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The pattern and range of movement of a checkered beetle predator
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Theoretical studies ol predator-prey population dynamics have increasingly centered
on the role of space and the movement of organisms. Yet. empirical studies have
been slow to follow suit. Hersin. we quantified the londrange movement of a
checkered beetle, Thanasinius dublus, which is an important Srcdator of a pernicious
forest pest, the southemn pine beetle. Dendrucronus fronsalls, Adult checkered beetles
were marked and released at five sites and subsequently rezaptured 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 miodel, there was a consistent
discrepancy between observed and expacted tecaptures: a higher than expected
proportion of heetles were recaptured at the more distant traps. To account for this
deviation, we developed 1 mode! of diffusion that allowed lor simple heterogeneity in
the population of marked bectles; i.¢.. a slow and fast moving form of the checkered
beetle. This model provided u significantly better fit to- the dara and formed the buosis
for our estimatey of intra-forest movement. We estimated that on average, one half
of the checkered bectles dispersed at least 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 heetle size: smaller beetles (for both males and females) were
morc likely to be recaptured away from the release site than larger beetles.
The southern pinc beetle (prey for the checkerad beetle) exhibited 1o significant
heterogeneity in dispersal ability and provided a very good fit to the simple diffusion
model. The only difference in dispersal between these two species was that checkered
beetles were undergoing greater long-digtance dispersal than the pine beetles (the
radius containing 95% or the dispersing individuals was 5.1 km for the checkered
beetle and 2.3 km for the pinc beetle), Data on the movement of these two species is
used to evaluate 2 general modcl of spatial pattern formation in a homogencous
environment. and the potential of the checkered beetie as a biological control agent
for the southern pine beetle,
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Numerous theotetical studies have established how spa-
tial pacterning cun urise in prev and predator popula-
tions that exist together within a homogencous
fandscupe (e.2., Mimura and Murray 1978, Dunbar
1983, Murray 1989, Karciva 1990, Comins et al. 1992,
Hussell and Wilson 1997, Turchin ot al. 1998), Among
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these mode!s. the movement patterns of the predators
relative to their prey appear to play i criticul role in
determining whether and what types of sputial patterns
could form. For cxample. using a coupled-map lauice
or cellular automata model, Comins et al. (1992} found
that low host dispersal, coupled with high parasitoid
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dispersal. can lead 10 the formation of spatial chaos or
crystl lattice-like (i.e.. checker-board) structures in the
prey population (see also Hassell et al. 1991, Hassell
and Wilson 1997). Similar results were found for mod-
els in which the spatial dimension was continuous and
movements: were described using a dilTusion framework
(Levin and Segel 1976, Mimura and Murray 1978,
Karena 1990, Wolkind ct al. 1991, Turchin ct al. 1998,
In these models. “diftusive instubility™ or permanent
spatiul patierning arises when. among other things.
predators u}e more dispersive than their prey.

Despite the plethora of models on spatial patterning
in predator}prey svstems, it is clear that our empiricul
buse of support tor these models is disproportionately
low: tew empirical studies huve examined the pattern
and procesy of movement in both predutor and prey
species in npture (but see Kareiva 1986. 1957, Jones ct
al. 1996). T;Phis relative lack of empiricul support has
been attributed to the inherent difficulties in studying
the movemgnt of small, short lived and vften highly
mobile specles. We ulso lack information on the move-
ment of a<«muls at appropriately broad spatial scades.
The vast wnpjority of ccological studies, approximately
5%, are nerformed on the scale of less than 100 m
(Kareiva and Andersen 1988, Turchin 1998). In con-
trust. organjsms such as insect pests typically move on
.the scale of hundreds of meters to tens or even hune
dreds of kilometers (Southwood 1962. Stinner ‘et al.
1983). Claacly. additional and more broad-scale studies
are needed i we hope to test the predictions of this
largely unm'pped wedlth of theory,

The southern pine beetle (Dendroctonus [rontalls
Zimmermanh; Coleoptera: Scolytidae) is a significant
pest of pine forests in the southeastern United Stutes
and average$ more than $30 million in timber losses per
annum (Prick et al. 1992). [n Nuational Forest Jands that
e dominaled by suitable pinc hosts. Turthin and
Thoeny (1993) have found that the movement of the
southern pirle beetle (SPB) is accurately described by a
simple diffusion process and that the rangs of move.
ment of this pest is quitc large (>1 km). Simple
diffusion theory would predict that at equilibrium. the
SPB populafion should be homogeneously distributed
throughout fhe forest (Levin and Segel 1976, Mimura
and Murray: [978. Turchin 1998, Turchin et al. 19981,
However. the SPB's spatial distribution in naturc is
characterized by 1 high degree of spatial patterning
(Thatcher et al. 1980, Turchin et al. 1998): pine beetles
oceur in vety spatially discrote aggresations. This al-
lows lor the interesting possibility that the observed
spatial pattefning may be {inAuenced by the interaction
between the!SPB and one or more of its natural ene-
mies. Until pow. we have had no. information on the
movement of any of these enemivs that could be useful
in evaluating theory on spatiul patteen formation.

