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29. A ndmber of factors make ths  expanato i  dnikely 
Typically, eye movemeits do not occdr w~tr l  radial 
optic flow s t imu [see ( 7  7 )  for a full d~scdssov and 
experimeita ev~deice] The optic flow dspay was 
wdely separated from the s n g e  words, v ~ h c h  were 
presented fovealy for a brief duration, factors that 
v~odld be fdrther expected to m i i m z e  eye move- 

spatial Pattern Formation in an insect 
Host-Parasitoid System 

John L. Maron* and Susan Harrison 

Spatial models in ecology predict that populations may form patchy distributions within 
continuous habitats, through strong predator-prey or host-parasitoid interactions com- 
bined with limited dispersal. Empirical support of these models is provided. Parasitoids 
emanating from a population outbreak of tussock moths (Orgyia vetusta) suppressed the 
growth of nearby experimental populations of the moth, while experimental populations 
farther away were able to grow. This result explains the observed localized nature of 
tussock moth outbreaks and illustrates how population distributions can be regulated by 
dynamic spatial processes. 

Populat ion ecology has recently seen a 
surge of interest in  spatial phenolnena 
such as limited dispersal, localized species 
interactions, and habitat  geometry. T h e  
realization that  soatial context  mav be 
key to  understanding many ecological in- 
teractions has been fileled by a ~ ro f i l s ion  , 
of models, and in  some cases, a vigorous 
interplay between theory and empirical 
research (1 ) .  For example, lnetapopulation 
models are beginning to  enjoy success a t  
predicting t h e  behavior of populations 
in  fraemented habitats. But one  well- " 

developed branch of spatial theory has still 
received llttle e m ~ i r i c a l  attention: the  set 
of models, lnany of them based o n  reac- 
tion-diffusion equations, tha t  generate the  
counterintuitive prediction tha t  patchy 
distributions in  population density can  
arise even within continuous habitats 
( 2 ) .  Such rnodels combine strong oreda- - 
tor-prey interactions ( t h e  “reaction") 
with limited dispersal ("diff~~sion").  Pred- 
ators are assumed to  control their prey, 
to  disperse farther than  do  tllelr prey, 

and to  have a partly randoln element to  
their dispersal. Under  these conditions, 
t h e  abundant  predators supported by a 
Jense  patch of prey will spill over a t  t he  
edges of t h e  prey patch, producing a pe- 
ripheral zone \\,it11 a high predator-to-prey 
ratio that  prevents the  prey patch from 
spreading. 

These  reaction-diffusion (or  "activator- 
inhibitor") models are formally analogous 
to lnodels of spatial pattern formation i n  
cellular and  developmental biology ( 3 ) ,  as 
well as in physics. Computer  simulations 
known as cellular automata have recently 
made the  study of spatial pattern forma- 
t ion more detailed and  accessible, com- 
pared with purely lnathenlatical formula- 
tions (4) .  If widely applicable, such models 
force empirical ecologists to  rethink their 
assumption tha t  species' distributions are 
usually controlled by extrinsic factors such 
as cllmate or competition. W e  show tha t  
theory o n  spatial pattern formation can 
explain the  observed behavior of a natural 
insect population. 

Vile have been studying a of 
- . .  

J, L, Maron, Department of Botany, Box 355325, Univer tussock lnoths (Orgyifl vetustfl, L ~ -  
sity of Washigton, Seattle, \fliA 98195. USA mantriidae) (5, 6 )  tha t  attains high local 
S. Harrison. D~vsion of Envronmenta Studes. Universty densities which are stable 
of Caiforna at Davis. Davs. CA 95616. USA. through time ( 7 ,  8).  Outbreaks of moths 
*To wrlom correspondence shodd be addressed. E -ma :  relnaill despite the 
jmaro i~dcdavs.edd.  Present address: Ui1vers;ty of Cal- 
fornIa Bodega Marine Laboratow, Box 2a7, Bodega Bay, \videspread and continuous availability of 
CA 94923. USA. their abu i~dan t  host plants. Unlike in  

