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Summary 

1. Previous studies or insect dynamics have detected spatial synchrony in intraspecific 
population dynamics up to, but not: exceeding, 1000 km. Oddly, interspecific synchrony 
has recently been reported a1 distances well over 1000 ktn (at continental and circunlpolar 
scales). While the authors implicated climatic effects as the cause for the apparent large- 
scale interspecific synchrony, there is no evidence that weather data are synchronized 
over such great distances. 
2. Ln the present study, intras@cific circumpolar synclxony in the gypsy moth, Lymmmia 
dispcrr (L.), was tested for among 11 regions across three continents (North America, 
Europe and Asia). Analyses indicate that most gypsy moth populations around the 
world tend to oscillate at periodicities between 8 and 12 years. 
3. These oscillations were synchronized at distances up to c. 1200 km w i t h  continents., 
There was no evidence for intraspecific synchrony of gypsy moth populations between 
continents. 
4. We suggest that previous reports of interspecific syncl~rony among insects at scales 
much greater than 1000 km may suffer from spurious correlations among oscillating 
populations. 

Key-wor& insect outbreaks, Lymc~ntria di.~par, periodicity, spatial synchrony, wavelet 
analysis. 
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Introduction 

A common characteristic of the population dynamics 
of most aninla1 populations is the apparent syncluony 
of oscillations among geographically disjunct populations 
(Smith 1983; Ranla et ul. 199%; Ranta, Lindstrom 
& Linden 1995b; Larnbin cz a/. 1998: Bjmnstad, Inls 
t Lambin 1999; Zhang & Alfaro 2003; Liebhold, 
Koenig & Bj~rrnstad 2004). Three explanations are 
frequently posed to explain this synchrony: (1) small 
numbers of individi~als dispersing among populations, 
(2) small numbers of individnals of enemies dispersing 
among populntions and (3) a relatively small but syn- 
chronous random exogenous effect. An example of a 
synchronizing exogenous effect is random fluctuations 
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in weather, referred to as theCMoran eKect7(Moran 1953). 
Studies have demonstrated the existence of intraspe- 
cific synchrony over spatial scales up to 1000 km in 
seveml forest insect species (Liebhold, Kamata & Jacob 
1996; Liebhold & Kanlata 2000; Williams & Liebhold 
2000; Peltonen et 01.2002 Zhang & Allaro 2003; 0kland 
& Bj~rnstad 2004). In addition, synchrony between 
sympatric populations of two or more species of lbrest 
insects has also been noted in several cases (Miller & 
Epstein 19SG; Hawkins & Holyoak 1998; ~ y e r s  4 998; 
Rain~olldo er al. 2004a; Raimondo et a[. 2004b). An 
extraordinary theory was advanced by Myers (1998) that 
populations of different forest insect species through- 
out the northern hemisphere are synchro~ized. Myers 
reported that outbreaks were associated with spccific 
weather condilions (cool springs) and specific stages 
in the solar cycle (troughs) and concluded that this cir- 
cunlpolar interspecific syncl~ronization was an example 
of the Moran effect. Technically, the phenomenon 
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observed by Myers should not be classified as a Moran 
eKect; in Moran's original work, he hypothesized that 
the dynan~ics of two populations wercdetennined prim- 
arily by density-dependent processes, L ~ L I ~  a s~nall b ~ ~ t  
synchronized exogenous stocllastic effect (i.e. weather) 
could synchronize the populations. In contrast, Myers 
(1998) envisioned a system in which outbreaks were 
primarily ca~lsed by specific weather events. Hawkins & 
Holyoak (1998) f o ~ ~ n d  similar synchronization of popu- 
lations of different species of forest insects over thou- 
sands of kilometres. This transcontinental synchrony 
in Huctnations of populations was also ascribed to 
synchrony in specific weather events. 

The question remains as to whether the synchrony 
among populations separated by thousands of kilo- 
mcircs rcportecl by Myers(1998) and Hawltins&Holyoak 
( 1908) arc exceptions or the rulc; most other studies of 
population synchrony in Ibrest insects (Liebhold et trl. 
1996: Liebhold & Kamata 2000; Williams & Liebhold 
2000: Peltoncn 6.1 rrl. 2002; Zhang&All'aro 2003; Mkland 
SL Bjmnstad 2004) report more limited synchrony (up 
to approxiiwately 1000 lull). This more restricted scale 
of synchrony compares wiih the findings of Koenig 
(2002), that in most parts of the world synchrony in 
weather is generally limited to c, I000 km. 

One major difference between the studies of Myers 
(1998) and Hawkins & HoIyoak (1998) and the other 
studies of I'orest insect spatial synchrony is that the 
former measured interspecific sync11rony while the iat- 
ter studied intraspecific synchrony. In the present study 
we address the transcontinental synchrony of a single 
species: the gypsy moth, Lynunti-iu dispar (L.), which is 
distributed through most of the northern hemisphere 
and exhibits ou tbreaks through much of its range (Giese 
& Schneider 1979). If transcontinental synchrony were 
present, it is s~zrmised that it would be stronger within 
a single species in contrast to interspecific comparisons. 
Two aspects of synchrony among populations are 
addressed: synchrony in population fl~wtuations and 
phasc synchmny (= phase coherence). 