In this study. we quantified the pattern and range of°
maovement of a checkered beede, Thanasimis dibing .
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(Coleoptera: Cleridae). an important predator of the
southern pine beetle, We performed u large scale mark.
recapture expeciment with the checkered beetle that was
analogous to the experiment performad previously by
Turchin and Thoeny (1993) with the southern pinc
beetle. Mercin. we tested the fit of a simple diffusion
model to checkered beetle recupture duta and compared
it to the fit of 4 more complicated model that we
developed, one thal allows for heterogeneous rates of
dispersal within the population. The patiern uand range
of movement of the checkered beetle was then com-
pared with that of its pine beetle prev. We conclude by
using these duta to evaluate a general model of spatial
pattern formation.

Materials and methods
Study organisms

R

The life cycle of the SPB is will known te,3., Thatcher
et al. 1980) and only a briet description®’s provided
slow. Upon attack by the SPB. pincs Jefend them-
selves by exuding resin (Hodges et al, 1979:.\When only
assingle beetle or even a small group of beedles broach
the. bark surface of a healthy tree. they are usually
thwarted by the exudation of copious amosnts of resin.
However, SPB adults utilize pine turpenoid byproducts
(x-pinene) in combination with their own pheromnone
{frontalin) to elicit congregative behavior toward its
host (Kinzer et ul. 1969, Reawick and Vit 1963. Pavne
et al. 1978). This mass attack overwhelms the host's
defenses and allows the beetles 0 successfully gain
uccess to the phloem tissues beneath ths hark surface.
Consequently. there is a striking Allee effect in the
growth rate of the SPB within & tree. As a tree begins
to fill with bectles. the SPB in 132 vicigity usuaily shift
atfack to_a different host. most ‘requeatly an adjacent
pine (Payne 1980), This results in a concentrated urca
of infestation known as a spot. After olfspring com-
plete their devclopment within u spot. :hey either con-
tribute to spot expansion or disperse in search oi new
or other existing spots (Hain 1989, Turchin and Thoeny
1993. Cronin et al. 1999). As a result ol their congrega-
tory behavior, the pinc forest landscape resembles a
patchwork of spatially discrete SPB  aygregations
{Turchin ¢t al, 1998).

Adult checkered beetles ure utiructed o the valatiles
released by the SPB and pine tree, and are among the
;arliest natural enemies (o arrive ufter the pine beetle
attack sequence has been initiated (Vitd and Williamson
1970. Dixon and Payne 1979, b. 198, These preda-
tors cupture und consume pine beerle prey vn the burk
surface and then lay eggs within the Bssures and under-
neiath bark chips Qf the tree's wrunk 1 Thatcher and
Pickard 1966. Dixon and Payne 19792, Reese 1997).
Atter hutching, the larval checkered bectics enter the
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pine begtle Siflleries and feed on the developing SPB
(Thateher and Pick.rd 1966, Dixon und Payne 197%0).
Several fines of evidence suggest thut the checkered
beetles may play an important role in SPB populition
dynunics: 1) they oceur in high abundance on the burk
surfuce ol atfacked Lrees {Reeve 1997), 2, mortulity
inllicted by afult checkered beetles cin exceed 6004
(Reeve et al. {1995, Reeve 1997). 3) at the scale of 4
whole Nutiongl Forest, checkered beetles exhibit « nu-
merical response to their prey and u negative density-
dependent relaionship between SPB population growth
rite and checkiered beetle density (Reeve 1997). and 4)
development dates of the checkered beetle are usyn-
chronous with;that of their prey which may destabilize
SPB populutin dynumics (Recve et al. 1996). These
four factors mpy contribute to the oscillatory popula.
tion dynamics| (Turehin ot al. 1991, 1999; and the
formation ot spatial patchiness in the distribution of
SPB (Turchin ét al. 1998).

