., Minnesota Dept. of Agriculture).

RESULTS

Total coverage and the survey budget

Figure 3 illustrates the performance of the MECP, PP1 and
PP2 models in terms of the MECP and PP-based objective
functions, Tygcp, Tpp1 and Tppy. The slopes of the curves in
Fig. 3 represent the marginal costs, showing the cost of each
incremental increase in expected coverage for the MECP
model (or in the ‘captured’ PP values for the PP1 and PP2
models). With respect to the tygpcp objective function
(Fig. 3a), the coverage provided by the MECP model
increases quickly as the budget level increases, already cover-
ing 75% of possible invaded origins when the budget reaches
approximately $25,000.

The behaviour of the survey models in terms of the pp,
objective function (Fig. 3b) is similar, although in this case
the PP1 model shows marginally better performance than
the MECP model. The similarity is data driven: the PP values
and the degree of connectivity between origin and destina-
tion sites are positively correlated. Differences between the
cost curves would be more noticeable if the test scenario
included multiple sources of isolated infestations that facili-
tated the spread of a pest to different portions of the unin-
vaded area, as we would expect to see with spread through a
lattice or small-world network with a positive epidemiologi-
cal threshold (Watts & Strogatz, 1998).

The PP2 model provides less coverage with respect to both
the Tyvecp and tpp; objective functions when the survey bud-
get is below $100,000. The coverage deficit at low budget
levels can be explained by the properties of the PP2 model,
which attempts to maximize the capture of the spread
likelihood from one or more invaded locations to surveyed
destination locations in the uninvaded region. Because so
many destination locations have multiple connections to
invaded locations or are otherwise subject to very high
spread rates, p;, a large proportion of these locations have
species arrival likelihoods from one or more invaded

locations, 1 — HI

i1 (1 —pj) , that are close to 1. In turn,
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Fig. 3 Objective function value in the survey models as a
function of the total survey budget (C): (a) — expected coverage
objective function values, Tyjgcp, for optimal allocation solutions
generated with the maximum expected coverage problem
(MECP), propagule pressure model 1 (PP1) and propagule
pressure model 2 (PP2) models; (b) — propagule pressure PP1
objective function values, tpp;; (¢) — propagule pressure PP2
objective function values, tpp,; X-axis — the objective function
values: *7ypcp — expected number of source locations covered
by the surveillance network (Eq. 3); **7pp; — expected number
of pathways covered by the surveillance network (Eq. 7);
***Tpp, — expected number of destination locations covered by
the surveillance network (Eq. 12); Y-axis — the survey budget
constraint, C. Differences in the dimensions of the x-axes are
due to the distinct formulations of the objective functions pp,
Tppy andtyecp (Egs. 3, 7 and 12).

the allocation of surveys among these high-risk locations is
mostly driven by the location-specific survey costs, ¢; (see
Eq. 13). The abrupt changes in tpp; and typcp values in
small budget scenarios (Fig. 3a,b) are a result of discrete
selections or omissions of individual survey sites.
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Geographical distribution of the potential sources of
infestations covered by the survey system

Figure SI in Appendix S2 provides a geographical depiction
of how well the area of EAB quarantine is covered by each
survey system. Each location (i.e. map cell) shows the likeli-
hood that EAB will spread from this potentially invaded loca-
tion i to one or more survey locations in the uninvaded area,
(1— ][:1 (1—p;)7);. The geographic coverage patterns
under the MECP and PP1 models are similar: both emphasize
large urban centres as well as areas with older infestations and
high-density EAB populations (Fig. Sla,b, Appendix S2).

The coverage differences between the MECP and PP-based
models follow consistent geographical patterns (Fig. 4).
These differences can be explained by concentrated patterns
of recreational travel in southern Ontario, where a relatively
small number of prominent provincial parks (such as Sand-
banks PP or Algonquin PP) receive very large numbers of
visitors from large urban centres in the Greater Toronto
Area. Alternatively, camper travel in south-western Min-
nesota and Iowa involves a larger number of low-profile
campgrounds. These campgrounds may have lower estimated
PP rates but are connected with a large number of locations
in the EAB quarantine area, so their selection for surveys in
the MECP model yields higher coverage levels (Fig. 4b). The
PP2 model provides more even but lower coverage of the
origin locations within the EAB quarantine area (Fig. 4c).