Populations of many animal species fluctuate with 
regular cycles in the order of 10 pears. Numerous 
mammal species in Canada, for example, have long bcen 
known to cycle a.1 approximately 10-year periodicitics 

Table I. Descriplion of historical records or gypsy moth defoli 

(Keith 1963). Forest Lepidoptera from the northern 
hemisphere often cycle with periodicities of 8-1 1 years 
(Kendall, Prendergast & Bjerrnstad 1998; Myers 1998; 
Liebhold & Kamata 2000). The most conmon hypo- 
theses to explain population oscillations are based on 
density dependent biotic interactions, is. predator-prey 
dynamics (Anderson & Erlinge 1977), maternal elyects 
(Rossiter 1894), induced plant defences (Baltensweiler & 
Fischlin 1988), host-parasitoicl interactions (Berryman 
1996) and disease dynamics (Myers 1993). Solar cycles 
have also been proposed as causal agents in oscillations 
of snowshoe hare and lynx in Canada (Moran 1949; 
Sinclair et al. 1993). However, the concept of climatic 
release as a cause of periodic population cycles has been 
queslioned both because of statistical concerns and the 
lack of periodicity in the climatic deviations that are 
thought to trigger outbreaks (Martinat 1987; Turchin 
& Berryman 2000). Although nlany processes are known 
to bc capable of producing oscillations, identifying the 
specific n~echanism operating in a given system is often 
dificult. 

Materials and methods 

Time-series that recorded the yearly forest area defoliated 
as a result of gypsy nlqth outbreaks were obtained from 
I I regions of the northern hemisphere: five states in the 
North-eastern United States (Connecticut, Massachu- 
setts, New Hampslure, New Jersey, and Vermont, USA), 
five European countries (Croatia, Hungary, Romania, 
Slovakia and Ukraine) and Japan. See Table 1 for 
descriptions of the origins of the data and areas of each 
region and Appendix I for raw values of these time 
series. The gypsy moth is not native to North America 
but it has been gradually expanding its range. Time 
series of defoliation in US states included only years 
after the entire state was infested at potentially defoli- 
ating levels (this was determined by only using data 
from 5 years after the entire state was designated by 
USDA quarantine regulations to be generally infested. 
Previous studies (Liebhold et al. 1994; Sharov, Liebhold 
& Roberts 1996) showed that at any location there is a 
typical 5-year lag between the time that a municipality 
is declared 'infested' and when defoliation commences. 

Country/state Years Land area (kmnz) Source of data 
-- 

Croatia 
fIunga1y 
Romania 
Slovak~a 
Ukraine 

Connecticut. USA 
Massachusetts. USA 
New Hampshire. USA 
Vermont. USA 
Ncw Jersey, USA 
.Tapall 

University of Zagreb, Zagreb, Croatia 
Forest Research Institute, Matrafured, I-Iungary 
Forest Research and Mawagement Lnstitute, Brasov, Rotnania 
Forest Research Institute, Zvolen, Slovakia 
Ukrainian Research Institute of Forestry & Forest Melioration, 
Kharkov, Ukraine 
USDA Forest Service, State and Private Forestry, Morgantown, WV 
USDA Forcst Service, State and Private Forestry, Morgantown, WV 
USDA Forest Service, Stale and Private Forestry, Morgantown. WV 
USDA Forest Service, Slate and Private Forestry, Morgantown, WV 
USDA Forest Service, State and Private Forestry, Morgantown, WV 
Japan Forcstry Age~~cy, Tokyo 
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Analysis of periodicity in defoliation intensity within 
each region was performed through wavelet analysis 
(Torrence & Conlpo 1998). Data from each location 
were log transformed (log,, + I) and normalized to a 
mean of zero and a variance of one. The Morld wavelet, 
a damped complex exponential, was used in the analysis. 
Global wavelet power spectra for all regions are pre- 
sented to illustrate graphically the strength of signal 
across periodicitics. Thc temporally averagcd dominant 
periodicity for each region was also reported. Sin~ilarly, 
periodicity analyses were performed using discrete 
Foouricr tra~isforms for comnparison. 

Wavelet phase relationships were compared among 
regions to quantify spatial synchrony in gypsy moth 
cycles. In acyclicalpopulation, as the population cycles 
from a trough to a peak and back to a trough again, the 
phase angle (measured in radians) changes from -n to 
0 to n, respectively. The n then changes to -n and the 
cycle is repeated. Wc measured the correlation in these 
phase angles as an indicator of spatial synchrony among 
the gypsy moth popillations (Grenfell, Bjornstad & 
Kappey 2001; Johnson, Bjmnstad & .Leibhold 2004; 
Liebhold et d. 2004). Phase values belween 8- and 10- 
ycar periodicities were focused upon in this analysis 
because nearly all the regions (except Japan) had strong 
periodicities within this range (see Results). Because 
phase states are circnlar, circular correlation estimates 
were used to measure inter-regional synchrony 
(Jammalamadaka & SenGupta 2001). Inter-regional 
distances from 0 to 1400 km (intracontinental) and 
from 6000 to 11 000 km (intercontinental) were com- 
pared separately because there were no inter-regional 
distances between these two ranges. Correlation coef-. 
ficients were calculated between the vectors of phase 
values at discrete periodicities between all regional 
pairings. These data wcrc bootstrapped I000 times by 
randomly sanlplingcorrelation coefIidents (from between 
the 8-1 0-year periodicity range) from all pairs of regions 
whose separalion distance fell within the specified intra- 
or intercontincnlal distances. From these 1000 sets of 
bootstrapped data, we created 1000 spatial smoothing 
spline correlograms of correlation as a f~~nction of dis- 
tance with a smoothing parameter equal to The 
a~~tocorrelation values at each smoothing spline break 
(each representing a lag distance) in each of the 1000 
smoothing splines were calc~ilated and then sorted in 
ascending order. Thus, the median autocorrelation 
values (5001h sorted value at each break) was used to 
estimate mcdian correlation while the 25th and 975th 
values were used to estimate the 95% confidence interval 
of the corrclogram. Smoothing splines were then fitted 
to each of these three sets of values to estimate the 
median and 95% confidence intervals of correlation as 
a function of distance. 

