


population to grow—budding populations attain a positive growth
rate and can establish.

Allee effects have been recognized as important in theoretical16–18

and empirical19,20studies of invasions21. There are several studies that
show Allee effects at low densities of gypsy moths22–24, but estimates
of the Allee threshold are usually approximate because most counts
are zero, and high observation error and demographic stochasticities
are inevitable consequences of low abundance. The current gypsy
moth containment programme offers an exception because of its
extensive grids of pheromone-baited traps (.100,000 traps per year),
which are sensitive to extremely low moth densities along the inva-
sion front. The result is what we believe to be the clearest illustration,
and the most detailed quantification, of an Allee threshold in the
gypsy moth (, 17 moths per trap). The programme also allows us
to estimate a ‘carrying capacity’. The notion of a carrying capacity is
nebulous for widely fluctuating species like the gypsy moth because it
is unlikely to represent a stable attractor. However, with a working
definition of carrying capacity as the upper threshold, below which
populations are more likely to increase than decrease and above
which the reverse is true, we pinpoint the ‘carrying capacity’ at
around 687 moths per trap (the converse is our working definition
of the Allee threshold; see Supplementary Information A), and were
able to estimate the parameters of our model.

With stratified diffusion15, large-scale range expansion is initiated
by the seeding of nascent colonies that are isolated from the current
range. These are usually of low abundance, particularly when the
donor population is sparse. Without a strong Allee effect, these nas-
cent populations will grow and, according to standard theory, inva-
ders should establish—possibly with an allowance for resource
fluctuations25—from any number of colonizers. When models lack
an Allee effect or stratified diffusion, the simulated invasion rate also
lacks periodicity (see Supplementary Information B). By contrast,
strong Allee effects allow nascent populations to grow and invasion
to progress only if the number of colonizers exceeds the Allee thresh-
old. Thus, range expansion can resume only when the donor popula-
tions have grown large enough—the ‘donor threshold’—to provide
sufficient numbers of emigrants for further spread. Strong Allee
effects, therefore, might induce donor thresholds and result in punc-
tuated and pulsed invasions. The frequency of pulsing is determined
by the time required for the population density in a newly colonized
location to exceed the donor threshold.

These conclusions stem from a spatially explicit model on a one-
dimensional discrete landscape of local populations that grow
according to a 2nd-order Moran–Ricker model26,27 (parameterized
to reflect key features of gypsy moth dynamics), and spread according
to an exponential dispersal kernel but with occasional long-range
dispersal (‘stratified diffusion’). With an Allee threshold and
post-invasion fluctuations around the carrying capacity mirroring
that observed in the data, and with stratified diffusion, invasion is
predicted to be pulsed with a 4-yr period (Fig. 4). This matches the
periodicity observed in the 1960–2002 quarantine records. We

increased dispersal distance to more closely approximate continuous
space, and showed that periodic pulses are not artefacts of the dis-
crete-space model (see Supplementary Information C). Moreover, a
simplified, continuous-space (point-process) model confirms peri-
odic pulses of invasion in a model with an Allee effect (see
Supplementary Information D). Sensitivity analyses show that the
prediction of periodic invasion pulses is robust against moderate
variation in the model parameters, and indicates that first- or sec-
ond-order density dependence, the magnitude of environmental sto-
chasticity, or the presence/absence of population cycles has
no qualitative effects on the prediction (see Supplementary
Information E). These results indicate that stratified diffusion might
be a key ingredient in the production of invasion pulses, a conclusion
that is consistent with the previously published models with Allee
effects, but without stratified diffusion, that lack invasion pulses18.

The time for a nascent population to increase to the donor thresh-
old will depend on three factors: the magnitude of the Allee threshold,
the growth rate of a population at low densities, and the emigration
rate. The invasion period observed here (4–5 yr) is approximately half
of the outbreak cycle (9–10 yr). Thus, the time for newly established
populations to grow sufficiently large to serve as donor populations is
similar to the time for a resident population to grow from low to
outbreak levels, leading us to hypothesize that the donor threshold is
crossed as populations near the expanding population front approach
outbreak levels. In the model, invasion pulses are not synchronized
with regional gypsy moth outbreaks because newly colonized popula-
tions are initially asynchronous with long-established populations.
But invasion pulses are themselves spatially synchronous (Fig. 2),
indicating that the growth of these populations is synchronized along
the invasion front. The extensive data on gypsy moth populations
might provide an excellent opportunity to test this prediction.

Understanding the processes that underlie observed patterns is
key to devising successful management plans for invasive species.
Slowing the spread of the gypsy moth is a priority in forest manage-
ment in the United States. The current containment programme7,8

aims to eradicate new populations beyond the established invasion
front. Our results indicate that the invasion might also be slowed by
suppressing outbreaks near the invasion front, to reduce the number
of dispersers to below the donor threshold. The robustness of our
model’s prediction of periodic invasion pulses in the face of variation
in most parameters except for the Allee effect is intriguing; if Allee
effects and stratified diffusion are important in other invaders, it
might be of interest to look for their footprint in patterns of pulsed
invasion. Wherever they are found, suppression of donor population
densities could be as important as extinguishing nascent foci to the
control of a biological invasion.