Mark-recaptufe study

Checkired beetle mo rk-rccapture experiments were con-
ducted in the |Capshouls and Winn Districts of the
Kisatche National Forest. Louisiana, USA. Two sites
were chosen frgm the former {CAT- und.CAT-II) and
one from the llater (WINN) district and all three

shared the follpwing characteristics: I} trap trunsects

radiming outwhrd tfrom the checkered beetle refease
point consisted predominantly of host teees suitable for
the prey's devielopment toblolly [Pinus raedu] und
shortleat [P, ot Mnatu] pine). 2) transects were not di-
vided by unsujtable habitar lexcept occusionally by
gravel service fouds): and 3) pine beetle infestations
were absent frgm the area (us determined by ground
and aerial survgys). CAT-T und 1l were separated by a
distance of 8.6 km and both were more thun 35 km
from WINN, '

Trap stutions|were established in tour cupdinal direc-
tions ana at fixqd distances of 0.1. 0.2, 0.3, 1.4, 0.5 km
(for replicate 1] a trap av 0,35 km was used in place
traps at 0.3 km and 04 km)., und every 0.25 km
therealter to a distance of 2 km from the center of the
site (only two sttions were used at a distance of 0.1 km
to uvoid excesyive rccaptures ar the most proximal
Wips). At each {tation a single multi-funnel trap (Ling-
&ren 1983) was| deployed. Traps were baited with a

Table 1. Thanasipus dubius mirksrecaprure replicates,

OSemL vial of frontalin (99.8"% chemically pure 1.5
dimethyl-o,?-dioxabicyelo 3.2.1 octane) and a 120-mL,
bottle of natural stenmedistilled turpentine released
using & votton wick. This trapping method has rou-
tinely been used to census both pine beetle and check-
ered bectle population densities and forms the basis for
torecasting populution treads (Billings 1988. Turchin ot
al, 1991,

We initiallv used the trapping grids to obrain wdult
checkered beetles lor the mark-recapture study. Traps
weve checked Juilv and the conrents immediately truns.
ported to the luboratory where the beetles were stored
2t {0°C. Most insects for this study were kept in cold
storuge for < 7 d: all were kept < 14 d. This procedure
appears to have no significant detrimental 2flects on
checkered bestle behavior {(unpubl.). Once sulficient
numbers (500 minimum) had been collected. such beetle
was marked with u spot of enamel paint on its prono-
tum. A minimum of 45 of these marked animals were
randomly drawn from the collection und placed in che
freszer for later estimation of the sex ratio und mea-
surement of body size (mean elytfa length in mmy. The
remaining marked beetles (only active and apparently
healthy insects) were transported 10 the center of an
experimertul site and placed in cages. formed around
the trunks of two pines. The cuges were l-m long
evlindricak enclosures that were constructed of Sne
polycthylene screening and tied loosely, at bath ends to
the trunk of the tree (see Reeve 1998). Checkered
beetles were placed in these cages to give then surficient
time o cquilibrate to their new environment und reduce
the likelihood of dispersal in response to this trauma.
Aftec 30 min. the cages were removed.

Funnel traps werc checked daily for the first week
and then twice weekly until the recapture rate declined
below a few individuals per census date, We addad 4
small piece of No-Pest Strip (Bio-Stip. Reno. NV:
active ingredient, 2-2-dichlorovinyl dime 1.vl phosphare)
0 each funnel's collecting cup to kill the beetles before
they could escape. Trap contents were returned (o the
laboratory and the number of marked checkered beatles
determined for each direction aad distance. We further
recorded the sex of each recaptured insect and its mean
elytra length (in mm). A total of five replicate dispersal
experiments were performed among the three sites. Site
summaries are provided in Table 1.

chliualg Location Dute initiated Number released “u Tecaprured
' CAT.I 15 March, 1994 500 384
: CAT:I (9 April. 1994 91 N
J CAT-I 11 November, 1994 647 0.1
3 CAT-II b April. 1995 847 0.3
: WINN 17 May. 1993 102 26

LIRS
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redicting spread with a diffusion model

or each replicute mark-release experiment we com-
uted C(r), the cumulative number of checkered beetles
necaptured at uch distance r from the release point. At
aps nearby the release point, C(r) was ofien high
plative to the total number of bectles released. thus
epleting the aumber of insects availuble for réciupture
t more distant traps. To correct for this probiem. we
pultiplied C(r) hy V,/(:v, —IC,); where N, is the
umber of marked beetles released and LC, is the sum
t all beetles recapured at distances more proximal to
he source than r. This correction factor represented the
pmaining marked beetles that were availuble for recap-
yre at more distant traps (r and beyond).

