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The pattern and range of movement of a checkered beetle predator
relative to its bark beetle prey
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Theoretical studies of predator-prey populuion dynamics have increasingly centered
on the role of space and the movement of organisms. Yet. empirical studies have
been slow to follow suit. Herein. we quantified the lon&range movement of a
checkered beetle. Thanasinmg dubius, which is an important gredator oi @ pernicious
forest pest. the southern pine beetle. Dendructonus frontalis, Adult checkered beetles
were marked and released at fivg sites and gubsequcmly recapiured at traps baited
with pine and pine heetle semiochemicals and located at distances up to 2 km away
from the release point. While the pattern of recaptures-with-distance at each site
provided a modest fit to a simple random-diffusion model. there was 3 consistent
discrepancy between observed and expected recaptures: a higher than expected
proportion of beetles were recaptured at the more distant traps. To account for this
deviation. we developed # model of diffusion that allowed for simple hc:erogencity in
the population of marked bectlcs; i.e.. & slow and fast moving form of the checkered
beetle. This model provided u significantly better At to the data and Farmed the busis
for our estimates of {ntra-forest movement. Wc estimated that on average, one half
of the checkered bectlcs dispersed at lust 1.25 km, one third dispersed % 2 km. and
3% dispersed » 5 km. The source of the heterogeneous dispersal rates were partially
due to differences in haetle size: smaller beetles (for both males and females were
more likely to be recaptured away from the' release site than larger beetles.
The southern gine beetle (prey for the checkered beetle) exhibited 46 significant
heterogeneity tn dispersal ability and provided & very good fitto the simple diiTusion
model. The only difference in dispertal between these two specieswas hat checkered
beetles were undergoing greater long-distance dispersal than the pine beetles (the
radius containing 93% or ‘rite dispersing individuals was 5.1 km for the checkered
beetle and 1.3 km for the pincbeetle). Data an the movement of these two species is
used to evaluate 8 general model of spatial pattern formation in 4 homegeneous
environment. and the potential of the checkered beetle as a biological control agent
for the southern pine beetle.
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Numerous theotetical studies huve established how spa-  these models. the movement patterns of the predators
tal patterning ean urise in prey and predator popula-  rclative to their prey appear to play it criticul fole in
tions that exist together within 3 homogencous determining whether and what (ypes of sputinl patterns
fandscape (e.g., Mimura u n d Murray 1978, Dunbar ¢ould form. For cxample. using a coupled-map lattice
1983, Mueray 1989, Kirciva 1990. Comins et al. 1992, or cellular automata modc!, Comins et al. {1992) found
Hassell and Wilson 1997. Tucchin et al. 1998), Among  that low host dispersal, coupled with high parasitoid
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dispersal, uun leud 10 the formution of spatial chaos or
crystal lattice-like {i.e.. checker-board) structures in the
prev populistion (see also Hassell et gl 1991, Hassell
and Wilsory 1997), Similar resuts were found for mod-
& in which the spatial dimension was continuous ypd
movements: were described using a difTusion framewock
{Levin and Sezel 1976. Mimora and Murrav 1978.
Karena 1990, Wolkind et al. 1991, Turchin ¢t al. {9981,
In these m:odel:. “diffusive instability” or permanent
spatiul patierning arises when. among other things.
predators 1 e more dispersive than their prey.

Despite t 1¢ plethora of models on spatfal patterning
in pred'.uor}prey svstems, it is clear that our empiricul
bage of sup’port tor these models is disproportionately
low: tew empirical studies huvc examined the pattern
and procesy of movement in both prcdntor and prey
species in nyiure {but see Kareiva 1986. 1987, Jones ot
al. 1996). s relative lack of empiricul support has
been attribuited to the inherent difficulties in studying
the movement of small, short lived and volten highly
mobile spc:l_es. Wc also lock information on the mo\ve-
ment of a“mals at appropriately broad spatial scales.
The vast wnfjority of ccological studies. approximately
35%. are &formed on the scale of less than 100 m
(Kareiva and Andersen 1988, Turchin [998). In con-
trast. orgunisms such 1§ insect pests typic+ move on
.the scafe GF; hundreds of meters to tens 3 ¢ve¢n hun-
dreds of kilometers (Southwood 1962, Stinper ‘et al.
1983). Clear'ly. additional and more broad-scale studies
are needed \1t we hope to test the predictions of this
largely untapped weulth of theory.

The southern pine beetlc {Dendroctonus frontalls
Zlmmemmn!n Colcopteru: Scolvtidae) is a significant
past oi pme forests in the southeastern Uniced Srules
and merage* more than §30 million in timber losses per
annum (Prick et al. 1992). In Nutional Forest.ands thar
ae dominated by suitable pine hosts. Turvhin and

Thoeny (1993) have found that the govement of the
southern pir{c bectle (SPB) is accurately described by a
simple ditfusion process and that the range of move-
ment of th|§ pest is qui{c large { > | km). Simple
diffusion thgory would predict that at equilibrium. the
SPB population should bc homogeneously distributed
throughout he forest (Levitt and Segel 1976, Mimura
and Mucray; 1978, Turckin 1998, Tucchin et al. 19981
However. the SPB's spatial distribution i naturc is
characterize @ by a high dcgree of spatial pnllcrning
{Thatcher ev; ul, 1980, Turchin et 3], 1998): pine beetles
occur in vedy spatially discrete aggregadons. This il
lows lor the interesting possibility that the observed
spatial patterning mny be influenced by the interaction
between thelSPH and ong or more of its natural ene.
mies. Until pow. we hnve had no. information on the
movement ol any of these enemics that could be useful
in evaluuting theary on spatial patfeen formation.

in rhis stukly, we quantified the partern g range of
movement l)“ 1 vheckered beetle, Thanasinns dubing T,
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(Coleoptera: Cleridae), an important predntor of the
southern pine beetle. We performed U !arge scale mark-
recapture <Xperiment with the checkered beetle that Wa$
:nuloguus to the experiment perl'onned previously by
Turchin and Thoeny (1993) with the southern pine
beetle. Heroin. we tested the fit of a 3imple diffusion
model to checkered beetle recupture duta and compared
v tu the At of a more complicated model that w¢
developed, one thal ullows fur heterogeneous rates of
dispersal within the population. The patiern und range
of muvement of the chetkered beetle was then coms
pared with that of its pine beetle prey. We conclude by
using these dula to evaluate @ general model of spatial
pattern formation.