As a third measure of spatial synchrony, a spatial 
spline correlogram (Bjornstad & Falck 2001) was 
constructed from pairwise comparisons of changes 
in intensity of gypsy moth defoliatior~[log,,,(N,+, + 1)  - 
logl,(N, + I)]. Beca~~se all data were normalized, the 

sample autocorrelation pi,, between two sites i and j at 
time t was the product of the normalized data of the 
two samples at time t: 

where z,, is the nornlalized change in defoliation intensity 
in region i at time t .  Across all pailwisc comparisons of 
the I 1  regions (with ndtiplc temporal components) 
there were 2140 values of p. These data were boot- 
strapped 1000 times by randomly sanlpling2140 val~ics 
oi' p with replacement and recording the corresponding 
great circle distances (6) belween the respective regions. 
Two spatial correlogran~s with median and 95% con- 
fidence intervals were created for the two ranges of 
interpatch distance, as described above. 

Results 

Time-series oC defoliation intensity by the gypsy moth 
in 11 regions of the northern hemisphere are presented 
in Fig. 1. Donunant periodicities in eight of the 11 
regions ranged between 8 and 12 years (Table 2). The 
exceptions were Ukraine, with a dominant periodicity 
= 16.53 year, New Jersey with a dominant periodicity 
of 4.91 year, and Japan with a dominant periodicity of 
5.84 year. Note that even these exceptions had second- 
arily strongperiodicities between 8 and 12 years (Fig. 2) 
(althoughtl~at for Japan was only of moderate strength). 
Thus, all five US states had modes of strong periodicity 
between 8 and 12 years [although the periodicities were 
only significant (Ps -= 0.05) in New Hampshire and 
Vermont]. Connecticut had two other modes of strong 
periodicity, one around 5 years (P < 0-05) and the 
other at 16 years (P > 0.05). A11 five of the European 
countries had modes of strong periodicity between 7 
and 10 years [four of which were significant (P < 0.05): 
Croatia, Hungary, Romania and Slovakia]. Croatia 
had a second periodicity that was significant around 2- 
3 years (P < 0.05) and a third non-significant mode of 

Table 2. Dominant periodicities of gypsy moth population 
dynamics around the world based on wavelet analysis wit11 the 
Morlet wavelet function 

Region Dominant periodicity (years) 

USA 
Connecticut 
Massachusetts 
New Hampshire 
New Jersey 
Vermont 

Europe 
Croatia 
Hungary 
Romania 
Slovakia 
Ukraine 

Asia 
Japan 
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Ec010,ql: 74, Fig. 1. Log,, + 1 transformed defoliation inlensily data of the gypsy moth in 11 regions across the northern hemisphere (data are 
882-892 slandardized to f = 0 and variance = I ) .  



Connecticut 886 
D. M. Johnson 
et al. 

Q 2005 British 
Ecological Society, 
Journul of Alrirnal 
Ecolog~, 74, 
882-892 

New Hampshire 

Vermont 

4 8 16 
Period (years) 

Hungary 

4 8 16 

Slovakia 

Jaoan 

New Jersey 

Croatia 

4 8 16 
Period (years) 

Romania 

Ukraine 

Period (years) 

J 
4 8 16 

Period (years) 

Fig. 2. Global periodicity spectrum of gypsy moth outbreaks across 11 regionsin thenorthern hemisphere. The solid lineindicates 
strength of perindicities. Periodicity strenzths above the dashed line indicate significant periodicities at the 95% confidence level. 



887 strong periodicity at around 10 years. Japan had two 
Circ~~nipolur. significantly strong periodicities, one at around 3 years 
variation in g jpsy  and the second at around 5-6 years. Overall, the peri- 
nwlh ourbrerrks odograms reveal that the periodicity of gypsy moth 

dynamics were similar among the stdes of the US and 
thc countries of Europe. Japan, on the other hand, had 
a shorter dominant periodicity. Despile the strong 
pcriodicities in the 8-12-ycar range most wcrc insigni- 
ficant, possibly because some of the time-series wcrc 
somewhat limited in scale. For example, the shortest 
time scries wo~ild capture only three cycles at a 10-year 
pcriodicily, a t  which scale only a very strong periodic 
signal would be significant. Periodograins constructed 
from discrete Fo~~rier  transfornls also revealed strong 
periodicities at the 8-12-year range at ail sites, and sec- 
ondary periodicities from 4 to 7 years at most sites. 