We compared the corrected recapture data with the
ppetern of spatial spread predicred by a simple dilTusion

oS oG s o= np g

-

on for the lollowing analvtical formula for predicting
patial spread (see also Awerbuch ot al. 1979, Okubo

1%}

1980):
C,“»(I'-“:e_'ﬂ‘ . . (l)
Here,
N,
Ao~ (2)

v SnYD% -

where % = recaprurc efficiency of the trap. .V, = marked
beetles rcleased. D = diffusion rate and 8 = disappear-
afee rate (death or emigration from the experimental
gnid). The parameter 4 is known as the scale parameter
and is proportional to the product of the number_of
byetles released and the recaptuce etficicney. 8= /D §
is|a measure of the spatial scale of dispersal. An inscct
population with a large value of B would have a greater
dispercl range than one with a smaller 8. The real
lue of this particular model is that it is based on
pyrameters that can be quantificd through experimenta-

tign. However, we do not artempt in this study to

estimate the unknown parameters comprising A and 8
(24 D and 8). We do notc. though, that checkered beetle

adults are fairly long lived relative to the duration of-

vi Turnbow et al, 1978. Lawson und Morgan 1992),
gesting that § in this case is primarily a measure of
pigration loss, '

The model ubove has the linear form.

In C‘,.)-i—%ln(r)a-ln(,{)—r'ﬁ t3)

and can be At using least-squurcs regression (Sokal and
Rohlf 1995). Turchin and Thoeny (1993) provide rhe
methodology for converting 8 into & more intuitive
mgusure of dispersal - the radius of 4 cirele. . encom-
pissing 4 given percentage of dispersers (x). Here, rois
defermined by numerically solving the equation

13

model. Turchin and Thoeny (1993) provided the deriva- -

Xp( = r'8) dr
X e (4)
r! P exp[~r:8]dr

—
~
i»
[

The median dispersal distance (i.e. the radius enclosing
0 ot the dispersers) is determined by solving for
¥ =03, Similarly, we determinc the radii enclosing
66.7% and Y3% ol the dispersers by solving for x =
0.667 and 0.95, respectively. Numerical solutions for
these dispersul quantiles were obtained using Gauss 3,0
(Aptee Systems Inc. 1992).

The pattern of recaptures with distance has been
known to depart from the distribution predicted by
simple diffusion medels (Dobzhansky and Wright 1943,
1947, Inoue 1978, Okubo 1980. Kareiva 1983, Turchin
1998. Plant and Cunningham 1991). Among insects.
these deviations often take the form of a leptokurtic
distribution: i.e.. lower-than-cxpected recaptures near.
and greater-than-evpected recaptures farther away from
the source (Turchin 1998). Leptokurtic distribrtions
may arise when there are heterogeneties in the pasula-
tion; for example. wheh the populaticn is compnised of
two or more subgroups thut have Aiffarent dispersal
capabilizies., Although the Bessal funcrion suosumed in
model (1) causes the distribution of recapturss to be
slightly leprokutic. we ean account-for stranger lep-
tokurtosis. and hence heterogeneous dispersal abilities.
by allowing for two values of 4 and 8. In this case. eq.
(1) is re-written as the summation of two Jiffusion
models (the heterogeneous diffusion modei):

q,:A'r-l:c-rB._‘_Az,.-l:c-"B: (5)

where 4, and A, ."md"BI and B. ure the scaling parame-
ters and the scale of dispersal. respectively. for the two
tvpes of dispersers. This model is one ‘of the tirst of its
kind that allows for both the disappetrance of {nsects
(3) and hetcrogeneity in dispersal abiliny 1see aiso Plant
and Cunningham 1991). We tested the fit of this ietero-
geneous diffusion model (o the combined Jdata from all
Rive replicates. Here, pooling was necessar to increase
the observations upon which the tour paramerers were
0 be cstimated. We standurdized recaptures amony
replicates by dividing the number of recuptures at cach
distance within u replicate by the total number of
marked checkered beetley releused in that replicate, The
proportion recaptured at cach distances was fit to ey
(5) and purameters estimated using nonlinear regression
in SYSTAT 8.0 (Wilkinson [998). Dispersal quantiles
were derived by solving for r, in a similur fushion to cg.
{4). Nincty-five percent contidence intervals «Cls) for
Ay ey, By and By were obtained rhrovgh bootstrap-
ping: for 1000 repetitions (bootstrap samplesy. five dis-
persal  replicates  were  drawn ay randem  (with
repliacement) and used to estimie the four parameters
(Efron und Tibshirani 1993, Munly 1997, The runge or
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vilues englosing 95% of the bootstrapped estimates ol
uch parajneter represented the 95%, Cly.