ments. Nevepheess, we elected to formally mea- 
sdre eye movements ddrng the expermeita para- 
dgm.  Technca mtat ions Impede accdrate record- 
i i g  of eectro-ocuograprly (EOG) w h e  fdnctiona m -  
ages are acqdired, so v ~ e  measdred EOG in a s n g e  
paplcipant performiig the experlmenta paradigm 
wthin the expermental apparatds but v~ithodt acqui- 
sition of fdnct'ona mages. The maasurement was 
cabrated and sensitive to saccadc movements of 
abodt 1 ". Durng trle expermental coiditions. 10 s g -  
i ~ f ~ c a n t  eye movements were detected. 
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19 August 1997; accepted 21 October 1997 

some ~ l a n t - i n s e c t  herbivore systems, dif- 
ferences in  host plant quality or phenology 
d o  no t  explain the  patchiness in  tussock 
moth pop~l la t ion density (7-9). Rather,  
ooor d i s ~ e r s a l  of f l i~h t l e s s  female t ~ ~ s s o c k  
moths together with lo\\, rates of aerial 
ballooning by young larvae are partly re- 
sponsible for the  restricted nature of tus- 
sock moth outbreaks (7-9). Tussock moth 
larvae are attacked bv several eeneralist " 
predators (10) ,  and  larvae, pupae, and eggs 
are subjected t o  heal,y parasitism by a 
variety of parasitoids tha t  are local special- 
ists o n  the  moth 11 1 ). ~, 

Low mobillty by the  tussock 1110th and 
heavy parasitism by its mobile parasitoids 
suggest tha t  the  mechanis~ns  portrayed in  
models of s ~ a t i a l  Dattern formation may be 
operating. Under  this hypothesis, rates of 
varasitism o n  t~lssock moths should be 
highest immediately outside the  outbreak 
and should decline a t  distances greater 
than  the  parasitoids typically disperse. As  
~ r e d i c t e d ,  recent exoeriments shoa~ed  tha t  
parasitism was substantially higher o n  eggs 
and  larvae  laced 1011 to  6110 111 from the  
edge of the  outbreak than  o n  those placed 
within it. hjloreover, parasitism increased 
to  209 m from the  edge of the  outbreak 
and  t h e n  declined (1 1 ). These results, ~ l u s  
recent sinlulation and analytical modeling 
of our system (12) ,  provide tantalizing ev- 
idence for intrinsic spatial pattern forma- 
t ion in  this host-oarasitoid system. H o w  
ever, a crucial ~lnanswered question is 
whether distance-dependent parasitism is 
strong and consistent enough to  suppress 
incipient new outbreaks near the  margins 
of the  existing one. 

I n  our e x ~ e r i m e n t ,  we created new tus- 
sock moth outbreaks o n  lupine bushes a t  
d~s tances  of 0 to  7119 m fro111 t h e  edge of 

u 

t he  outbreak observed t h e  previous year 
(1996) .  Because earlier work suggested a 

uu 

possible role for ants and spiders as impor- 
t an t  larval and pupal predators (8,  1 a ) ,  we 
simultaneously tested the  role of ground- 
d\velling generalist predators. I n  February 
and March 1997, we established two 
transects emanating from the  edge of the  
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previous year's tussock moth  outbreak. 
O n e  transect, through dune habitat ,  ex- 
tended 459 tn; the  other transect l ine 
through grassland habitat  extended 7119 m 
(13) .  W e  randomly chose tn70 similarly 
sized lupine bushes every 511 m along each 
transect and installed around their bases a 
30-cm high circular fence topped 
sticky Tanglefoot (Tanglefoot Co. ,  Grand 
Rapids, hllichigan) to prevent access by 
ground-based insect and rodent predators. 
Fences around control bushes had  four 
19-cm-wide gates to  allow entry by pred- 
ators. Between 19 March and 7 April  
1997, we placed 111011 newly hatched tus- 
sock moth  tarvae o n  each experimental 
bush, using larvae from egg masses collect- 
ed i n  the  outbreak area in  July 1996. Start-  
ing o n  19 April ,  we performed weekly to  
biweekly censuses, recording the  number 
of larvae and pupae present and the  num- 
ber of parasitized larvae or pupae. Parasit- 
ism by the  tachinid fly Tachinomyia similis 