METHODS
The data.The data are, in part, from the historical, county-level, gypsy moth
quarantine status (US Code of Federal Regulations, Title 7, Chapter III, Section
301.45-3) as reported by the US Department of Agriculture (USDA) since 1934
and compiled in a geographical information system5. The spread has been
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Figure 3 | Periodic invasion pulses in the gypsy moth. a, The number of
counties quarantined for gypsy moth in each year from 1960 to 2002. b, The
periodogram (solid line) reveals a significant 4-yr period in the rate of
invasion by the gypsy moth. The dashed line represents the 95% null
distribution from the randomization test.
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Figure 4 | Simulation model. a, Time series of invasion rates (number of
cells invaded) during a theoretical invasion in the model with an Allee effect
and stratified diffusion. b, The power of periodicity, calculated from spectral
analysis, of invasion pulses show a peak around 4 yr. The periodicity was
smoothed by averaging moving windows of 10 periodicities.
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through expansion into contiguous counties with the exception of a disjunct
population in central Michigan (excluded in our analysis).

As a part of the effort to slow the gypsy moth’s spread across the United States,
intensive monitoring efforts have been focused around the invasion front. Every
year, around 150,000 pheromone-baited traps are deployed across an area that
currently covers 344,000 km2 (ref. 8). In central Virginia and West Virginia, data
were collected annually from 1988 to 2004. Each year, more than 13,000 traps
were placed at 2-, 3- or 8-km inter-trap distances up to 150 km from the border
of the gypsy moth invasion front8. The trap data were transformed using
log1011, and interpolated at a 1-km scale using median indicator kriging28.
The resulting smoothed surface for each year was used to estimate isoclines of
1, 3, 10, 30 and 100 moths per trap. Local invasion rates were subsequently
calculated by measuring the isocline displacements in consecutive years at fixed
intervals29 (Fig. 1) along the isoclines (see Supplementary Information A).

The Allee threshold and ‘carrying capacity’ were estimated from the phero-
mone-baited trap data by quantifying the patterns of increase and decrease in
trap capture for each year (see Supplementary Information B).
The model.The model is a spatially extended, stochastic, second-order Moran–
Ricker model26,27—represented here on the natural scale as opposed to the com-
mon log-linear formulation26—with an Allee effect:
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(ani,t{ 1)(ev
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b
i,t{ 2)
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c2z n2
i,t{ 2

 !

(dt
ij)

" #
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Here,ni,t is the abundance at locationi in generationt anda is the maximum
population growth rate. We pinpoint this parameter at 26.3 because, along with
the specific parameters of density-dependence (see below), this makes the model
mirror the post-invasion fluctuations around 687 captures per trap that are seen
in the historical data (see Supplementary Information A). The second term,ei

v,
represents unit-mean, log-normally distributed environmental stochasticity in
population growth. On the basis of the general understanding that such stochas-
ticity arises from a combination of local (s ) and regional (r ) processes, we model
n as the mixturerr i,t 1 (1 –r)st, wherer i,t andst represent zero-mean random
Gaussian variates each with a varianceu, andr represents the relative importance
of the local versus regional variability. In our analyses we set the regional versus
local stochasticity at 75%:25%27and arbitrarily setu at 0.4. The parametersaand
b represent the strength of first- and second-order density-dependence, respect-
ively. These have previously been estimated ata5 –0.1 andb 5 –0.4 from gypsy
moth time-series data27, reflecting the noisy 10-yr cycle of gypsy moth outbreaks.
The fourth term represents a sigmoid Allee effect, for whichc 5 0 denotes no
Allee effect. We use the empirical value ofc 5 39.4, which produces an Allee
threshold of 17 individuals in the model (see Supplementary Information A). In
the simulation, we considered a one-dimensional landscape consisting of 1,000
locations. Each location cell was linked through dispersal according to an arbit-
rarily scaled exponential kernel (t 5 –0.19) with a maximum local dispersal
distance of 100 cells (dij is the distance between cellsi and j). Jump dispersal,
according to a stratified diffusion process13,15, has a proportion of the population
(w)—arbitrarily set at 0.005—jump a distance (k) as randomly selected from a
uniform distribution on the integers [100, …, 200]. Sensitivity analyses of all
parameters are provided in Supplementary Information E.
Spatial analysis.Isocline displacements inall pairs of consecutiveyears, from 1988
to 2004, were used to quantify the spatial synchrony of invasion rates at stationary
spatial locations (Fig. 1). The spatial correlation of invasion rates in the time series
was analysed using a nonparametric spatial correlation function30in R.Confidence
intervals were constructed using bootstrap resampling based on 500 iterations.
Spectral analysis.Periodograms were used to identify periodicity in both the
empirical data and simulated models of invasion dynamics. With respect to the
Allee effect, we defined an invasion pulse as when a nascent population beyond
the invasion front first attains a positive growth rate (excluding migration). For
the empirical data, significance levels for powers of periodicity were calculated
through randomization tests using 10,000 permutations. Because the spectral
analyses on the model (Fig. 4, Supplementary Information B) were calculated
from a simulation with , 5,000 invasion pulses, the spectral powers were
smoothed with moving averages across windows of 10 periods (the windows
covered a very small periodicity range, especially at periodicities below 10 time
steps). Significant periodicities were assessed by comparing the maximum power
of periodicity to a distribution of maximum powers of periodicity from 10,000
resamplings of the time series with replacement.
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