Materials and methods

Study organisms

The life cycle of the SPB is w*ll known i¢,3,, Thather
et al. 1980) und only a briet dascripnion s provided

lmv Upon attack by the SPB. pines Jdefend them-
selves by exuding resin (Hodnef et al. 1979:.When only
ds ~.mszlc beetle or even a small group ol beetles broach
th(, bark surfacc of g healthy tree. thev ard usually
thwarted by the exudation of copious amao#nts o resin.
However. SPB adults utilize pine :urpe:wid byproducts
(2-pinene) in combination with their ywn pheromone
{frontalia) to elicit congregative behavior toward its
host (Kinzer et al. 1969. Reawick and Vité 1969. Pavne
et al, 1978). This mass attack vverwhelms the host's
defenses and allows the beetles to succassfully gain
aceess 10 the phloem tissues beneath the bark surface.
Consequently. there is a striking Alles effect in the
growth rate of the SPB within tree. As a lree begins
to fil] with bcctlcs. the SPRBin n" ViCIRItY usuaily ;hlh
atlack to. a different hOST. most :requeatly an adjacent
pine (Pavne 1980), This cesults in 4 concentrated wrca
of infestition known as a spot. Alter vlfspring com-
plete their devclopment within & spot. they either con-
tribute to spot expansion or disperst in seurch of new
or other existing spots (Hain {989, Turchin and Thaeny
1993. Cronin et al, 1999). As a result Ol their congregu-
tory behavior. the pinc forest lundscape resembles 8
patchwork of spatially discrete SPB aggregations
{Turchin ¢t al. 1998).

Adult checkered beetles are utiructed o the volatiles
released by the SPB and pine (tee, did are among the
curliest natural enemies to arrive after the pme bewtle
attack sequence has been initiated (Vitd and Willinison
1970. Dixon and Payne 197%a. b. 1980 These predu-
tors capture and consume pine beetle préy on the bark
surfuce and then lay eggs within the fssures and under-
acath bark <hips f the trec's wunk 1 Thatcher amd
Pickard 1966. Dix o n uand Payne 1979, Reeve 19970,
Atter hatching. the larval chockered beetics enter the
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pine bectle gillleries and feed on the developing SPB
(Thateher and] Pick.rd 1966, Dixon and Paype 1070
Several lines |of evidence Suggest that the checkered
beetles muv p dy an important role in SPB population
dvhitntics; 1)tdey Occur in high abundance On the burk
surfuce 0 at wcked lroes (Reeve 1997). 2) mortality
inllicted by alult checkered beetles can exceed 600
(Reeve et al [993, Reeve 1997), 3) at the scale of 3
whole Nation; | Forest. checkered beetles exhibit i nue
merical respor)se to their prey and y negative density-
dependent reldtionship betwsen SPB  population growth
rite and checkered beetle density (Reeve 1997), and 4)
development mtes of rhc checkered beetle arc asyn-
chronous with:that of their prey which may destabilize
SPB populutigin dynumics (Reeve et al. 1996). These
four factors mipy contribute tg the oscillutory popula.
tion dynamicg (Turchin 2t al. 1991. 1999; and the
formution of papial putchincss in the distribution of
SPB (Turchin ¢t al. 1998).

Mark-recapty e study

Checkured beet  mork-recapture axperiments were con-
ducted in rhc lCumhoulu and Winn Districts of the
Kisatche Natic;‘nal Forest. Louisiana. USA'. Two sites
were chosan {t ym the former (CAT-T und.CAT-II) and
one from the ll(arter (WINN) district and all three
shared the follpwing characteristics: | ) trap trunsects
radiming outwprd from the checkered beetle release
point consistedipredominantly of host trees suitable for
the prey's devglopment (loblolly [Pinus ruedy] o n d
shordeat [P, ec 1|incuu] pine): 1) transects were not dj-
vided by unsytable habitat (except occasionally by
gravel service | rxds): and 3) pine beetle infestations
were absent fram rhe area (us derermined by ground
ind aerial survgys). CAT-l und Il were separated by 4
distance o’ $.6 [kim and both were more than 33 km
from WINN,

Trap stations|were established in lour capdinul divec-
tions ana at fxg¢d distunces of 0.1.0.2. D.3.0.4.0,5 km
(for replicate 1 |[a trap a1 0.35 km waus used in place
traps at 0.3 kin and 04 km). und every (.25 km
thereafter t¢ a ([is tance of 2 km from the center yf the
sire (only two 81 tiions were used At a distance of 0. | km
to uvoid excesifjve recaptures at the most proximal
rips), At each gtution a single multi-funnel trip (Ling-
¥ren 1983) was| deploycd. Traps were baited with a

Tuble 1. Thenasigus dubius marksrecaprure replivates,

(LEml vial of trontalin (99.8%% chemically pure 1.5
dimethyl-6,7-dioxabicyclo 3.2.1 octane) and a 120.mL
bottle of natural stenm-distitled turpentine raleased
wing 4 eotton wick. This trupping method has rou-
tinely been used to census both pine beetle and check-
ered bectle population densities and forms the basis tor
torecasting population trends (Billings 1988. Turchin ot
al, 1991,

W initiallv used the trapping grids to obtain aduit
checkered beetles fur the mark-recapture study., Traps
were checked daily and rhe contents immediately trans-
ported to the luboratory where the beetles ware stored
2 10°C. Mostinscets for this study were kept in cold
storuge for < 7 d: all were kept <14 d. This procedure
uppears to have no significant detrimental zffects an
checkered beetlc behavior (unpubl.). Ones sufficient
numbers (SO0 minimum) had been collected. 2uch beetle
was marked with u spot of enamel paint on its prono-
turn. A minimum of 45 of these marked animals were
randomly drawn (rom thc collection and placed in rhe
freezer for Inter estimation of the sex ratio and mea-
surement of body size (mean elyi}a length in mmr. The
remaining marked beetles {only active and apparantiy
healthy insects) were transported to the center of un
experimetal site and placed in cages. formed around
the trunks of two pines, The cages were I-m long
eylindrical. enclosures that wer¢ constructed of fine
polycthylene screening and tied loosely,at both ends tu
the trunk of the tree (see Reeve 1998). Checkered
beetles were placed in these cages t giv¢ thein surticient
time 1o equilibrate to their new environment ypd reduce
the likelihood of dispersal in response (o this trauma.
After 30 min. the cages were removed.

Fuanel traps were ¢hecked daily for the first week
and then twice weekly until the recapture rate declined
below a few individual pcr census date, We addad
small piecg of No-Pest Strip (Bio-Steip. Reno. NV:
active ingredient, 2-2-dichlorovinyl dime 1.vl phospharte)
0 each funnel’s collecting cup tg Kill the beetles before
they could eacopc. Trap contents were returned to the
laboratory and the pumber of marked checkered beztles
determined for each direction sad distance. We further
recorded the sex of each recaptured insect and its mean
elytra length (in mm). A total of five replicute dispersal
experiments were performed among the three sites. Site
summaries are provided in Table 1.