The provincial and state allocations of EAB surveys with
the MECP, PP1 and PP2 models show some notable differ-
ences (Fig. 5). At small budget levels ($25,000 and below),
the PP1 model allocates high budget proportions to Ontario
and Michigan, and the lowest proportion to Minnesota. In
contrast, the PP2 model allocates lower budget proportions
to Ontario and Michigan and higher proportions to Min-
nesota and Manitoba. At small budget levels, when there are
far more locations with high PP rates than can be selected,
the PP2 model chooses survey locations based mostly on
their relative survey costs, so, when the budget level
increases, the selection of additional sites often causes abrupt
changes in state/provincial allocations of surveys. The survey
models provided different resource allocation between camp-
grounds in the USA and Canada (Fig. 2, Appendix S2). The
MECP model produced the most stable cross-border budget
apportionment between the USA and Canada for total survey
budgets of $30,000 or more, whereas the PP1 model allo-
cated a consistently higher portion of the budget to Canada
than the MECP allocation, while the PP2 model allocated a
lower portion to Canada.

DISCUSSION
General behaviour of the MECP and propagule
pressure models

Our comparison of the MECP and propagule-pressure-based
models revealed some noteworthy contrasts, but also some
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[CINorthern limit of ash distribution
[ Area of EAB quarantine

Fig. 4 Differences in coverage patterns, w; =1 — HJ]':1 (1—py)?
between the optimal scenarios based on the maximum expected
coverage problem (MECP) model, propagule pressure model 1
(PP1) and propagule pressure model 2 (PP2). Scenarios with a
$25,000 budget constraint are shown: (a) — negative differences
between the w; metrics in MECP and PP1 models (i.e. the areas
with wjpp; > wimgcp); (b) — positive differences between the w;
metrics in MECP and PP1 models (i.e. the areas with wjpp; <
wimece); (¢) — differences between the w; metrics in MECP and
PP2 models. The w; metric denotes the likelihood of an invasive
species spreading from the invaded location i to one or more
uninvaded locations j covered by the survey system in the
uninvaded area J.

similarities. Fundamentally, differences in the behaviour of the
models can be attributed to the distinct formulations of their
objective functions. For example, the PP1 model attempts to
capture the greatest possible proportion of the species spread
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Fig. 5 State and provincial apportionments of the survey
budget in the maximum expected coverage problem (MECP)
model, propagule pressure model 1 (PP1) and propagule
pressure model 2 (PP2).

that is expected to reach the destination locations and allo-
cates surveys based on the trade-off between the survey costs
and the PP values. Essentially, it behaves like the classical
‘knapsack problem’. Alternatively, the objective function for
the PP2 model prioritizes the destination locations that have
high probability of one or more transmissions from invaded
locations (which means that these locations may get infested
without specifying the PP rates). At small budget levels, the
locations with very high PP rates according to the PP1 model
metric all had the probability of receiving one or more pest
transmissions close to 1. For this group of high-risk locations,
the selection of locations for survey was further stratified in
the PP2 model by the location-specific survey costs, cj, so the
total number of sites surveyed for a given budget would be
higher with the PP2 model than with the PP1 model.

Compared to the PP1 model, the MECP model appears to
be more influenced by the degree of connectivity between
the invaded and uninvaded sites. In the MECP model, desti-
nation locations that are highly connected, and therefore
may receive pest transmissions from many source locations,
are prioritized for survey. For example, between two candi-
date sites with the same PP levels (p;), the MECP model
would select the site that can receive propagules from a lar-
ger number of invaded sites. This is consistent with the
objective of the MECP model, which is to maximize the cov-
erage of these origin locations.

The degree of similarity between the MECP and PP-based
optimal solutions may also depend on the topological prop-
erties of the spread network. When the PP estimates and the
degree of connectivity between the surveyed and invaded
sites are positively correlated, the behaviour of the MECP
and PP models will be close. Alternatively, when the connec-
tivity and the PP have little or no correlation, or the species
spreads from isolated (but invasive) sources to different parts
of the uninvaded area, the solutions generated with the
MECP and PP models will show some differences. In those
situations, the MECP model will maximize the capacity of
the survey network to detect the arrivals of the pest from
as many invaded locations as possible, whereas the PP
model will select the sites with the highest PP estimates,
regardless of how these sites are connected to the invaded
source locations.