Fluctuations in gypsy moth defoliation intensity was 
positively correlated between regions that were less 
than 1300 km apart in 18 of 20 pairwise comparisons. 
The spatial correlogram indicates that defoliation 
in regions that were less than c .  1200 km apart were 

Distance (km) 

-0.3 1 
6000 7000 8000 9000 10000 11000 

Distance (km) 

Fig. 3. Spatial covariance function (solid lines) estimated 
rrom gypsy moth defoliation data with 95% confidence 
intervals (dashed lines). The horizontal solid line represents no 
correlation (= 0). Intraco~itinental comparisons are presented 

Q 2005 British in (a) and ~ntercontinental comparisons are presented in (b). 
Ecological Society, The horizontal dash-dotted line in (b) indicates the average 
Jourrraf of Aninznl correlation across the entire range of intercontinental distances 
Ecolog~: 74, (6000-1 1 000 km) and the horizontal dashed lines represent 
882-892 the 95% conlidence inlerval. 

positively correlated (P < 0.05, Fig. 34 .  In comparison, 
there was significant positive correlation between 
wavelet phase values at interpatch distances only up 
to 600 ktn (intracontinental comparisons, Fig. 4a). At 
great circle distances greater than 6000 km, however, 
19 of 35painviseconlparisons of changes in defoliation 
intensity were positively correlated, which is close to 
the 50% of comparisons that could be expected to be 
positive by chance. The spatial correlograln at thcse 
distances indicates no synchrony in fluctuations at dis- 
tances greater than GOO0 km (Fig. 3b). The average cor- 
relation of comparisons between 6000 and 11 000 kin 
was approximately 0.01 and was not significantly 
different frornzero. Similarly, in transcontinental com- 
parisons of phase values, the average correlation was 
less than 0.1 and revealed no significant synchrony 
between 6000 and 11 000 krn (Fig. 4b). In short, these 
results reflect synchrony in the population dynamics of 
thegypsy moth within a continent (the US and Europe), 
but no evidence for synchrony at transcontinental dis- 
tances between 6000 and 11 000 km. 

-0.3 L 
0 200 400 600 800 1000 1200 1400 

Distance (krn) 

Dlstance (km) 

Fig. 4. Spatial covariance function (solid lines) estimated 
fro111 wavelet phase values with 95% confidence intervals 
(dashed lines). The thick horizontal solid line represents no 
correlation (= 0). Intracontinental cotnparisons are presented 
in (a) and intercontinental coinparisons are presented in (b). 
The horizontal dash-dotted line in (b) indicates the average 
correlation across the entire range of intercontinental 
distances (6000-1 1 000 km) and the l~orizontal dashed lines 
represent the 95% confidence interval. 
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Spatial synchrony among geographically disjunct 
populations of thc same species is a common pattern 
among many species andcould be the result of a number 
of processes, such as the M oran effect (Moran 1953) or 
dispersal (Bjernstad el ul. 1999). Peltonen et ul. (2002) 
analysed historical maps of defoliation and compared 
patterns of intraspecific spatial synchrony among six 
species of Ibrest insects (including the gypsy moth). 
Because they found that synchrony was not cxtended 
over longer distances in species of insects with wpa- 
cities for movement IIILICII greater than North American 
gypsy moths (which have limited movement capabilities 
clue lo the lack of flight by adult females), Lhey con- 
cluded  hat rcgional stochastici!~ (Moran effect) is a 
more dominant synchronizing agent of forest insect 
populations. The historical gypsy moth defoliation time 
scries that I'eltonen et nl. (2002) analysed wcre slightly 
direrent than the series analyscd here. Their series were 
shorter (1 976- 99) and were aggregated in 100 x 100 km 
cells. The analysis of Peltonen et al. (2002) indicated 
lliat gypsy moth outbreaks were synchronized over 
distances up to 600 km. Temperature and precipitation 
across the gypsy nmoth's range in the north-eastern 
US was synchronized over lag distances up to and greater 
than 800 km (Peltonen et a / .  2002), thus suggesting 
that thc regional stochasticity could be synchronizing 
gypsy moth outbreaks at this regional scale. They found 
no significant synchrony at distances greater than 
1000 km. The results of our analysis of populations 
across the northern hemisphere were varied, where sig- 
nificant synchrony was dctected up to 1200 km using 
spatial covariance analysis of defoliatioil series, but 
only up to 600 km using wavelet phase analysis. These 
results suggest that analysis of Rnctuations in defoli- 
ation was a more powerful method for detecting syn- 
chrony than wavelet phase angle analysis. There was 110 
evidence for synchrony in gypsy 1110th outbrealts at 
intercontinental distances between 6000 and 1 1 000 kin. 