Repliate Location Dute initiated Number released “u Tevaprured
g CAT.I 15 March, 1994 500 184
: CAT: (v April. 1994 911 n8
J CAT-l Il November, (994 647 101
M CAT-ll & April. 1995 347 ns
i WINN I7 May. 1993 402 b

Elhoay pp) g 2man
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redictiny spread with g diffuslon model

or eich replivate mark-release experiment we com-
uted Clr), the cumulative number of checked beetles
ecapiured Al each distance r from the release point. At
raps nearby the release point, C(r) was ofien high
glitive to the total number of bectles released. thus
epleting the number of insects available for recupture
t more distant traps. To correct for this problem. we
pultiplicd C(r) by V,/(Vy — TC,): where W, is the
umber of marked beetles refeased and L(, is the sum
t all beetles recaptured at distances more pmxim;\l to
he sourte than r. This correction factor represented the
emulining marked beetles that were gvailuble for recap-
wre 4l more distant traps (r and beynnd).

We compared the ¢orrected recaprure data with the
petern of spatial spread predicted by o simple diffusion
odel. Turchin and Thoeny (1993) provided the deriva-
fon lor the lollowing analvtical formula for predicting

spatial spread (see also Awerbuch 2t al. 1979. Okubo
1980y
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here % = recapturc efficieney Of the trap. ¥, = marked
etles released, D = diffusion rate and § = disappear-
agee rate (death or emigracion from the experimental
gnid). The parameter 4 is known as (he scale parameter
sad is proportional to the product of the number of
beetles released and the recaptuee etficiency. B = \:"'D 3
is|a measure of the spatial scale of dispersal, An inscct
pypulation with a Jarge value of 8 would have y greater
per ‘¢l range than one with a smaller 8. The ‘real
lue of this particular model is that itis based on

gesting that § in this case is primarily a measure of
pigration loss, ‘

The model ubovc has the linear form.

In{C,) +41n(r) = In(4) — B 13)
and can be fit using least-squures regression (Sukal and
Rahlf (995), Turchin ami Theeny (1993) provide the
mé¢thodology for converting 8 into u more intuitive
mdsure of dispersal « the radius of u civele. r.. encom-
pubsing a given percentage of Jispersers (x). Here, ¢ s
determined by nunerically solving the equation

13
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The median dispersel distance fi.e. the rudius enclosing
30 ol the dispersers) is determined by soiving for
x = 0.3, Similarly, we determine the radii enclosing
66.7% and 93% ol the dispersers by »solving ior x =
0.667 und §,95, respectively. Numerical solutions for
these dispersal quantiles were obtained using Gauss 3.0
(Aptee Systems Inc. 1992).

The pattern of recaptures with distance has been
known to depart from the distriburion predicted by
simple diffusion models (Dobzhansky and Wrght 1943,
1947, Inoue {978, Okubo [980. Karejva 1983, Turchin
1998. Plant and Cunningham 1991}, Among insects.
these deviations often take the Iorm of & leptokurtic
distribution:  i.e.. lower-than-cxpected recaptures near.
and greater-than-erpected recapiures farther away from
the source (Turch:n 1998). Leptok:irtic distributions
may arise when there are heterogene’ties in the pasula-
tion, for example. whek the populaticn is compnscd of
two or more subgroups thut have aiffzrent dispersal
capabilities, Although the Bessel function suosumed in
model (1) causes the distriburion of recapturss to be
slightly feprokutic. we ¢an account -for stronger lep
tokurtosis. and hence heterogeneous dispersal abilities.
by allowing for two values of 4 andt 8. In this case. eq.
{1) is re-wrirten as the summation of two diffusion
models (the heterogeneous diffusion modein:

Comdyr ! Te™ Syt h (5)
where A, and A, and B, and B, are the scaling parume-
ters and the scale Of dispersal, respectively. for rhc two
types of dispersers.- This model is one ‘of rhe tirst of its
kind that allows_ fer both the disappetrance of insects
(6) and hctcrogeneiry in dispersal abiljty (sec aiso Plant
and Cunningham 1991). We tested the tit of this petero-

' geneous diffusion model to the combined data from all

Kvc replicates. Here, pooling wis ne¢essurs (g increase
the observations upon which the tour purametecs were
1o be estimated. We standurdized recaprures among
replicates by dividing the number of reguptures at each
distance within 4 replicate by the total number of
marked checkered beetles releused in that replicate. The
proportion tecaptured 4t cach distances was it (0 ey,
(5) and parameters estimated using nonlinear regrcssion
in SYSTAT 8.0 (Wilkinson [998). Dispersal quaniles
were derived by solving for r_in a similur tushien to ¢y
(4. Nincty-five percent contidence intervals +Cls) for
Ay 4y By and By were obtained through bootstrap-
ping: for 10N repetitions | bootsteap samples), five dis-
persal  replicates  were  drawn ub randem  (with
replacemnent) and used o estimine the tour parameters
(Efron und Tibshirani 1993, Munly 1997), The runge of
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vidues englusing 93% of the bootsirunoed estimates of
duch pury heter represented the 95v, Cls.

We not&tlhul this is only 4 phenomonologicul model
in which. { priori. we have no evidence of a heteroge-
neous pop]ulution of dispersers, Our intent here was to
obtain 4 dobust estimate of dispersal distances from y
model th;ﬂ‘ is best supported by our data. However. if
the hclurdgeneous diffusion model represents a more
appropriade description of checkersd beetle recapturcss
with-distange. the two scale.of-dispersal parumeters. 8,
and 8., ure expected to be significantly differenc (j.c.
thut there jare two different kinds of dispersers in the
populution), To determine if the difference wus signifi-
cant. we examined whether the asymptotic 95% CI of
By« B, (trom the nonlinear procedure in SYSTAT)
was signifjcantly different from zero. Below. we es-
plove the possibility that differences between male and
female checkered beetles or variations in size may be a
source of [heterogeneous dispersal abilities within  this
populutior,

|

Net displ ‘cement

The modeds we uscd assumed that a population's net
displucement or directionality in space should be Zero.
Wc tested this prediction for our mark-recapture study
by determirin:! the net dispiacement of marked check-
¢red beetley in each experimental replicate (Turchin and
Thoeny 1993). To accomplish this. we first designated
the checkered beetle release point as the vrigin of a
two-dimengional plane (x and ) coordinates equal zero).
The east-west and north-south transects corresponded
to the x-and y-agis, respectively. Net displacement
(VD) of rdcaptured checkered beetles along the x-axis
was ND s (IxC, )'N: where X = recupturc distance
along the eqstswest transect. (, = number of’ recaptures
at distanceiv, and .V = total number of recaptures along
the trnnscef. A similar procedure was used for calculat-
iny displacement along the r-axis. To avoid biasing
displacemef t estimatcs, when a trap was missing on one
arm of a iganscet {e.g., cust). we deleted the trap at the
istunce on the opposite am (west),

Effects of’isex and size

Sex-ret:ued! differences in dispersal were addressed in
wo wiys. |Fiest. we assessed whether the sex-specific
dispersal u}‘uu were better At by the heterogencuus
dilfusion mpdel {35) than the simple diffasion mode} 1 D,
Proportiong of euch sex recaptured-with-distance, for all
sites combined. were Rt £0 model (3) and the asymprotic
95% Cls syrrounding the ditference between the scale:
ol-dispersal parameter, 8, — 8. were computed. It the
Cls did ngt overlap zero. this would indicate that
heterogeneduy dispersal eates oceur within each sex and
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that the more complex model (§) would provide u hetter
tit to the male and Female dispersal data. Second. we
performed wa analysis of covariance to Jdetermine the
effect of sex (main effect) and recapture distance (¢o-
variate) an the proportion of checkered beetles recap-
tured. Proportion recaptured wus transformed using
In(C.) +% Intrr to comply with the linear dispersal
medel (3), A quadratic term (7°) was also added to the
model to yccount for any nonlinear change in
recuptures-with-distance.