dune versus grassland habitat ,  o n  the  num- 
bers of larvae. T h e  effect of predator ex- 
clusion did not  grow through titne, as ev- 
idenced by the  similar slopes of the  lines 
in  Fig. 1 ,  indicating tha t  predators had  

exclusion treatments, and because there 
was a corresponding spatial pattern in  the  
numbers of parasitized larval corpses found 
a t  the  bases of experimental bushes (Fig. 
2C)  (1 6 ) .  Numbers of egg masses produced 

their greatest impact when larvae were 
small. Later. larval numbers diminished 

by the  experimental moths  likewise in- 
creased strongly with distance from the  
edge of the  natural outbreak (Fig. 3 )  (1 7). 
Because treatments were initiated with 
1999 newly hatched larvae, and because 
the  egg tnasses contained a n  average of 
1711 (SE 2 1 9 )  eggs (18) ,  experimental 
outbreaks could gron7 only if there were 
26 progeny egg masses per bush. Popula- 
t ion growth mas consistently suppressed a t  

rapidly o n  predator-exclusion as well as 
control bushes, both  because of parasitism, 
which we first recorded o n  39 April, and 
because of pupation, which we first ob- 
served o n  14  May. T h e  strong initial itn- 
pact of predator-exclusion fences n7as no t  
the  result of larval dispersal; young larvae 
are not  verv mobile and do  no t  strav from 
their host plant except by aerial balloon- 
ing, generally only if the plant dies (7-9). 

distances LLP to  299 tn (dunes transect) or 
3119 in i~ rass l ands  transect) from t h e  nat-  

~ L> 

ural outbreak (Fig. 3 ) ;  a t  greater distances, 
p o p ~ ~ l a t i o n  growth was sometimes (grass- 
lands) or  nearly always (dunes) strongly 
oositive. T h e  stronger effect in  the  dunes 

Larger larvae are some\\rhat more mobile, but 
tend to  disperse only in response to heavy 
defoliation of the host plant (which did not 
happen in this experiment) and during a 
wandering phase immediately before pupa- 
tion. T o  prevent prepupal wandering, we 
closed the gates o n  control fences for the 
2-week period when pupation n.as occurring. 

As  the  season progressed, distance from 
the  ~ r e v i o u s  year's outbreak began to  have 

" 
t h a n  in  the  grassland, reflected in  a signif- 
icant distance x location interaction 

(one  bf three tachinicls [that are ikpor tan t  
oarasitoids of 0. vetusta larvae) is c o n s ~ i c -  

(1 7 ) ,  may have been caused by different 
movement behavior of parasitoids in  the  
two habitats. Predator exclusion did no t  
significantly affect the  nulnbers of egg 
masses per bush (1 7 ) ,  indicating tha t  dis- 
t a n c e - d e ~ e n d e n t  ~ a r a s i t i s m  overwheltned 

uous, because the  fly lays a large white egg 
o n  t h e  larval cuticle. 

Exclusion of ground-based predators 
sienificantly increased the  number of 0 

a strong effect, with pupal survival sub- 
stantially higher a t  greater distances (Fig. 
2, A and B) (15) .  T h e  distance-dependent 
mortality was evidently due to  ~aras i t i s tn ,  

" 

vetusta larvae o n  experimental bushes a t  
the  first census date 2 weeks after the  
experiment began (Fig. 1 )  (14) .  A t  this 
t ime, there were n o  significant main or 

the  initially strong effect of predation. 
O u r  results shorv tha t  ~a ras i to ids  ema- 

because it  was ~rnaffec;ed by th; predator- nating frotn a population of host insects 
suppressed the  growth of incipient host 
populations nearby, while ones farther 
away were able to  increase. This  is the  

u 

interactive effects of distance from the  
edge of the  previous year's outbreak, nor of z 50 A Grasslands 
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Dlstance (m) Fig. 2. Numbers of sutv~ving pupae on experimen- 
tal bushes exposed to (open symbols) or protected 
from (filled symbols) generalst ground-based pred- 
ators along (A) grassland and (B) dune transects 
and (C) numbers of corpses of parastzed latvae 
and pupae (circles, grasslands: squares, dunes). 
as a function of distance from the edge of the pre- 
vious year's tussock moth outbreak. 