Thus, there is no evidence for intercontinental syn- 
chrony among gypsy moth populations in this study. 
'I'his is surprising, considering the finding of inter- 
specific synchrony in forest insect outbreaks (including 
the gypsy moth) over thousands of kilometres by Myers 
(I 998) and Hawkins & Holyoalc (1998). Moreover, Selas 
et ui. (2004) propose that forest insect outbreaks may 
be causcd indirectly by low sunspot activity, which 
would result in global synchrony. Thc authors reason 
that UV-B radiation from the sun peaks in periods of 
low sunspot activity (Rozema et a/. 2002), causing trees 
to respond by increasing the production of UV-B pro- 
tective phenolics at the expense of production orchem- 
icals for herbivore resistance. This possible mechanism 
for global synchrony in forest insect outbreitks requires 
further scrutin): and apparently does not apply to the 
outbreak dynamics of the gypsy moth based on the 
results of' the current study. Myers (1998) reported 
seven gypsy moth outbreaks in Europe from 1934 and 

1985, and seven outbreaks in Vermont from 1941 to 
1990. In 2 years outbreaks were simultaneous in both 
regions. To test whcther this is a significant number of 
synchronous outbreaks, a Monte Carlo simulation model 
was run and outbreak series were replicated 10 000 
times for each region (Vermont and Europe). In the 
model, the first outbreak was restricted lo occur in each 
region independently sonlewhere between 1934 and 
1941 (this range was selected because it is the empirical 
range of the first outbreaks, and 8 years is the mean 
inter-val between outbreaks). Then six more outbreak 
years were selected randomly based on the observed 
distributions of time intervals between outbreaks (from 
the empirical data) in Vermont and Europc, respectively. 
For example, if the first outbreak occurred in Vermont 
in 1940, and the randomly selected time interval was 
10 years, then the next outbreak occurred in 1950, and 
so forth until each region had had seven outbreaks. 
Time intervals between outbreaks were selected with 
replacement. The distribution of the number of co- 
occurring outbreaks in each replicate was calculated. 
The result indicated that at least two co-occurring out- 
breaks could owur randomly 18% of the time; thus, the 
observed coincidence could occur by chance without 
any synchronizing effect. The analyses used by both 
Myers (1998) and Hawkins & Holyoak (1998) are 
based on the probability of coincidence of outbreaks 
anddidnot take into account the periodic behaviour of 
populations. However, it is well known that two time- 
series that are serially dependent andlor oscillatory are 
prone to spurious correlation (Royanla 1992; Bt~onaccoai 
era]. 2001; Brockwell & Davis 2002). Temporal auto- 
correlation violates the assumption of independence 
among sanlples that is implicit when testing the signi- 
ficance of correlation between two series. Furthermore, 
many insect species oscillate with similar periods 
(Kendalk et al. 1998) and coincidence of peaks is likely 
to occur by simple chance. Thus, the ~onclusions of 
global synchrony proposed by Myers (1998) and Hawkins 
& Holyoak (1998) must be questioned. 

Periodic fluctuations in population size are pervasive 
across many species. Of nearly 700 tune-series of 25 years 
or longer, 30% exhibited periodic cycles (Kendall et al. 
1 998). Interestingly, an inordinate numbcr of species 
around the world appear to have periodic cycles of 
approximately 10 years (Keith 1963; Myers 1998). As 
stated above, there are many arguments against the 
idea that insect populations are merely tracking some 
periodic weather phenomenon. If not because of weather, 
then why are the dominant periodicities among gypsy 
moth populations consistently between 8 and 12 years 
in eight of the 11 regions across the northern hemi- 
sphere (51 = 11.25 + 3.31 years)? Theoretical models 
demonstrate that host-parasitoid (Nicl~olson & Bailey 
1935), host-pathogen (Anderson & May 1981) and 
predator-prey interactions (Rosenzweig & MacArthur 
1963) can cause periodic cycles. Thus, one hypothesis is 
that something intrinsic in the trophic interactions of 
the gypsy moth and other forest insect populations is 
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the cause of 10-year cycles. In fact, some consumer- 
resource nlodels consistently exhibit periodicities 
with a minimum of 6 years (Lauwericr & Metz 1986; 
Ginzburg & Taneyhill 1994), supporting this hypo- 
thesis. Dwyer, Dushoff & Yee (2004) proposed a model 
that incorporated virus epizootics, induced host plant 
responses and a type 111 functional response by small 
mammal predators, and this model was capable of pro- 
ducing the characteristic 10-ycar cycles seen in gypsy 
moth populations. Liebhold gL ICamata (2000) hypo- 
thesized that gypsy 1110th outbreaks are triggered by 
periodic total mast failures in oak-dominated roresrs. 
Extensive e~ological studies (Campbell & Sloan 1977; 
Elkiuton el al. 1996) have implicated predation by small 
rnarnnlals as a critical regulating agent in tile dynamics 
of low density gypsy 1110th populations. Small mammal 
population dynamics are highly influenced by the avail- 
ability of' mast during winters and thus f~mction to link 
gypsy moth populations to lllast abundance (Elkinton 
ir/ a/. 1996; Jones ct a/. 1998; Liebhold el cd. 2000). 
Because mast seeding is known to be periodic, this 
could serve as the source of periodicity in gypsy moth 
populations. 

While theprecise identity of themechanisrnscausing 
gypsy moth oscillations is not certain, it seems most 
likely that these oscillations are results of one or  more 
of its trophic interactions, and that these interactions 
itre similar (but not necessarily synchronized) between 
the U S  and Europe. The shorter periodicity in cycles of 
the gypsy moth in Japan may indicate different trophic 
interactions in this region. There are no studies utiliz- 
ing identical methods available for conlparing the 
trophic factors affecting gypsy moth populations in  
North America, Europe and Japan. I-Iowever, there is 
cvidence that the important role of small manlmals that 
has been identified in the dynamics o r  North American 
gypsy moth populations nTdy also be operating in Japan 
(Liebhold, Higashiura & Unno 1998) and Europe 
(Gschwantner, Hoch & Schopf 2002). Population 
dynamics of s~nall mammals, in turn, respond to mast 
seeding flnctuations in forest trees (Hmsen & Batzli 
1978). It is possible that the variation in periodicity of 
bypsy moth populations observed among regions around 
the northern hen~ispherc may reflect thc varying perio- 
dicities of mast seeding in the forests where they occur. 