RBecause insect size may atfect dispersal ability or
survivorship (recall that 8, is determined by the ditfu.
sion and disappeurunce rate), we examined whether
checkered beelle size (mean elvtra length) varied with
recapture distance. In this analysis. 2l replicates were
combined and distances were divided into six classes: 0
km (the random sample obtained itom pre-reigased
beetles). 0.10 km, 0.20 km, 0.30 km. .45 km itraps al
0.40 km and 0.30 km combined). and 1.23 km (all traps
beyond 0.0 k. m
randomized fixed-factor ANQV.A was used to determine
the effect of checkered beetle'sex (females are generally
larger than malcs) and recapture distance on elvtra
length. Differences ,among means were analvzed with
Tukey's HSD rest (Sokal and Rohlt' 1993),

W
Comparison of prey amnd predator dispersel

One purpose in quantifying the range oi dispersal of the
checkered beetle was to enable comparison to the dis-
persal of its prey, the SPB. Turchin and Thoeny {1993)
have previously quantified the movement patterns of the
latter species using a design directly comparable to one
presented here. Nine dispersal replicates acre reported
in their study. each providing a close tit to the simple
diffusion model (1). We evaluated whether the data were
better described by’ the heterogencous diffusion rodel
uring the criteria outlined above for the checxered
beetle. The better of the “two' modals were used to
compute 50". 66.7% and 95% dispersal quantilcs and
we compared the 95% CI's of the SPB quaatiles with
those from the checkered bcctlc

Resul ts
Predicting spread with a diffusion mode!

The average number o f
(based on traps positioned in four cardinal directions at
each &stance) declined significantly with increasing dis-
tance from the point of release {for all live replicales,
P < 0.032: Fig. 1), The linear model (3} based on a
simple diffusion prgcess expluined wit average of 647 of
the variation in the recapture duta (based vn the coelfis
cient of decermination, R Table ), suggesting thal us
atirst approximigion. cheekered beede dispersal can be
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adequately cheructerized by & simple diffusion process.
The 50%. €6.7% and 93%. cispersul quantiles based on
this model afe prerenrcd in Table 2.

Although khe dispersal data are reasonably approxi-
mated by qucl (1)-thereis cleur pattern of deaccelera-
ton in the 5lope of the recaptures. In three ol five
replicates (2 3. 4), a significant quadratic term indi-
cated that the relntionship was curvilinear. not linéar as
model {3) wlbuld predict. The heterogenepus diffusion
mode) was ‘dble to account far this nonlinear pattern ol
recaptures \\{i[h distance (Fig. ?A). and provided @
beteer it to r&he data (R* = 0.733), A significant difTer-
ence between the two scale.of-dispersal parameters, 8,
and B:(95"/:] Cl's for 8, = B, Was 0.39. 2.26). suggested
that there is impottunt heteroacneuv in the dispersal
ability ol thq checkered bcctlcs. ng argues in support
of the acceptance of this over the simple diffusion
model. By allowing tor y more leptokurtic (fut-tailed)
distribution c'?f' recuptures, this model predicted disper-
sul quanrilas! shat were broader than those from the
simple diffusion model {Tuble }),
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Distance from source (km)

!rrespeC(ivc of the chaicc of diffusion model. the net
disp‘iacemcnt of checkered bcctles. ¢ average. did not
deviate significantly from the origin (Fig. 3). This sup«
ports one of the basic assumptions of both models:
beetles should diffuse equally in gl directions from the
point of origin.

Effects of sex nnd size

When chrckcred beetles were¢ divided b}' SeX. we still
observed a nonlinear pattern of recaptures-with-dis-
tance (Fig. 2B, C). Howcver. our criteria [oF accepting
the heterogeneous model (and nonlincarity in the fecap-
tures-with-distance), that 8, = Byis signiticantly greuter
than zcero, was not met for either the males (93 CL:
~ 2.04, 5.82) or the females | — 0,65, 4,31). A reduction
in statistical power of our test, resulting Irom using hulf
45 much data s the 1est for all recuptured beetles (Fig.
2A). may explain the Jack of significant ¢urvature in
male and female recaprures-with-distange,
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The pinttdrn of' recupeures-with-distance did not vilry
sighdicantly. between male and  female  checkered
beetles. Based on an ANCOVA, we found o strong
effect of the covariute distnce (F,,, = 4142, P<
0001} and the quadratic ‘term. distance ¥ distance
(Fi = 2278, P < 0.001: indicative of u nonlineur relu-
tionship). byt no effect of sex of distance x sex (£, »
D02 P=0882 und £, =003 P=0.866, respec-
tively) on the natural log of the proportion recaptured
{+zlalrh. Finally, we did find an effect of checkercd
heetle size o'ln dispersul. In general, there was u signifi-
cunt. but gradual. deeline in the size of recaptured
beetles with (distance (Fig. 4). Most notably, checkered
beetles recuptured in funne! traps were significantly
smaller than those in the collection of beetles that were
originally miarked and releused 1F, ,,, =3747, P<
0.001). For females, there was a continual decline in
size of recuptured insects. but not for males (Fiyg. ).

Comparlson of prey and predator dispersnl

For each of the southern pine beetle dispersal replicates
(see Turchin und Thoeny 1 1993), as well us for all
replicaras combined (Fig. 31 we were unable 1o detect
nonlinearity ‘in the dispersal cumves. 1n addition, all
attempe; to fit the heterogeneouns diffusion model to
3PB recuptures failed to convarge on 2 unique solution.
This pradubly oceurred because the hetcrogenecus dif-
fusion model has more parameters thun are needed to
fit these apparently linear Jata. ie the model was
overparnmeterized (Draper and Smith 1981). We there-
fore accepted the simple diffusion model us the most
appropriute for the SPB and used the parameter esti-
mates {rom Turchin and Thoeny (1993: see Tuble 4).
Based on a compnrison between the two Species. we
ivund no difference 1n the radius containing 50% and
o0, 7% of the dispersing insects (Table 4). However. the
radius containing 95% of the insects vas significantly
greater ror the chsckered bestle thar the SPB. This
ditfference is apparently due to the long tails in the
recaplures-with-distance toc the checkered beetle: that

is. propoctonately mare predutors are dispersing long
distanees than their prey, The extrame distancas that
the checkered beetles ure capuble of dispersing is
demonstraced by two marked beetles that were recap
tured more than 8 km away in funnel traps used for
other researelt projects.

