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Abstract Increasing rates of global trade and travel have

the invariable consequence of an increase in the likelihood

of nonindigenous species arrival, and some new arrivals are

successful in establishing themselves. Quantifying the

pattern of establishment of nonindigenous species across

both spatial and temporal scales is paramount in early

detection efforts, yet very difficult to accomplish. Previous

work in epidemiology has proposed methods for assessing

the space–time properties of emerging infectious diseases

by quantifying the degree of space–time clustering between

individual cases. I tested the applicability of one such

method commonly used in epidemiology, the Knox test for

space–time interaction, to analyze rare abundance data

from an isolated, newly-establishing gypsy moth, Lyman-

tria dispar, population in Minnesota, USA, and incorpo-

rated a bootstrap approach to quantify the space–time

pattern in a random process that can be used to compare

with results from empirical data. The use of the Knox test

in assessing the establishment phase of biological invasions

could potentially serve as an early warning system against

new invaders, particularly for those with a known history

of a repeated number of arrivals.

Keywords Biological invasions � Lymantria dispar �
Space–time clusters � Knox test � Invasive species

Introduction

The arrival and subsequent establishment of nonindigenous

species in new habitats threatens native ecosystems, and

their cascading direct and indirect effects are well docu-

mented (Parker et al. 1999; Mack et al. 2000; Pimentel et al.

2000; Mooney and Cleland 2001). Although one could ar-

gue that there is no shortage of invasion pathways through

which nonindigenous species are continuously transported

around the world (Liebhold et al. 2006; McCullough et al.

2006; Work et al. 2005), only a minority are believed to

become established in new environments (Williamson and

Fitter 1996; Ludsin and Wolfe 2001; Simberloff and Gib-

bons 2004), and only a proportion of these have inimical

economical and environmental effects (Mack et al. 2000).

Nevertheless, these adverse invasions, regardless of how

rare, can have profound ramifications in native ecosystems.

Distinguishing the potentially detrimental invasions

from those that are more benign is not trivial, but also

challenging is the recognition that an invader has indeed

established itself. Following arrival, a new invader will

either establish itself or not, and the probability of suc-

cessful establishment can be affected by many factors, such

as the size of the founder population, the susceptibility of

the habitat to its invasion, the presence of competitors and

regulators, environmental and demographic stochasticity,

and Allee effects (Lockwood et al. 2007). Upon successful

establishment, the next phase of the biological invasion

process is spread, and the space–time properties associated

with the spread of nonindigenous species have been

extensively investigated (e.g., Okubo 1980; Andow et al.

1990; Lewis and Kareiva 1993; Shigesada and Kawasaki

1997). However, prior to modeling the spread of an invader

is the determination that a new invasion is occurring.

Thus, an analytical challenge is the quantification of the
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space–time properties associated with an emerging inva-

sion and the determination that these properties are char-

acteristic of a newly-established, reproducing population as

opposed to one that arrived but failed to establish itself.

The ability to rapidly and quantitatively ascertain the

existence and extent of an emerging biological invasion

could more precisely dictate the appropriate management

response, such as to deploy treatments aimed at eradication

or to increase monitoring efforts. Upon their arrival, new

invaders often exist at low abundance, which complicates

survey and detection efforts. Moreover, the analysis of

abundance data from initial infestations using conventional

parametric approaches can be problematic because they are

generally not robust enough to make any inference

regarding establishment. Yet, when eradication of a new

invader is a management goal, then a rapid response to the

invasion is critical since the feasibility and costs of eradi-

cation are directly related to the degree of establishment

(Rejmánek and Pitcairn 2002).