This work was supported by United States Department 
of Agriculture Ntitional Research Initiative Grant no. 
2002-35302-126.56. We are g ra te f~~l  to Gyuri Csoka, 
Julius Novotny, Valentina Meshkova, Boris Hrasovec 
and Yasutomo Higashiura for there help in obtaining 
historical gypsy moth outbreak data. 

References 

Anderson. R.M. B: May, R.M. (1981) The population dynamics 
of microparasitcs and theirinvertebwtc hosts. I'l~ilosophical 

Trun.~uction.s offhc h y o l  Societj~ of Lonrlon. Series B, 291, 
451-524. 

Andersson, M. & Erlingc, S. (1977) Influence of predation on 
rodent populations. Oikos, 29,591-597. 

Baltensweiler, W. Br Fischlin, A. (1988) The larch budmoth in 
the Alps. Dj~nan7ics yf Foresz Insect Popttlutions: Pufterm, 
CRUJVS, Implicatiun3 (ed. A. Berryman), pp. 331-351. Plenum, 
New York. 

Berryman, A.A. (1996) What causcs popnlation cycles of 
forest Lepidoptera'? Trends in Ecology atid Evoiurion, 11. 
28-32. 

Bjsrnslacl: O.N. 8: Falck. W. (2001) Nonparan~etric spatial 
covariance functions: estimalion and testing. Envirr~nnrenlnl 
and Ecological Statistics, 8, 53-70. 

Bjrarnstad, O.N., Ims, R.A. & Lambin, X. (1999) Spatial 
population dynamics: analyzing patterns and processes of 
population synchrony. Trerrds in Ecology ondEvohtiorz, 14, 
427-432. 

Brocktvell, P.J. & Davis, R.A. (2002) Introduction to Tirne 
Series rwd Forecasting. Springer, New York. 

Buonaccorsi, J.P., Elkinton, J.S., Evans, S.R. &Liebhold, A.M. 
(2001) Measnring and testing for spatial synclxony. Ecology. 
82, 1668-1679. 

Can~pbell, R.W. & Sloan. R.J. (1977) Natural regulation of 
innocuous gypsy moth populations. Environmenrtzl Enzo- 
nzo/ogy, 6. 3 15 -322. 

Dwyer, G., Dushoff, .I. & Yee, S.H. (2004) The combined 
effects of pathogens and predators on insect outbreaks. 
Narrtre. 430, 341-345. 

Elkinton, JS,, Healy, W.M., Buonaccorsi, J.P., Boettner, G.H., 
Hazzard, A.M., Smith, H.R. & Liebhold, A.M. (1996) 
Interdctions among gypsy moths. white-footed mice, and 
acorns. Ecology, 77,2332-2342. 

Giese, R.L. & Schneider: M.L. (1979) Cartographic compsu.isons 
of Eurasian gypsy moth distribution (Lj~~nuntrin &par. 
L., Lepidoptera: Lymantriidae). Entontologicul News, 90, 
1-16. 

Ginzburg, L.R. & Taneyhill, D.E. (1994) Population-cycles of 
forest Lepidoptera - a maternal effect hypotl~esis. Journal 
of' Animal Ecokogy, 63, 79-92. 

Grenfell, B.T., Bjsmstad, O.N. & Kappey, J. (2001) Travelling 
waves and spatial hierarchies in measles epidemics. Nnture, 
414.716-723. 

Gschwantner, T., Hoch, G. & Schopf, A. (2002) Inlpact of 
predators on artificially augnenred populations oC Lynzaittria 
&par L. pupae (Lep., Lymttntriidae). Journal qf A~q~liecl 
Eiztomo/ugj~ -Zcitschr~ifii~* Angetvandte Entnmologie, 126, 
66-73, 

Hansen, L. 8: Batzli, G.O. (1978) The influence of food avdl- 
ability on the white-fooled mouse: populations in isolated 
woodlots. Canadian Jotrrnal of Zoology, 56,3530-2541. 

Ila\vkins, B.A. & Iiolyoak, M. (1998) Transcontinental crashes 
of insect populations'? Americun Naturalist, 152,480-484. 

Jammalamadaka, S,R. & SenGupta, A. (2001) Topicsin Circular 
Stcitistics, Section 8 .  World Scientific Press, Singapore. 

Johnson, D.M., Bjmnstad, O.N. & Leibhold, A.M. (2004) 
Landscape geometry and traveling waves in the larch 
budmoth. Ecology Letkrs, 7, 967-974. 

Jones, C.G., Ostfcld, R.S., Richard. M.P.. Schauber, E.M. & 
Wolff, LO. (1998) Chaiu reactions linking acorns to gypsy moth 
outbreaks and Lyme disease risk. Science, 279, 1023-1026. 