Discussion

Despite the widespread acceprance that spatial hatero-
geneity and movement are of considerable consequense
to the population dynamics of predators and thsir prey
(for recent reviews set Hanski and Giipin 1997. Tilman
and Kareiva 1997. Turchin 1998). :he southern pinc
beetle-checkered beetle system represents one of the
very few in which we have quantitative data wn the
pattern and scale of movement of »oth predator and
prey species. What makes this even more unique is that
the scale ot dispersal spans more than 2 km: few rtudics
of any species have quantified movament patterns ex-
ceeding an area this large (Turchin 1998).

The redistribution pattern o checlered beetles fol-
lowing their releasc was in reasonable accord with the
expectations of a simple diffusion medel 1Qkubo 1980.
Kareiva 1983. Turchin 1998). This patrern of diifusion.
in which recaptures were highest at the point of origia
and dropped oif at = deaceclerating rafe with distance,
has been found for & number of inscct species (e-g.
Kureiva 1983, Turchin (998). However. our data devi-
ated significantly from there cxpectations in that we
consistently had higher-than-expected rates of tweap
tures in the more distant traps. This leprokurtic distri
botion (having fat twils) is not at all an uncommon
source of deviation from simple ditlusion models. and
is thought to be commonly brought about by hetaroge-
nous diffusion rates within the population tInoue 1978,
Okubo 1980. Kareiva 1983. Plunt and Cunningham
1991. Turchin 1998). Dobzhansky and Powell 11974,
for exumple, provided evidence for yenctivully based
differences in ditfusion rates within Drosopliia pics-
doobscura: flies currying rhe tecessive zene for orange
eye had lower diffusion rates than witd-type flies.

Table 2. Parametcr estimates ung Jispersul quantiles (radius of a circle. in km, enelosing ditterent proporticns of disperssrsi for
the checkered beetles based on a simple Jiffusion madel (¢q. 1. s2e Methods), Coarficients ol determination R-). the proportion
of the variance in recaplures that was ¢xplained by the model. were obtained by |easl-squures regrossion.

Renlicate d 8 R: Dispersal quantiles
50%. 66,7 gsr,
! 0.670 0.633 1,793 1141 2618
2 0798 0.376 0,944 1.389 ENEE
3 0.609 (.85 0720 1037 13Ty
4 0.598 0.676 0707 101y 1336
3 0333 0.533 1).6354 0.942 2160
Meitn 0.648 .64 0,764 100 28
Lower 95 CI 1494 §.508 1,483 0.624 0.899 2062
Upper 951 CI 9.091 0.763 0.412 0,903 {00 1983
>
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Fig. 2, Proportion of (A} totl, (B} mule and (C) fermale
marked checkered begtles recaptured for all five replicates
combined. Curves are based on the heterogencous. two-dise
perser modcl (2q. 5).

In this paper, we presented a new and simple ap-
proach to incorporating heterogenaity in dispersal abii-
ity inro Q ditfusion framework (see also tnouc 1978 and
Plant ond Cunningham 1991), Employing this heteroge-
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Fig. 3. Net displacement of Thanashmus dubiis in the five
replicate mark-recapture experiments, The open circle vepre-
seats the mean net displacement % | se.
neous diffusion model, We found @ much improved fit
to the checkered beetle dispersal data: one that did a
particulurly good job of accounting for the Fat tails in
the recapture distributions. Based on this model. check-
ered beetles were found to have a great capacity, for
dispersal. We estimntad that an average of 3% of the
released beetles dispersed beyond 1.25 km. 33% dis-
persed beyond 2 km and 5% dispersed beyond 3 km.
In contrast. we could find no evidence for hetero-
geneity in dispersal ability for the SPB:the recaptures-
with-distance were linear, indicating homogeneous talcs
of dispersal within the population (Fig. 5. Thus, dis-
persal distances for the SPB were estimated using the
simple diffusion model. This model is based on the
same framework as the hetcrogeneous model but allows
for only one type of disperser in the population. Using
this simple diffusion model, W& found the SPB to be
slightly less dispersive than their predators. The main
difference between the two species was in the tails of
their redistributjons: as noted by the significantly larger
rdius necessay to enclose 95% of the dispersing check-
ered heetles, more ¢checkered beetles were undergoing
long-distance dispersal than their pine beetle prey.
Within-population heterogeneity in dispersal ability
may have been in part attrihutable to sex- und size-ce-
lated diffcrences among adult beerles, While males and
females did not differ in the range or pattern of disper-
sal, the recaptures-with-distance for each sex ¢xhibited

Table 3, Checkered beetls dispersal parameter estimates baged on the heterogeneous dilTusion model. ¢3. 3 ( R* =0.733). 95,
coolidenice Jntervals were obtaingd by bootstrapping proportions recaptured from the pooled duta sets,

Statistic Parameters Dispersal quiantiles

d, 8, ols 8. S0% 66.7% 95"
mean 1064 0.069 0.0030 1.391 1.24) 2015 5099
Lawer 95% CI 0.018 0.048 00015 1.007 0.736 1.2y7 3,360
Upper 95% CI 0.179 - n.130 1.0042 4.170 4478 6,728 15.390
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Fig, <. Checkered beetle size (mean elytra |€Ngth) in relation
10 beetle sex und recaplure distance. ANOVA indicated a
significant eifect of sex (F, ,, =30.20. P <0.001) and dis-
rance (Fs,q ™ 7-77.7 P2 0.001), but not an interaction be-
tween the WO (Fg g = 135, P=0.241), Means «sc
assouctated with differant etters” are significantly different’
P < 0.05 (based on Tukey's HSD).

anonlinear trcnd comparable to the combined data set.
This result suggests chat sex-specific differences are not
the primary source of hetcrogeneity in the checkered
beetle population. However. size. which is related to
scx. did influence dispersal ability in this population:
smaller checkered beetles weremore likely to be recap-
turcd, and for the females, more likely 1o be recaptured
a long distances (Fig. 4). Whether this is due to the
smaller insccts having a greater propensity to dispenc
farther or to discover funnel traps, we do not know.
However, based on cnergetic considerations (Roff 199 1)
and evidence from the litcrature (i.¢., Roff 1977. Dingle
and Evans 1987, Kinn et d. 1994. Ellers et a. 1998; but
see Hanks et al. 1998) we would have cxpected larger.
not smaller, insccts t0 bc more dispersive.