One approach in the analysis of rare or limited abun-

dance data in biological invasions is to consider epidemi-

ological methods, in which disease incidence can likewise

be rare and limited in scale. One particular goal of invasion

biologists and epidemiologists is not dissimilar; that is, to

quickly detect the presence (or absence) of the space–time

pattern associated with an establishing infestation. Such an

early warning system may facilitate the implementation of

aggressive management tactics prior to population increase

and spread. Initial detection data often involve extremely

low incidence levels, and are often limited temporally and

spatially. Thus, in most cases, distributions of data are

overwhelmingly dominated by zeros, highly skewed, and

more often than not close to binary (i.e., presence/absence),

all of which can supplement the inherent challenges of

analyzing spatially and temporally autocorrelated data

(Clifford et al. 1989). Many epidemiological methods, in

contrast, were developed based on the incidence of a par-

ticular case of disease (i.e., presence), and therefore could

have applicability to the analysis of rare data from bio-

logical invasions. In this paper, I used space–time data

from a newly-establishing population of the gypsy moth,

Lymantria dispar, a nonindigenous insect pest in North

America, to investigate its space–time patterns using the

fundamental basis of the Knox test for space–time inter-

action, a commonly used statistic in epidemiological

investigations (Knox 1964a, b).

Materials and methods

Study system and data source

The gypsy moth, native to Eurasia, was introduced outside

of Boston, Massachusetts, in 1869, and is now widely

distributed over much of the eastern United States includ-

ing portions west to Wisconsin and south to Virginia

(Fig. 1) (Tobin et al. 2004). The gypsy moth is a defoliator

of over 300 species of deciduous and coniferous host trees

(Elkinton and Liebhold 1990). It is univoltine and over-

wintering eggs hatch in the spring. Adults generally emerge

in mid- to late summer and, in the United States, females

do not fly and generally oviposit within 1–2 m from the site

of their emergence (Odell and Mastro 1980). Forms of

dispersal include adult male flight, ballooning early instars,

and the anthropogenic movement of gypsy moth life stages.

Space–time data of a newly-establishing population was

based upon count data of male gypsy moths measured from

grids of spatially referenced pheromone-baited traps. Traps

were deployed from 2000 to 2005 over an approximate

9,700 km2 area over portions of St Louis, Lake, and Cook

counties in northeastern Minnesota, USA, along Lake

Superior (Fig. 2), which is located at a considerable dis-

tance from the area currently under the United States gypsy

moth quarantine (Fig. 1). Traps were set by the Minnesota

Department of Agriculture as part of a United States

Department of Agriculture national gypsy moth manage-

ment program (cf. Tobin et al. 2004). Traps were generally

placed approximately 2 km apart, though occasionally

traps were placed 500–1,000 m apart when increased spa-

tial resolution was required to more precisely determine the

spatial extent of a possible gypsy moth infestation. The

number of traps deployed in each year, and the corre-

sponding frequency distribution of moths per trap, is pre-

sented in Table 1, which highlights the rarity in moth

abundance but also a gradual increase in abundance that is

perhaps common to many newly-establishing biological

invaders.

Fig. 1 The area of the United States that is currently under

quarantine for the gypsy moth, Lymantria dispar (gray area), 2005.

The closed circle represents the city of Medford, where the gypsy

moth was introduced in 1869. Its current distribution extends to

Wisconsin (WI) to the west and Virginia (VA) to the south. Data from

Minnesota (MN) were used in this analysis
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Index of space–time interaction

One common statistical tool used in epidemiology to

measure space–time clustering is the Knox test (Knox

1964a, b, 2002; Mantel 1967; Bailey and Gatrell 1995;

Baker 1996, 2004; Kulldorff and Hjalmars 1999). This

statistical tool is based on the notion that each pair of data,

such as two cases of a disease, is separated by some

measurable distance in both space and time. By using

prespecified thresholds of spatial and temporal distance

boundaries, it is possible to determine pairs of data that are

concurrently ‘‘close’’ in space and time relative to pairs

that are not (Fig. 3). A large number of pairs jointly close

in space and time suggest space–time clustering, which

furthermore often corresponds to the presence of an

infectious process (Baker 1996). A summary of the use of

Knox’s index in hypothesis testing is provided by Bailey

and Gatrell (1995) and Baker (1996). In large data sets

(Barbour and Eagleson 1986; Baker 2004), a null statistic

can be developed by assuming that in the absence of space–

time clustering (i.e., random distribution of events in space

and time), then the number of observed pairs determined to

be concurrently close in space and time (X) should

approximate a Poisson distribution,

X � Poisson
S� Tð Þ

n(n� 1)

� �
; ð1Þ

in which the mean of the distribution is equal to the product

of the number of pairs that are close in space irrespective of

time (S), and close in time irrespective of space (T), given n

individual cases (Bailey and Gatrell 1995).