Fig. 3. Numbers of tussock moth egg masses 
found on experimental bushes in (A) grasslands or 
(8) dunes, as afunction of distance from the edge 
of the prevlous year's tussock moth outbreak. 
Data are from experimental bushes protected 
from ground-based predators. 

Census date 

Fig. 1. Mean (= 1 SEM) caterpllars on experimen- 
tal bushes exposed to (squares) or protected from 
(crcles) generalst ground-based predators along 
(A) grassland and (8) dune transects. 
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strongest experimental evidence to date 
for endogenous suatial Dattern formation 

u 

in a population system. System-specific 
models are now needed to explore more 
fully the dynamic properties of the inter- 
action, for example, whether spatial pat- 
tern formation is an equilibria1 or tran- 
sient phenomenon. Models can also gen- 
erate further testable predictions. Based 
on  what is known of this svstem, iinuor- 
tant   nod el features would' include 'dis- 
crete-time host and parasitoid population 
dynamics, continuous-time spatial dynam- 
ics (that is, parasitoid searching), and den- 
sity dependence-in host reproduction and 
dispersal; spacetould reasonably be repre- 
sented as either discrete or continuous. 
One  relatively simple model of this system 
has already yielded the successful predic- 
tion that host densities should be highest 
near the edge of the host patch (12 ) .  

Recent observat~ons have also corrob- 
orated the role of oarasltism In the soatial 
dynamics of t ~ ~ s s o c k  moth outbreaks. The  
outbreak w7e studied is now at  ~ t s  lowest 
size in  the last 6 years. In 1996, we dis- 
covered a small incipient outbreak ap- 
proximately 1000 m ,from the old out- 
break. Bv 1997. this new outbreak had 
gronln tremendously, increasing more than 
10-fold 111 area, and had much lower rates 
of parasitism than the original outbreak. 
In contrast, such satellite outbreaks gen- 
erally failed to become established in pre- 
v ~ o u s  years, when the original outbreak 
was much larger and supported a heavy 
population of parasitoids. 

The ecological significance of these re- 
sults extends bevond the current interest in 
spatial pattern for its own sake, to broader 
issues of pop~~lat ion dynamics. The western 
tussock moth is globally far rarer than its 
abundant food-plant resources would permit 
it to be. Our results suggest that its popula- 
tions are not regulated by either "top-dow~n" 
(predation, parasitism) or "bottom-up" (food 
quantity or quality) forces acting homoge- 
neously in space. In other words, the controls 
on this s~ecies'  abundance would not be 
revealed by a traditional two-factor manipu- 
lative experiment at a single spatial location. 
Instead, the nature of regulation in this spe- 
cies can only be understood through exper- 
iments informed by spatial theory. Whether 
this is a special case or whether the theory 
has wide generality can only be revealed by 
more such experimental work. 
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The Spatial Dimension in 
Population Fluctuations 

Esa Ranta,* Veijo Kaitala, Per Lundberg 

Theoretical research into the dynamics of coupled populations has suggested a rich 
ensemble of spatial structures that are created and maintained either by external dis- 
turbances or self-reinforcing interactions among the populations. Long-term data of the 
Canadian lynx from eight Canadian provinces display large-scale spatial synchrony in 
population fluctuations. The synchronous dynamics are not time-invariant, however, as 
pairs of populations that are initially in step may drift out of phase and back into phase. 
These observations are in agreement with predictions of a spatially-linked population 
model and support contemporary population ecology theory. 

Ecologists have always been interested in 
population fluctuations, particularly of 
regular cycles (1 ) .  Apart from temporal 
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popirlation variability (2 ) ,  populations at  
different geographical locations may fluc- 
tuate in synchrony (3).  Also, populations 
in  a spatially structured environment may 
generate a suite of complex dynamics such 
as spatial chaos, spiral wave, and crystal 
lattices (4) .  A number of reasons for such 
patterns has been suggested, including dis- 
persal of both the focal species or its pred- 
ators or prey (4 ,  5),  correlated environ- 
mental stochasticity, or other comlnon ex- 
trinsic factors ( 3 ,  6 ) .  We show,, using pop- 
ulation data as well as modeling, that 
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