Theoreticl  ecologists have long emphasized the need
for quantitative information on the rate and pattern oi
dispersal if we hope to fully understand the temporal

0.1
° 1.
? .
a 0.01 {9
g .
. 0.001
& 0.0001
o
] [
0.00001 ‘ ) ' ' o
0.0 0.2 0.4 0.6 0.9 1.0

Distance from source (km)
Fig. 5. Proportion of marked SOUthen pine beetles vecapeured

tor uil replicales combined in the swdy Dy Turchin und
Thorny (1993). Line is fit by leust-squares regression.

OIKOS M1 (20m)

Table 4, Esimuted dispersal quantiles With 959 Cls (radius
of 4 ¢irele in km enclosing different proportions of dispersers)
lor the checkered beetles and southern pine beetle bused on
the best-lit model ¢heterogeneous and Smple diffusion models.
respectively). Cls for (he radius enclosing 9%, of the dis-
persers Jdo not overlup between the (WO Siecies; indicating that
they are significamly different (P <0.08).

Dispersal  Checkered  bestle Southern pine heetle
quantileg

0% 1.24 10,74, 4.48) 0.63 0.45. n.92)
66.7 3.02 (1.3, 6.73) 0.99 (0.65, 1.34)
Y8, 2,10 (3.56.15,89) 2,27 (1,48, 3.05)

dvnamics and spatiul distributions of predator and prey
populations (e.g.. Kareiva 1990, Turchin {998), In
many cases. the types of dynamics and spatid patterns
that arise hinge upon the differences in movement
‘bctween the two species (e.g., Mimura and Murray
1978. Reeve 1988, Comins et d. 1992). Now that we
have quantified the pattern and range of movement of
the checkered beetle relaive tevits bak beefle prey, how
can we use these data to address the cause for the
formation of discrete pine beetle infestations in a rela-
tively homogeneous pine-forest landscape’! As a first
step, we can evaluate existing models of patch forma-
tion; in particular, those models that treav the spatial
dimension as a continuum (e.g., Mimura and Murray
1978, Wolkind et d. (991, Turchin et a. 1998). In these
models, spatid pattening, or diffusive indtabilities. can
aise if the following features of the system are prescnt.
First, high densities of the prey (activator species),,
should have a postive effect on both prey and predator
populations. This can be satisfied if the prey exhibits an
Allee effect and the predator aggregates to elevated
prey densities. Second, increased numbers of predators
(inhibitor species) should have a negative effect on prey
and predator population growth rates. Finally, preda-
tots should disperse substantially faster (higher diffu-
rates) than their prey. The way rhis
aetivator-inaibitor system works to create spatial pat-
terning isuys follows. A perturbation that elevates prey
densities beyond the eonstrainrs of the Allee effect
would result in accelerated population growth and the
development of aprey outbreak. Predators woul d re-
spand by increasing their density in the vicinity. In the
absence of diffusion, the predators would eventually
suppress the outbreuk. However. with greater rates of
diffusion than the prey, the predators would tend to
“wander away” from the outbreak. Aj a consequence.
the ratio of predators to prey within the outbreak
would be lower than if there was no predator diffusion.
and thercforc. the predators would be less effective at
suppressing the prey. Immediately adjacent to the out-
break, the opposite would be true: a higher predator/
prey ratio and greater suppeession of the prey. This
pattern of “undernggregation™ of predators within the
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outbreak foci. but “overaggregation™ yf the periphery
cun result in the formation of putches of high prey
Jensities with very distinct borders.

Very lew experimental studies have addressed the
concept ol diffusive-driven instability (but see Brod-
mann ¢t wl. 1997, Maron and Harrison {997). However.
the pine beetle -checkerced beetle svstem tits well within
this continuous model framework: due to management
practices, pine forests in the southcustern United States
are quite uniform ut scules of several or more kilome-
ters. and the movement of both specics within the {orest
nre well described by dilfusion-based models. Many of
the conditions necessary for dillusive instability arc also
present in this system. The SPB exhibits a striking Allee
effect (see Materials and methods), and the checkered
beetles not only aggregate to areas of prey outbreak
(Vité and Williamson 1970. Dixon and Payne 1979a. b.
1980), but also cuuse a decrease in prey abundance as
their density increases (Reeve et al. 1995. Reeve 1997).
Additional support for this model comes from the {act
that the ratio of checkered beetles to SPB increases
away from the center of an infestation; i.¢., an underag-
gresated distribution of predators (Turchin et al. 1998:
Fig. 114). The one condition for diffusive instability
that is not met is that checkered beetle dispersal must
be substantially greater than that of its prey. The
differences in dispersal outlined in Table 4 would not
constitute a substantial difference. Therefore. the cre-
ation of spatial patterning through this general model
of diffusive instability does not appear to be likely. The
basic modeling framework. however, is still well sujte¢
lo the SPB. and through the addition of more biologi-
cal realism, we may yet understand the causes of spatial
patterning in this system. We are currently conducting
experiments to address What we consider to be our
most pressing need for these future modeling endeav-
ors: data on the behavior and movement of checkcrcd
beetles within and around the boundarics of SPB
infestations.

Finally, our result that checkered bectles have a
diSperaal ability that is equal to or slightly greater than
their pine beetle prey lends further support to our
earlier prediction that this species is an important
predutor of the SPB. High dispersal ability, coupled
with the checkered -bectle's strong reactivity to SPB
aggregation pheromones (Vité and Williamson 1970).
would enablg it to rapidly track pinc beetle {nfestations
in space. This certainly supports what has bcen ob-
served in nature: pines at very curly stages of attack by
the SPB often have high densitics of checkered beetles
{Dixon and Payne {979a. b. 1980, Rceve 1997). Their
etfectiveneyy us 4 control agent, however. muy bc tem-
pered by the apparent underuggregated distribution ot
the checkered beetles pelative to the SPB (occurring in
higher yatios atthe infostation perimeter: Turchin ¢ al.
1998): possibly as a voasequence of the highet rates of
diffusion of a subset Of the checkered beetle population
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in comparison to the SPB. Increasing the effectiveness
of this predator may therefore be possible through a
number of as yet untested approuches: for exumple, by
1) the augmentative release of checkered beetles in the
center of infestations, 2) reducing the checkered bectle’s
propensity to disperse (possibly by manipulating semio-
chemical concentrations), or 3) by setecting. through
artificial or patural means. the cclatively sedentary sub-
set of the checkered beetle population (i.c.. the large
adult individuals). Iaformation on the patiern and
range of movement of tht SPB and its watural cnemy
has revealed new paths to follow which may leud to the
improvement of the biological control of this devastat-
ing pest.