Application to biological invasions

Analogous to space–time clustering of an infectious dis-

ease could be the space–time patterns associated with the

establishment of an invading organism. One critical limi-

tation to Knox’s method is the requirement that space and

time threshold boundaries, which are used to designate

pairs of data concurrently close in space and time, are

specified a priori (Bailey and Gatrell 1995; Baker 1996). In

investigations of space–time processes, this is not trivial

because it may not be known what is ‘‘close’’ in space and/

or time. Rather than relying on prespecified threshold

boundaries, I instead determined the number of pairs of

data concurrently close in space and time across a range of

spatial and temporal boundary thresholds (cf. Baker 1996).
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Fig. 2 Counties in Minnesota, USA, with pheromone-baited traps to

monitor gypsy moth males between 2000 and 2005. The star indicates

the Minnesota state capital (St. Paul). Dots indicate trapping locations

for 2005

Table 1 Trapping details of gypsy moth, Lymantria dispar, in

portions of St Louis, Cook, and Lake Counties, Minnesota, USA

Year No. of

traps

Number (%) of traps recording Maximuma

0 moth 1 moth ‡2 moths

2000 1,783 1,763 (98.9) 16 (0.9) 4 (0.2) 9

2001 1,361 1,338 (98.3) 22 (1.6) 1 (0.1) 4

2002 1,287 1,266 (98.4) 18 (1.4) 3 (0.2) 2

2003 1,820 1,789 (98.3) 27 (1.5) 4 (0.2) 2

2004 1,915 1,706 (89.1) 173 (9.0) 36 (1.9) 5

2005 3,418 2,789 (81.6) 401 (11.7) 228 (6.7) 6

a Maximum number of male moths recorded at any one trapping

location
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Fig. 3 Pairs of data can be expressed based on the distance that

separates them in space and time. Within the spatial and temporal

range of the data, one can define spatial and temporal threshold

boundaries that denote pairs that are concurrently close in space and

time (shaded region)
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Thus, I varied the spatial threshold boundaries from 0.5 to

10 km in increments of 0.5 km (given the spatial resolution

of deployed traps), used temporal threshold boundaries of

1, 2, or 3 years, and determined the number of pairs close

in both space and time for each set of spatial and temporal

threshold boundaries (i.e., 0.5 km and 1 year, 0.5 km and

2 year, ..., 10 km and 2 year, 10 km and 3 year).

Testing for space–time interaction

Baker (1996) developed an approach for a critical test

statistic for use in hypothesis testing of space–time inter-

action, given that space–time data are unreplicable, and

conceptually, I employed the same philosophy. In lieu of a

prespecified statistical distribution, I used a bootstrapping

approach to generate a theoretical distribution of space–

time randomness with which empirical observations can be

compared. Let Nt be the total number of sampling locations

(i.e., trap coordinates) in year t, and Lt be the number of

sampling locations that recorded a ‘‘presence’’ value, de-

fined as a nonzero male moth capture from a trap. I then

randomly selected Lt spatial coordinate pairs (i.e., x and y

coordinates) from Nt. This was repeated for each year, in

which t = 2000–2005. Pairs of spatial coordinates were

selected with replacement. After selecting random loca-

tions for each year over the temporal ranges of the data, the

number of pairs that were concurrently close in space and

time were counted across the same spatial and temporal

threshold boundaries used in the analysis of the empirical

data. This constituted one iteration, and a distribution was

based on 500 iterations of a random space–time series from

which I estimated the median and 95% confidence intervals

using the 2.5 and 97.5 percentiles of the distribution (Efron

and Tibshirani 1993).