~ We notg that this is only u phenomonologicul model
n which, [a prioti. we have no evidence of a heteroge-
neous population of dispersers. Our intent here was to
obtain u qobust estimate of dispersal distances from o
model that is best supported by our data. However, if
the helerquencous diffusion model represents a4 more
appropriate description of checkered beetle recpluress
with-distagice, the two scale-of-dispersal parumcters. 8,
and B, age expected to be significantly different (i.c.
thut there|are two different kinds of dispersers in the
population), To determine if the difference wus signifi-
cant. we examined whether the usvmptotic 95% CI of
8.~ B8, (from the nonlinear procedure in SYSTAT)
wus significantly different from 2ero. Below. we aN-
plore the possibility that differences between male and
female checkered beetles or variations in size may be a
source of [heterogeneous dispersal abilities within this
populution. .

. Net displgcement

The models we uscd assumed that a population’s net
displacement or directionality in space should be Zero.
We tested this prediction for our mark-recapture study
by determining the net dispiacement of marked check-
ered beetles in euch experimental replicate (Turchin and
Thoeny 1993). To accomplish this. we first designated
the checkered beetle release point as the urigin of a
{two-dimengional plane (v and Y coordinates cqual zero),
The east-west and north-south transects corresponded
to the x-jand j-axis. respectively. Net displacement
(VD) of recaptured checkered beetles along the x-axis
was ND 5(ZxC.)'N: where x = recupture distancs
along the exst-west trunsect. €, = number of recaptures
at distance L\ and .V = toral number of recaptures along

the transcef. A similar procedure was used for calculat-
ing displucement along the v-axis. To avoid biasing
displacemeht estimates, when a trap was missing on one
arm of a tdnscet (e.g., cast), we deleted the trap at the
same disturrce on the opposite arm (west),

Effects of sex and size

Sex-refated! differences in dispersal were uddressed in
wo wuys. [Fiest. we assessed whether the sex-specific
dispersal data were botter fit by the heterogeneous

~ diltusion model (3) than the simple diffusion model (1),
Proportions of euch sex recaptured-with-distance. for all
sites combiped. were At to model (35) and the ASVIMPLOtic
95% Cls surrounding the ditTerence between the scale-
of-dispersull parameter, 8, — 8,. were computed. It the
Cls did not averlup zero. this would indicate that
heterogenequy dispersal eates seeur within each sex and

QIKONS 9] 1 3ty

that the more complex model (S) would provide « better
fit to the mule and female dispersal data. Second. we
perlormed an analysis of covariance o determine the
eftect of sex (main effect) and recapture distance (co-
variate) an the proportion of checkered beetles recup-
tured. Proportion recaptured was transformed using
In(C.)+intry to comply with the linenc dispersal
medel (3), A quadratic teem () wus alsa added 0 the
Model to account (or any nonlinear change in
recuptures-with-distance.

Because insect size may atfect dispersal ability or
survivorship (recail that 8, is determined by the ditfu-
sion and disappeurance rate), we cxamined whether
checkered bectle size (mean elvira length) varied with
recapturc distance. In this analysis. all replicates were
combined and distances were divided into six classes: 0
km (the random sample obtained itom pre-ceieased
beetles). 0.10 km, 0.20 km, 0.30 km. 0.45 km itraps at
0.40 km and 0.50 km combined). and 1.23 km {all raps
beyond 0.50 km combined). A two.way completely
randomized fixed-factor ANQV.A was used 1o determine
the effect of checkered beetle! sex (females are generally
larger than malcs) and recapure distance on elytra
length. Dit‘fereneeﬁ among means were analvzed with
Tukey's HSD test (Sokal and Rohlt 1995),

w,
Comparison of prey and predator dispersal

One purpose in quantifying the cange ol dispersal of the
checkered beetle was to enable comparison to the dis-
persal of its prey, the SPB. Turchin and Thoeny (1993)
have previously quitntified the movement patterns of the
latter species using a design directlv comparable to one
presented here. Nine dispersal replicates were reported
in their study, each providing a Slose fit to the simple
diffusion model (1). We evaluated whether the data were
better described by the heterogencous diffusion mwodel
using the criteria outlined above for the checyored

. beetle. The better of the two" models were used to

compute 50" 66.7% and 95% dispersal quantiles and
we compared the 95% CI's of the SPB quantiles with
those from the checkered bectlc.