Acknowledgements = D, Aycock. A. Christensen. J, Fryer. J.
Simpson, C. Steiner. G. Woodlcy participated in the collection
of datafrom rhe dispersal experiments. We would also like to
thank J, Crooks. B. Mazza, nnd B8, Sebastian for both rhcir
permission and cooperatizn in conducting these experiments
on the Cutahoula and Wina Districts of the Kisatche National
Forest, Louisiana. USA. Pehr Epckell provided useful com-
ments on an earlier drall of this paper, This reseurch was
supported by the United States Forest Service, Southern Re-
search Station. USDA %ram_ 292.37302.7606 to P. Turchin,
NSF grant und National Science Foundation grant DEB
9309237 to P. Turchin and J. D. Reeve, and The University of
North Dakota and ND EPSCoR to J, Cronin.

References

Aptec Systcms Inc. 1992. The Gauss System. version 3.0, =
Aptcc  Systems, Inc.. Maple Valley. WA.

Awerbuch. T. E, Samson. R. apg Sinskey, A. 1. 1979. A
quantitative model of diffusion bioassays. = I. Theor, Biol.
79: 333-340.

Billings, R. F. 1988. Forecasting southern pine peetle infesta-
tion trends with pheromone traps. Integrated control of
scolytid bnrk beetles. « In: Payne, T. L. and Snarenmai,
H. (eds). Proc. UFRQ Workinz Party and XV Intern.
Congr. Entomol. §vmn., Vancouver, BC. pp. 1935-306,

Drodmmn, P. A.. Wilcox. C. V. ond Harrison. 5. 1997.
Mobile parasiteids myy restrict the spatial spread 01 an
insect outbreak. = J. Anim. Ecol. 66: §5-72,

Comins, H. N.. Hassell. M. P. and May. R. XI. 1992, The
spatial dvnamies of host-purusitoid systems. - J. Anim,
Ecol. g1: 735-748.

Cronin. J. T.. Turchin. P.. Hayes. J. L. snd Steiner. C. A.
1999. Intcr-infestation dispersal by the southern pine
beetle. = Environ. Entomol, 23: 496 304.

Dingle. H, and Evans, K. £ 1987. Responses in thght 1o
rclccrion oa wing length in non-migratory miikweed bugs.
Oncopeltus fusciatus. m Entomol. Exp. Appl, 43 289-296.

Dixon. W. N, und Payne, T. L. 197%. Aszgregation of
Thanasimus duhlyy on trees under mass-attack by the
southern pine beetle, » Environ. Entomol, 3: 178~ 181,

Dixon, W. N, and Payne, T. 1.. 1979b, Seuence of arrival and
spatial distribution of entomophagous and assoviate insects
on southern ping beetle-inlested trees, ~ Tex. Ayric. Exp.
Stn. Misc. Pugl, 1432,

Dixon. W. N. uaad Payne. T. L. 1980. Auracton of enio-
mophagous and associate insects of the southern pine
beetle to bectice and host tree-produced volutiles, « J. Ga.
Entomul. Sae¢, 1S: 37§-189,

Dobzhansky. T and Wright, 8. [943. Genetics of nuatural
populatiuns; X, Dispersion lﬂ.llt:S in DfUN()ﬂlliI(l psewdool) -

Yeura, = Genetiey 24 23-51,

QUROS L (2un

PRem= v



Dobzhansky, T. and Wright. S. 1947. Genetics of natural
populations: XV. Rate of diffusion of a mutant gene
throuph 4 population of Drasuphilu psendvubscura, « Ges
agtics 32 J03=324,

Dobzhunsky, T, and Powell. J. R. 1974. Rytos of dispersal ot
Drosuphily pseudoohserra and its relatives. - Proc. R. Soe.
Lond. B. 187: 28] -20%.

Draper. N. R. and Smith. H. 1981. Applied feuression anulys
sis. second edition. = John Wilev, & Sons.

Dunbar. S. 1983. Traveling wave solutions of diffusive Lotka-
Volteera equations. = J. Math. Bigl, {7 1 1-32.

Efron. B. and Tibshirani. R. J. 1993. An introduction to the
bootstrap. « Chupman and Hall.

Ellers, J.. van Alphen, J. J. M, and Sevenster, J. G. 1998. A
field study of size-fitness relationships in the parasitoid
wasp Asobara tabidu. « J. Anim. Eenl, 67: 313-324.

Hain, F. P. 1989. Pine bark beetle dispersal. Attraction and
dispersal of pine bark beetles and their associates. = Work
Conl, Mountain Lake, VP.. 16-[9 October. 1989. USDA.

Hanks. L. M., Miller. J. G. ond Paine. T. D. 1998. Dispersal
al' the eucalyptus longhomed borer 1Coleoptera: Cerambys
cidae) in urban landseapes, ~ Environ. Entomol. 27: 1418-
1434,

Hnnski. I. A. and aniﬂ. M. E. 1997. Me[gpopula[iun biol-
ogy: ¢cology. genetics. and evolution. = Academic Press.

Hassell. M. P. and Wilson. H. B, 1997. The dynamics of
spatially distributed hostsparasitoid systems. = In: Tilman.
D. and Kareiva. P. (eds). Spatial ¢calogy: the role of space
in population dynamics and imerspecific inteructions.
Princeton Univ. Press, PP. 75-110,

Hassell, M. P.. Comins, H. N. and May, R, M. 1991. Spatial
structure and chaos in insect populations. = Nature 3153:

423=

Hodges. J. D.. Elam, W. W.. Watson. W, F. and Ncbeckcr. N.

. 1979, Oleoresin characteristics apd susceptibility of four

southern pines to southern pine beetle {Cgleontera: Scolyti-
dae) attacks. = Can. Entomol. 111:389—896‘.‘

Inoue, T. 1978. A new regression method for analyzing animal
movement patterns. = Res, Popul. Ecel. 20: 141 = |63,
Jones, T. H.. Godfray, H. C. J. and Hastell. M. P. 1996,
Rclarivc movement pattens of a tephriud fly and its

parasitoid wasps. = Oecologia 06; 3(7-324,

Kareiva. P, ]983, Local movement in herbivorous insects:
applying a passive diffusion model to mark-recapture field
experiments. = QOecologia 57: 322-337.

Kareiva, P. 1986. Patchiness. dispersal. and species intetas-
tions: consequences for communities of herbivorous in-
sects. = In: Diamond. J. and Case, T. J. {eds), Community
eeology. Harper und Row. pp. 192-206.

Kareiva. P. 1987. Habitat fragmentation and the stability of
predator-prey interactions. - Nature 326: X8-390.

Kareiva, P. 1990. Population dynamics in spatially compliex
environments: theory and data. - Philos. Trons. R. Soc.
Lund. B 330: 175-190.

Kareiva, P. und Andersen, M. 1988. Spatial uspects of species
interactions: the wedding of models and cxgerim:ms. -In:
Hustings, A. (cd.). Community ecology. Springer-Verlag.
pp. 35-50.