Keith, L.B. (1963) W i 2 d l ~ ' s  Ten- Year C j d e .  University of 
Wisconsin Press, Madison, Wisconsin. 

ICendaI1, B.E., Prendergast, J. & Bj~rnstad, O.N. (1998) The 
macroecology of population dynamics: taxonomic and 
biogeographicpatterns in population cycles. Ecology Letters, 
1, 160-164. 

Kocnig, W.D. (2002) Global patterns of environmental syn- 
chrony and the Moran effect. Ec*ogrnyhy, 25, 283-288. 

Lambin, X., Elston. D.A., Petty, S.J. & MacIGnnon, J.L. 
(1998) Spatial asynchrony and periodic travelling waves in 



890 
D. M. Johnson 

et al. 

cyclic populations of field volcs. Proccec1ing.r of the Ro.l;ctl 
Socicrjl of' London. Scrips B: Biological Sciennes. 265. 
1491-1496. 

Laowerier, 1f.A. & Metz, J.A.J. (1986) Hopf bifurcation in 
host-pi~rasitoid modcls. IMA Journal of Muthernaiics 
Applircl in Medicine uncl Biology, 3, 191-210. 

Liebhold, A., Elkin1011, J., Willian~s, D. & Muzika, R.M. 
(2000) What causes outbreaks of the gypsy moth in North 
Amcrica? Pupul~~riun Eco~IJ .~ .~ ,  42. 257-266. 

Liebhold, A.M., Elnles. G.A., Halvcrson, J.A. & Quimby, J. 
(1994) Landscape charactcrization of forest susceptibility 
of gypsy motb defoliation. Forcsr Science, 40, 18-29. 

Licbhold, A.M., Higashiura, Y. Xc CJnno, A. (1998) Forest type 
an'ccls predation on gypsy moth (Lepldoplera: 1.ynrantriidae) 
pupiwin Japan. Ei~vb.c~n~~ri!~?lc~( E~r~anrolog)~,  27, 858- 
862. 

I,iebhold, A .  & Kamata, N. (2000) Introduction - am popu- 
lation cycles and spatial synchrony a univcrsal characteristic 
of forest insect populations? Popularion Ecology, 42. 205- 
209. 

Liebhold, A., Kamata, N. & Jacob, T. (1996) Cyclicity and 
synchrony of historical o~~tbreaks of the bccch caterpillar, 
guadrirulcarifcra punctarella (Motschulsky) in Japan. 
Reseurcl~es on Poprrlution Ecofogy. 38, 87-94. 

Licbhold, A.M.. Koenig, W.D. & 13jarnstad, O.N. (2004) 
Spatial synchrony in population dynamics. Annucd Revietv 
qf Ecology, Evulurion mzd Systemutics, 35,467-490. 

Martinat, PJ. (1987) The roleof climaticvariation and weatherin 
forest insect outbreaks. Inseci Occtln-ealw (eds I? Barbosa & 
J. Schultz). pp. 241- 268. Academic Press. New York. 

Miller, WE. RL Epstein, M.E. (1986) Synchronous population 
fluctuations among moth species (Lepidoptera). Envirvn- 
menfa1 Eritorrrolog~~~ 15,443-447. 

Moran, P.A.P. (1949) The statistical analysis of the sunspot 
and lynx cycles. Journal of'Aniinu1 Ecology, 18, 115-1 16. 

Moran, P.A.P. (1953) The statistical analysis of the Canadian 
lynx cycle. Austrulian Journal ~ ~ ~ Z o o l o g y ,  1 ,  291-298. 

Myers. J.H. (1993)Population outbreaksin forest Lepidoptera. 
An~ericun Scientisl, 81. 240-251. 

Myers, J.H. (1998) Syncllrony in outbreaks of forest Lepid- 
optera: a possible example of the Moran effect. Eco/ogj~, 79, 
1111--1117. 

Nicholson, A.J. & Bailey. V.A. (1935) The balance of animal 
populalions. part I. Proc~vdings e f  111e Zoo1i1gic.d Societ.v 
Lunclort. 3. 551598. 

Ukland. B. C;c Bjmrnstad, 0. (2004) Synchrony and geograph- 
ical variation of rhe sprilcc bark beetle (hs rjpographus) 
during a non-cpidemic period. Populuriot~ Erology, 45, 
213-219. 

Peltoneu, M., Licbhold, A.M., Bjamstad, O.N. & Williams, 
D.W. (2002) Spatial synchrony in forest insect outbreaks: 
roles of regional stochasticily and dispersal. Eco[ogy, 83, 
3120-3129. 

Raimondo. S., Liebhold,A.M., Strrwac, J.S. & Butler, L. (2004) 
Population synchrony within and among Lepidoptera 

species in relation to we at he^; phylogeny, and larval plenology. 
Environntrntol Entolnofogj~, 29,96-105. 

Rt~in~ondo, S., Turcani, M., Patoeka, J. & Liebhold. A.M. 
(2004b) Interspecific synchrony among foliage-feeding 
forest Lepidoptera species and the potential role of generalist 
predators as synchronizing agents. Oikos, 107, 462-470. 

Ilanla. E., Kaitala. V., Lindstrom, J. & Linden, H. (19951) 
Synch~ony in population-dynillllics. Proceedi~~gsuf~he Ru,yd 
Society of Lunhn, Series B: Biological Sciences, 262,113- 1 18. 