Results
Predicting spread with a diffusion mode!

The average number of checkered beetle recaptures
(bascd on traps posilioned in four cardinal directions at
cach distunce) declined significantly with increasing dis-
tance from the point of release (for all live replicales,
P 50032 Fig. 1), The lincar model (3) based on a
simple diftusion process expluined an werage of 64 of
the variation in the recipture duta tbased on the coeti-
cient of determination. R Tuble 2V, suggesting that us
a first approximation. checkered beetle dispeesal van be
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T0 Fig. 1. Checkered beetle
. repileate 1 0l feplicate 2 recaptures with distance lor the
30 | A2y .27‘ r? =0.508 five experimental replicates.
) 50 Curve is based on the simple
© dilfusion model feq. |). and
W04 coctficient of' determination, R*,
| 0 is based on Igasl-xqugm
w|\l wil. regression using eq. 3.
3 »
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| v .
adequately c;ramctcrized by 4 simple diffusion process. Irrespective of the choice of diffusion model. the net
The 50%. €617% and 95% cispersal quantiles bascd on  dispiacement of checkered bectles. on nerage. did not

this model ate presentcd in Tuble 2.

Although _khe dispersal data are reasonably approxi-
mated by madel (1). there is cleur partern of deaccelera-
tion in the slope ol the recaptures. In three of five
replicates (24 3. 4). a significant quadratic term indi-
cated that the relationship was curvilincar. not linear as
modecl (3) wlbuld predict. The heterogeneous diffusion
model way able to account for this nonlinear pattern ol
recaptures with distance (Fig. 2A). and provided a
berter fit to rJhe data (R*=0.753), A significant difler-
ence betwee ¢ the two seale.of-dispersal parametcrs, 5,
and By (95% CI's for 8, — B, was 0.39. 2.26), suggested
that there is importunt heterogeneity in the dispersal
ability of the checkered beetles. and argues in support
of the acceptance of this over the simple diffusion
maodel. By uliowing for u more leptokurtic (lut-tailed)
distribution c}f‘ recaptures, this model predicted disper-
sal quantiles’ that were broader than those from the
simple dil'l"uﬁn‘un model (Tuhle 1,
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deviate significantly from the origin (Fig, 3). This sup-
ports one of the basic assumptions of both models:
beetles should diffuse equally in all directions from the
point of origin,

Elfects of sex and size

When checkered beetles were divided by sex. we still
obscrved a nonlinear pattern of recaptures-with-dis-
tunce (Fig. 2B, C). Howcver. our criteria lor accepting
the heterogencous model (and nunlinearity in the recap-
tures-with-distance). that B; — 8, is significantly greuater
than zero, was not met for either the males (934 Cl:
— 2.04, 5.82) or the females { — 0.65. 4.31). A reduction
in statistical power of our test. resulting from using half
as much data us the test for all recaptured beetles (Fig.
2A). may cxplain the lack of significant curvature in
male and female recaprures-with-distance,
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. The puttdrn off recuptures-with-distance did not viry
slgmiiu:unlyi between mule and  female vheckered
beetles. Based on an ANCOVA. we found a strong
effect of the covariute distance (R =dld42, P
0.001) and the quadratic *term. distance « distance
(F= 22.7:8. P < 0.001: indicative of a nonlineur relu.
tionship). byt no effect of sex or distance x sex (Flo >
0.0, Pam U882 und £, =003, 2 =0)866. respee-
tively) on the natural log of the proportion recaptured
(+ 3l Finully. we did find an effect of checkered
heetle size o;n dispersul. In general. there way a signifi-
cunt. but gradual. deeline in the size of recaptured
beetles with Jdistance (Fig. 4). Most notably, checkered
beetles recuptured in funne! traps were significant]y
smaller than those in the collection of beetles that were
originally miarked and releused Frlun=3147. P<
0.001). For females. there was 1 continual decline in
size of recaptured insects. but not for males (Fig. J).