Kinn, D. N., Perry, T. J.. Guinn. F. H. ct al. 1994, Energy
reserves of individual southern pine beetles (Cuieoptera
Scolytiduc) as dctcnincd by & modified phosphovnnillin
?pccrrophutomctric method. = J. Entomol. S¢i, 29: 152-

63,

Kinzer, G. W., Fentiman. 4. F.. Jr.. Paxe. T. L. ct al. 1969,
Bark heetle attructants; identificanon. synthesis und lield
bioussiy of g compound isolated jvom Dendrocionus. =
Nature 22(: 447 -448,

Lawson, S. A. and Mqrgun, F, D. 1992, Rearing of two
predatoes, Thanasinis dublus and Tamaochila virescens, for
the biological control of Ipy grandicollis in Australia. «
Entomal. !Exp. Appl. 65: 325-235.

Levin, S. A. and Sepel. L, A. 1976, Hypothesis lor origin of
plnktonic putchiness. « Nuture 28); 659.

QIKON k] (20

Lindgren, B. S. 1983. A multiple funnel trap for scolytid
beetles (Coleoptera), = Can. Entomol. | (5 299 w 502,
Manly, B. F. J. |99, Randomization. bootstrap and  Monie

Carlo methods in biology. 2nd ¢d. « Chupmun and Hull,

Muaron. J. L. and Harrison. S. 1997, Saatiul puttern formation
in an insect host-parasitoid system. « Science 278: 1619-
1621,

Mimura, M. and Murray. J. D. 1978, On a diffusive predaror-
prey muodel which exhibits patchiness. = J, Theor. Biol. 74
249262,

Murray. J. 1989, Mathematicul higlagy. - Springer-Verlag.

Okubo. A. 1950. Diffusion und ecolpgical problems: mathe-
matical models. = Speinger-Verlay,

Pavne. T. L. 1980. Life history and habits. = In: Thatcher. R.

"C.. Searcy, J. L.. Coster. J. £. and Hertel. G, D. (eds). The
Southern pinc beetle. USDA Forest Service Tech. Bull.
1631, pp. 728

Pavne. T.L.. Coster, J. E.. Richcnon. J. V. et al. 1978. Ficld
response of rhc southern pine beetle to behavioral chemi-
cals, = Environ. Entomol. 7: §78-582,

Plant, R. E. and Cunningham. R, T. 1991, Anulyses of the
dispersal of sterile Mediterrancan fruit flies {Diptera:
Tephritidac) released from o point source, = Environ.
Entomol. 20: 1493 [503.

Pricc. T.S.. Doggett, C.. Pye. J. M, and Holmes. T, P. 1992,
A history of southern pine bee'ELe outbreaks in the south-
eastern United States. a Ga, Fof. Comm.. Macon, GA.

Reeve. J. D. 1989. Environmental variability. migration. and
persistence in host-pararitoid systems. « Am. Natur. [32:
810-836. )

Reeve. J.D. 1997. Predation 8nd bark beetle dynamics. =
Oecoloeja [12: 48-54.

Reeve. J. D, 1998. Scramble vempetition in southern pine
beetle. Dendroctonus frontalis. « Ecol. Entomol. 23: ¢33
443,

Reeve, J. D., Ayres, M. P. and Lorio. P. L. 1995, Host
suitability, predation and bark beetle population dynamics.
« in: Cappuccino, N. and Price, B. W, (eds), Population
dynamics. Academic Press, pp. 339-35§7.

Reeve, J. D.. Simpson, {, A. and Fryar, 1. S. 1996. Extended
development in Thanasimus dubius (F.) (Coleoptera; Cleni-
dac), a predator of the southemn pine beetle. ~ J. Entomol.
Sci. 31: 123-131.

Renwick. J, A. A. and Vité, J. P. 1969. Bark beetle attractants:
mechanism of colonization by Dendractonus frontalis. w
Nature 224: 1222~ 1223,

Roff, D. A. 1977. Dispersal in diptcrans: its costs and econse-
quences. = J. Anim. Ecol. 46: 443-456,

Rotf, D. A. 1991. Life history consequencas of bioenerzetic
and biomcchunical constraints on migration. = Am. Zool.
31: 203-115,

Sokal, R. R. and Rohlf. . J. 1995 Biometry. td o, -
Frccmnn.

Southwood, T. R. E. 1962. Migration of terrestrial arthropods
in relation to habirnt. - Biol. Rev. 37: {71214,

Stinner, R, E.. Barfield. C. S.. Stimac, J, L. and Oohse. L.
1983. Dispersal and movement of insect pests. -~ Annu,
Rev. Entomol. 28: 19.35,

Thatcher, R. C. and Pigkard, L. $. 1966. The clerid beerle,
Thenusimus dubius. as a predator of the southern pine
beetle. - J. Econ, Entumol. §9; 955-957.

Thatcher, R, C., Searcy, J. L.. Costet. J, E. and Hertel. G. D.
1980, The Suuthern ping beetle. « USDA Forest Service
Tech, Bull. 1631,

Tilman. 0. und Kareiva, P, 1997, Spatial ecology: the role of
spuce in populution dynamics and interspecific interactions.
= Princeton Univ. Press.

Turchin, P. 1998. Quontitative snalysis of muvement: iheasur-
ing and modeling population redistribution in animals and
plants. « Sinuuer.

Turchin, P. and Thutny, W. T, 1993, Quantitying dispersul of
southern pine buetles with mark-recipture experiments an
4 diffusion mosdel. w Ecol, Appl. 3 187-198.

137



Turchin. P., Lorio. P. L, Jr, Tuylor, A. D, and Billings, R F.
1991. Why Jo populations of southern pine bestley
{Culcoptera: Scolyiidoe) Huctuyte? - Environ. Enromol.
20: 01 -+409.

Turchin. P.. Reeve, J. D.. Cronin, J. T. und Wilkens. R. 1998,
Spavial pattern formation in ccological systems: bridging
thegretical and empirical approaches. = (v Bascompte, J.
and Sole. RV, (eds), Modelling spatiotemporal dynamics
in ecology. Springer-Verlag, pp. 199-213,

Turchin. P, Taylor, A. D. and Reeve, J. D. {999, Dynamic
role of predators in population cycjes of « lorest insect: an
experimental fest, = Science 235: [)68- 107 1.

138

Turnbaw. R. H., Franklin. R. T.und Nagel, W, P. 1978, Prey
consumption and longevity o adult Thunasimus Jithitls, =
Environ. Entomol. 7: 695-697.

Vied. J. P. and Williamson, D, L. 1970. Thanusimus didlus;
prey perception. - J, Insect Physiol, 106: 233239,

wilkinson. L. {998, SYSTAT: the svsiem for statistics, version
3.0, « SPSS Inc.. Chicago.

Wolkind. 0.J.. Collings, J. 8, and Barba, M. C. B. 1991.
DitTusive instabilities in a onc-dimensional model system
for 1 mite predator-prey interaction on fruit trees: dipsersal
motility and uggregative preytaxis cifects. « J. Math. Biol.
0 339-362.

QKOS (| (20mh