I also sought to derive a theoretical signature of the

space–time pattern under an idealized space–time process.

In this scenario, 0.5% of sampling locations from all traps

deployed in Minnesota in 2000 were initially selected at

random, and 0.5% was chosen because it was a conserva-

tive approximation of the initial percentage of traps in 2000

that recorded a nonzero moth capture (1.2%; Table 1).

Then, using all trap locations from 2001, any location

within 1 km of previously chosen locations was selected.

Traps are generally deployed 2 km apart and, in practice,

can be placed within a 500-m radius of the precise trap

deployment coordinates. Thus, using 1 km as a threshold

ensured that the same general locations were selected from

year-to-year, and also captured new neighboring trap

locations. This was continued through 2005 and constituted

one iteration. This approach simulated population persis-

tence in space through time and dispersal to nearby loca-

tions in the absence of stochasticity and extinction. The

number of pairs were counted across the same spatial

threshold boundaries used in prior analyses of the Minne-

sota data (0.5–10 km, in increments of 0.5 km), but, based

on prior results, only a temporal threshold boundary of

1 year was used. For each new iteration, a new 0.5%

selection of locations from 2000 was used, and a distri-

bution was estimated based on 500 iterations. Although

ecologically unrealistic, this scenario was specifically used

as an example of one extreme space–time process, with the

other being the signature obtained from a completely ran-

dom process. Analyses and simulations were conducted in

R Development Core Team (2005).

Results

The empirical data from Minnesota indicated a high degree

of space–time clustering across a range of spatial and

temporal threshold boundaries, and the patterns were sig-

nificantly different from those values obtained from a

distribution based upon random space–time locations

(Fig. 4). Increasing the spatial and temporal threshold

boundaries intuitively revealed that increasing these

boundaries, even for a random space–time process, resulted

in an increase in the number of pairs of data concurrently

close in space and time. This result suggested that the

space–time pattern observed from the empirical data in

Minnesota was evidence of an established, reproducing

gypsy moth population as opposed to one that was a result

of repeated and random introductions.

Although the empirical data indicated a space–time

pattern that was significantly different from a random

space–time process, it was also quite different from an

idealized population simulated when assuming space–time

persistence and in the absence of stochasticity and extinc-

tion (Fig. 5). This was somewhat expected because many

biological invasions are influenced by the presence of

stochasticity—demographic and environmental—and par-

ticularly by the role that Allee effects plays in newly

founded colonies (Keitt et al. 2001; Liebhold and Basco-

mpte 2003; Lockwood et al. 2005; Whitmire and Tobin

2006). Moreover, despite the bias in traps towards selecting

males, which, because females are not sampled, may

overestimate the range of reproducing populations, there is

evidence supporting successful establishment in this par-

ticular region.

The ecology and seasonality of the gypsy moth sug-

gested that temporal and spatial threshold boundaries for

analyzing the gypsy moth data could have been approxi-

mated and prespecified. For example, gypsy moth univol-

tinism would support defining a temporal threshold of

1 year. Similarly, movement in space is thought to be

limited due to the flightless females, suggesting small

spatial thresholds. However, an exploration of the
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space–time interaction over a range of values was a critical

component to understanding the space–time interaction

when applied to biological invasions. The fact that the

empirical space–time pattern was consistently different,

regardless of the spatial and temporal boundary threshold

(Fig. 4), from the pattern obtained from a random process

provides more evidence of an established gypsy moth

population in this portion of Minnesota.

Discussion

The space–time pattern for an invasion process in which

repeated introductions are spatially and temporally random

should be distinctively different those in which successful

establishment followed some introduction event. However,

it is not always trivial to determine when an invader has

successfully established itself in a new area, and in many

cases, data upon which to base an assessment are limited.