Comparison of prey and predator dispersal

For each of the southern pine beetl dispersal replicates
(see Turchin and Thoeny 11993), as well as for all
replicatas combined (Fig. ). we were unable to” detect
nonlineurity ‘in the dispersal curves. In uddition. all
attempes to fit the heterogeneous ditfusion model to
SPB recupiures failed to converge on 2 unique solution.
This pradubly oceurred because the hetcrogenecus dif-
{usion model has more parameters thun are needed to
fit these apparently linear Jdata. ie. the model was
overparameterized (Draper and Smith 1981). We there-
fore accepted the simple diffusion model us the most
appropriute for the SPB and used the purameter esti-
mates from Turchin and Thoeny (1993: see Tuble 4).
Based on a comparison between the two species, we
ivund no difference 1n the radius containing 50% and
00,77 of the dispersing insects 1 Table 4). However, the
radius containing 95% of the insects vas significantly
greater ror the chsskered beetle thar the SPB. This
difference is appurently due to the tong tails in the
recaptures-with-distance for the checkered beetle: that

is, proposionately more predutors are dispersing long
distances than their prey, The extrzme distancss that
the checkered beetles ure capuble of dispersing is
demonstruted by two marked beetles that were recup-
tured more than § km uway in funnel traps used for
other reseasch projects.

Discussion

Despite the widespread acceptance that spatial hatero-
geneity and movement are of considerable coasequense
to the population dynamics of predutors and their prey
(for recent reviews see Hanski and Giipin 1997. Tilman
and Kareiva 1997, Turchin 1993). :he southern pinc
beetle -checkered beetle system reprasents one of the
very few in which we have quantitative data on the
pattern and scale of movement of hoth predator and
prey species. What makes this even more unique is that
the scale of dispersal spans more than 2 km; few studies
of any species have quantified movement pattems &x-
ceeding an area this large (Turchin 1998).

The redistribution patteen o checkered beetles fol-
lowing their releasc was in reaSonable accord with the
expectations of a simple diffusion medel Qkubo 1980.
Kareiva 1983. Turchin 1998). This pattern of diifusion.
in which recaptures were highest at the point of origin
and dropped (¥ at a deacccleraing rate with distance,
has been found for 4 number of insect species (e.g.
Kureiva 1983, Turchin 1998). However. our data devi-
ated significantly from these cxpecrations in that we
consistently had higher-than-expected rates of recap-
tures in the more distant traps. This leplokurtic distri-
bution (having fat tails) is not at ajl ap uncommon
source of deviation from simpie diffusion models. and
is thought to be commonly brought about by heteroge-
nous diffusion rates within the population 1Inoue 1972,
Okubo 1980. Kareiva 1983, Plunt and Cunningham
1991, Turchin 1998). Dobzhansky and Powell 11974).
for exumple. provided cvidence for yenetivally based
differences in"diffusion rates within Drosophiin pics-
doohscura: flies currying the recessive gene for orange
eye had lower diffusion rates than wild-type fies.

Table 2, Parametcr estimates und dispersal quuntiles (radius of a circle. in km., enclosing ditterent proporticas of dispersers) for
the checkered beetles based on « simple Jiffusion wmodel (eq. 1. se¢ Methods). Coetficients ol determination « R-). the proportion

of the variance in recapiures that wag explained by the model. were abtained by least-squares regression.

Ranlicate A 8 R: Dispersul quantiles

507 66.7% 95°.
l 4.096 0.670 0.633 1,793 1141 2618
: 6918 1.79% 0.3% 0,941 1.389 LS
3 2,583 0.609 0.851 0730 1037 REEEL
4 9843 0.598 0,676 0707 101y 2,136
3 3087 .333 0.333 .63+ 0.942 2160
Meun 5291 1).648 0.648 0,764 L100 e
Lower 95, CI .l 0.52% 0).483 0.624 0.399 2062
Unper 958 CI 9,091 0.763 0.812 (1,903 .o 2983

>
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Fig. 2, Proportion of (A) total, (B) male and (C) female
marked checkered beetles recaptured for all five replicares
combined. Curves are based on the heterogencous. two-dise
perser modcl! (eq. 5).