Ranta, E., Lindstrom, J. & Linden, H. (1995b) Synchrony in 
tetraonid popnlation dynamics. Jour~~aluf  Animal Ecology. 
64,767-776. 

Rosenzweig, M . L .  & MacArthnr, R.H. (1963) Graphical 
representation and stability conditions of predator-prey 
interactions. Anz~!ricc~n Nalu,:nlist, 97, 209-223. 

Rossiter, M.C. (1994) Mate~nal e k t s  hypothesis of herbivore 
outbreak. Bioscience, 44, 752-763. 

Royama, T. (1992) Anulyticai Population Dynamics. Chapman 
& Hall, London. 

Rozen~a. J., van Geel, B., Bjorn, L.O., Lean, J. & Madronich, S. 
(2002) Paleoclimate: toward solving the UV puzzlc. Scicrzcc, 
296,1621-1622. 

Selas. V., Hogstad. A., Kobro, S. & Rafoss, T. (2004) Can 
sunspot activity and ultraviolet-B radiation explain cyclic 
outbreaks of forest moth pest species? Proceedings of the 
Rayal Sociely of Lundorr, Series B: BiologicalScicnces, 271, 
1897-1901. 

Sharov. A.A., Liebhold. A.M. &Roberts, E.A. (1996) Spread 
of gypsy moth (Lepidoptera: Lymantriidae) in the central 
Appalachians: coniparison of population boondsuks obtained 
from male moth capture, egg m&.s counts, and defoliatio~i 
records. En~~ironrnenml Entomology, 25,783-792. 

Sinclair, A.R.E., Gosline, J.M., Holdsworth, G., Krebs. C.J., 
Boutin, S., Smith, J.N.M., Boonstra, R. &Dale, M. (1993) 
Can the solar-~ycle and climate syllchronize the snowshoe 
hare cycle in Canada -evidence from tree r ing and ice col-es. 
American Naturali.st, 141, 173-195. 

Smith, C.H. (1983) Spatial trendsin Canadian snowshoe hare. 
Lepus mnericanus, population cycles. Canadian Field 
Naturalist, 97, 151-160. 

Torrence, C. & Compo, G.P. (1998) A practical guide to 
wavelet analysis. Bulletirr of the Americon Meteomlogical 
Societv, 79.61-78. 

Turchin. P. & Berryman, A.A. (2000) Detecting cycles and 
delayed density dependence: a comment on I-Iuntcr & Price 
(1998). Ecological 13ntorr?okogy, 25, 119-121. 

Williams, D.W. & Liebhold, A.M. (2000) Spatial synchrony of 
spriw b~~dworm outbreaks in eastern Norlh America. 
Ecology, 81,2753-2766. 

Zhang, Q.B.  & Alfaro, R.1. (2003) Spatial synchrony of the 
two-year cycle budworm outbreaks in central British 
Columbia, Canada. Oikos, 102, 146.1 54. 

Received 13 Septenrbcr 2004: revised version accepted 21 
Fcbruur'y 2005 

Q 2005 British 
Ecological Society, 
Journal of Anbnul 
Ecology, 74, 
832-892 



Q 2005 British 
Ecological Society, 
Jour~ml of Aninznl 
Ecology, 74, 
882-892 

Appendix I. 

Raw data of  hectares o f  forest defoliated by the gypsy moth by region 

Europe North America Asia 

Year Croatia IIungary Romania Slovakia Ukraine CT MA NfI VT NJ Japan 
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L). M. Johnson 

Europe North America Asia 
ct al. 

Yeilr Croatia Hungary Romania Slovakia Ukraine CT MA NH VT NJ Japan 
. . . . , , - , .- .. .- - - . , .. , . . -- . .. . - 

1987 841 5 167 582012 1 100 2 ROO 26463 11 635 117 0 38504 0 
1988 829 5615 695105 800 9 300 664 0 411 285 3008 4255 
1989 7 640 8 283 687400 200 22 400 31 753 385 7 447 11 067 55 591 97 860 
1990 1206 3084 81100 225 26500 71488 33 844 53927 25 506 174589 1 
1901 0 3 055 46400 50 2400 20 305 114 228 73 227 1 456 68 785 0 
1992 431 ' 3 703 54 147 2400 1300 12809 50119 73917 34 6717 9 
1993 7 738 13 960 40 672 6 750 3 XW 0 35 904 4079 0 11219 20 
1994 8 406 34 326 39 900 7450 3 400 0 31117 3283 0 7 225 30 
1995 6636 5 390 98 800 1 500 7 400 1 095 3 525 688 0 16024 0 
1996 1 375 4 078 116 600 250 15 200 568 3 755 85 0 11332 0 
1997 774 1 173 168700 10 3 600 0 4 1 0 0 773 0 
1908 276 2610 267300 10 1 600 0 5 250 2 0 808 
1999 49 3566 133700 231 2 288 0 4 792 0 0 559 
2000 500 1 463 53 900 70 1 044 75 13081 40 0 53933 
200 1 0 712 24 120 135 1 396 149 12 169 3 563 40 57019 
2002 32 696 518 11 961 1 000 3 408 0 2 462 4 783 O 16928 
2003 14 286 11 5x0 5800 8931 5 610 0 0 0 0 2081 
2004 270 500 21 519 
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