In our study, the MECP and PP-based model solutions
exhibited the most notable differences when the survey bud-
gets were small. A small budget only permits establishment
of a few survey sites in the uninvaded area, so the addition
or deletion of even one survey site can cause abrupt changes
of the objective function value as the budget gets smaller. At
low budget levels, the PP1 model tends to select just a few
locations with the most extreme PP estimates, whereas the
MECP model may choose different locations with lower PP
but numerous connections to the invaded sites. The PP2
model chooses the sites with the lowest survey costs because
the values of Eq. 10 for the locations with the highest PP
values are close or equal to 1, and this generally includes far
more candidate locations than can be surveyed given a low
budget.

Potential applications for biosecurity and invasive
species surveillance

While the MECP model has higher computational complex-
ity than the PP-based models, the solution times are man-
ageable even for large problems (see Appendix S1). For
many applications, the preferred model type will depend on
the survey objectives and the amount of available informa-
tion about the spread of the pest of interest. The MECP and
propagule-pressure-based models can be used to evaluate
surveillance strategies in particular decision-making situa-
tions. Notably, the capacity of the MECP approach to maxi-
mize the coverage of invaded source locations helps to
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capture geographical variation in the quality of propagules at
different origin sites. If there is variability in the success rates
of propagules coming from different source locations, then
accounting for this variability should make surveillance
efforts more cost—effective in the long run, which is espe-
cially critical when only a small portion of the uninvaded
sites can be surveyed due to resource constraints. The MECP
model is also useful in situations where surveys are intended
to support decisions about restricting the arrival of an inva-
der from particular origin locations, such as the decision to
impose restrictions on imports of goods from foreign regions
infested with a pest of interest. Because the MECP uses the
matrix of individual spread pathways (p;), it can be used to
allocate surveys that maximize coverage of the subset of ori-
gin locations deemed high threat. This scenario could be
implemented by adding a constraint (i.e. a threshold) to the
model that specifies the minimum coverage level that needs
to be maintained for the identified subset of high-threat ori-
gin locations.

The latter example highlights the potential value of the
MECP model for pre-border biosecurity measures aimed at
preventing the establishment of unwanted organisms. At the
very least, successful detections at a selected set of survey
locations could provide justification for thorough inspections
of the corresponding origin locations, which may in turn
uncover incipient (or potentially incipient) species popula-
tions. The approach can also be used to plan the surveillance
of species that are spread via other human-mediated vectors,
such as international trade or passenger transport. In cases
where detailed proxy data are available to describe the
human-assisted spread of an organism via individual ship-
ments or movements between invaded and uninvaded loca-
tions (e.g. via shipping containers, vehicles or marine
vessels), the MECP model can be used to allocate surveil-
lance at the level of those individual shipments. For instance,
the model could be parameterized from departmental data
sources that track overseas shipments of cargoes and con-
tainerized goods to domestic inland destinations (such as
trade manifest data collected by customs and border protec-
tion agencies), or based on the movement of commercial
goods via ground transportation as captured by roadside
commercial vehicle surveys.

The PP1 model appears to be more useful in knowledge-
poor situations, such as when information about individual
pathways of spread (i) is unavailable and a decision-maker
only has access to destination-specific PP estimates (p;).
However, if the PP values are very low and comparable with
the amount of estimation error, or if a decision-maker
believes that the invasion may have been started (or spread)
by populations arriving from multiple isolated locations, the
PP2 model would be more useful. The multiplicative metric
in the PP2 model (Eq. 10) is coarser than the metric used in
the PP1 model but is less affected by the number of locations
from which the propagules might originate or by errors in
the p;; values (although it is still expected to be sensitive to
the degree of connectivity between invaded and uninvaded

Invasive species surveillance with the MECP approach

locations). Thus, the PP2 model could be useful for monitor-
ing rare spread events involving very low arrival probabilities,
or in cases where the p; values are highly uncertain.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Appendix S1 Computational aspects.

Appendix S2 Geographical distribution of the expected cov-
erage values and the survey budgets in the MECP, PP1 and
PP2 models.
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