The potential of a nonindigenous species to invade new

habitats can be considerably complex, and is often

dependent on the details of the organism’s natural history

(Crawley et al. 1986; Rejmánek and Richardson 1996;

Goodwin et al. 1999; Kolar and Lodge 2001). Invading

biological organisms thus may exhibit considerable vari-

ability in their respective ability to establish. For example,

bark beetles (Coleoptera: Scolytidae) that depend upon

mass attacking mechanisms to overwhelm host tree de-

fenses (e.g., Raffa and Berryman 1983) may have a low

invasion probability because of the density requirements of

the founder population. In contrast, parthenogenic organ-

isms could have a particularly high level of invasiveness

because recognized causes of Allee effects, such as the

difficulty in finding mates at low population densities, are

inconsequential. Allee effects collectively refer to a decline

in the growth rate of a population with a decline in its

density, and causes include the inability to locate mates,

inbreeding depression, and failure to satiate predators

(Courchamp et al. 1999). Allee effects have been observed

to play an important role in the establishment of isolated

gypsy moth colonies (Liebhold and Bascompte 2003;

Whitmire and Tobin 2006) and in its spread (Johnson et al.

2006; Tobin et al. 2007b). Knowledge of a species’ inva-

sion potential, though critical, is not generally known, and

sound management decisions could be optimized if an

accurate assessment of establishment is made.

The gypsy moth invasion in North America provides a

robust motivational data set upon which to determine if
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epidemiological approaches, such as the Knox index of

space–time interaction, could be applied to biological

invasions. Gypsy moth is one of the best-documented

biological invasions in North America (Tobin et al. 2007a).

Newly-establishing populations are continuously moni-

tored through the extensive deployment of grids of pher-

omone-baited traps ahead of the endemic area (Tobin et al.

2004), which provides a data source that can be used to

assess a space–time pattern during the initial invasion into

a new area, and thus potentially reflects the process that is

common to other biological invasions. Future work could

use this motivational data set to explore the applicability of

other epidemiological methods in analyzing the establish-

ment of biological invaders, such as the concept of hazard

modeling (Lawson and Denison 2002).

Epidemiologists have long been interested in the spatial

and temporal properties of an emerging infectious disease,

and map-making approaches to facilitate this assessment

date at least as far back to the 1854 cholera epidemic in

London (Brody et al. 2000). Statistical approaches in

quantifying spatial pattern formation of disease dynamics

are theoretically and empirically robust (Knox 1964a, b;

Mantel 1967; Marshall 1991; Baker 1996, 2004), and are

based upon the strong tendency for cases of infectious

diseases to be clustered over spatial and temporal scales

(e.g., Grenfell et al. 2001). Biological invasions, particu-

larly in newly-establishing populations, can also be inher-

ently clustered, and methods developed within the context

of epidemiological investigations could also be applicable

in the study of invasions, particularly in cases where a new

invader is continuously being detected. In such cases, the

question remains if repeated detections are simply the re-

sult of repeated, and random, introductions, or if estab-

lishment was successful following introduction. Because

the management decision could be completely different

depending on whether or not establishment was successful,

a quantitative and statistically robust approach to assessing

establishment, even with limited data, could be valuable.

The concept of an early warning system to rapidly detect

an emerging threat, such as an increase in disease inci-

dence, has been previously suggested as a basis for the

development of a rapid response to the threat (Mostashari

et al. 2003), and many invasion biologists have a similar

goal. However, since resources to tackle invasions are

more often than not binding, resource prioritization is ex-

tremely critical in management efforts and particularly for

those that attempt eradication. Environmental and demo-

graphic stochasticity, coupled with Allee effects, can play

important roles in the establishment of a new invader and,

hence, not all invasions are successful. Moreover, the time

from initial arrival to establishment can vary from species

to species. Using epidemiological methods, such as the

one I explored in this paper, to quantify the spatial and

temporal patterns in biological invasions could accomplish

the goals of identifying a newly establishing invader, which

may determine if post-detection surveys are necessary, and

assessing the relative degree of establishment, which

facilitates the development of an appropriate and feasible

management response.
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