In this paper, we presented 2 new and simple ap-
proach to incorporating heterogeneity in dispersal abii-
ity into a diffusion framework (see ulso tnouc 1978 and
Plant and Cunniagham [991). Employing this heteroge-

North
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015 0.10 .03 000 0.05 010 048
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Fig. 3. Net displacement of Thamastmus dubits in the five
replicate mark-recapture experiments. The open circle repre-
sents the mean net displacement « | se,
neous diffusion model, We found 2 much improved fit
to the checkered beetle élispersal data: one that did a
particularly 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 estimuted that an average of 30% of the
released -beetles dispersed beyond 1.25 km. 33% dis-
persed bevond 2 km and 5% dispersed bevond 5 km,
In contrast, we could find no evidence for hetero-
geneity in dispersal ability for the SPB: the recaplures-
with-distance were linear, indicating homogeneous rates
of dispersal within the population ( Fig. §). Thus, dis-
persal distances for the SPB were estimated using the
simple diffusion model. This mode] is based on the
same framewark as the hetcrogeneous model but alfows
for ounly one type of disperser in the population. Using
this simple diffusion model, we found the SPB to be
slightly less dispersive than their predators. The main
difference between the two species was in the cails of
their vedistributions: as noted by the significantly larger
radius necessary to enclosc 95% of the dispersing check-
ered beetles, more checkered beetles were undergoing
long-distance dispersal than their pine beetle prey,
Within-population heterogencity in dispersal ability
may have been in part auributable to sex- und size-re-
lated diflerences among adult beerles. While males and
termales did not differ in the cange or pattern of disper-
sal, the recaptures-with-distance for cach sex exhibited

Tuh[c 1. Checkered beet
conhiderice intervals wer

le dispersal parameter estimates based on ¢
¢ obtained by bontstra

duta sets.

he heterogencous diffusion model, ¢3. 5 (R*=0.753). 95%,
pping proportions recaptured from the pooled

Statistic Purameters Dispersal quuntiles

A B| oy B: ENA 66.7"%, DA
mean 0.064 0.069 0.0030 1.391 1.243 2018 5099
L,ower 95% C1 0.018 0.048 0O01S 1.007 0.736 1.297 3.360
Upper 95% CI 0.179 - n.130 0.0042 4.170 4478 6,728 15.890
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Fig. 4. Checkered beetle size (mean elytra lenpth) in relution
10 beetle sex und recaplure distance. ANOVA indicated a

significant eifect of sex (F, 4, =30.20. P <0.001) and dis-
tance (Fy o, = 1.77, P <0.001), but not an interaction be-
tween the two (F g, = .35, P=0,241)., Meuns &3¢

associated with different letters are significantly different at
P <0.05 (bascd on Tukey's HSD).

& nonlinear trend comparable to the combined data set.
This result suggests that sex-specific differences are not
the primary source of hetcrogeneity in the checkered
beetle population. However, size. which is related to
sex. did influence dispersal ability in this population:
smaller checkered beetles were more likely to be recap-
turcd, and for the females, more likely 10 be recaptured
at long distances (Fig. 4). Whether this is due to the
smaller insccts having a greater propensity to disperse
farther or to discover funnel traps, we do not know.
However, based on cnergetic considerations (Roff 1991)
and evidence from the literaturc (i.e., Roff 1977, Dingle
and Evans 1987, Kinn et al. 1994, Ellers et al. 1998; but
see Haoks et al, 1998) we would have cxpected larger.
not smaller, insects to be more dispersive.

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

0.1 W
.° L ]
b .
Z om{:
o .
g
e 0.001
:
] 0.0001
a
. .
0.00001 ' .
0.0 0.2 0.4 0.6 0.9 1.0

Diatance from source (km)
Fig. 3. Proportion ol marked southern pine beetles recaprured

lor all replicates combined in the study by Turchin und
Thoeny (1993). Line is £t by least-squares regression.

0IKOS el (2000)

Table 4. Estimaied dispersal quantiles with 95% Cls (rudius
of u cirele in km cnclosing different proportions of dispersers)
lor the checkered beetles and southern pine beetle bused on
the best-tit model (heterogeneous and simple dilfusion models.
respectively). Cls for the radivs enclosing 95% of the dis-
persers do not averlap between the two species, indicating that
they are significanly different (P <0.05).

Dispersal Checkered beetle Southern pine heetle
quantiles

0% 1.24 10,74, 4.18) 0.69 (0.45, 0.9
66.7, 202 (L3, 6.7H 0.99 (0.65. 1.34)
98"% 3.10 (3.56. 13.89) 2,27 (148, 3.05)

dynamics and spatiul distributions of predator and prey
populations (e.g., Kareiva 1990, Turchin {998), In
many cases. the types of dynamics and spatial patterns
that arise hinge upon the differences in movement

‘between the two species (e.g., Mimura and Murray

1978, Reeve 1988, Comins et al. 1992). Now that we
have quontified the pattern and range of movement of
the checkered beetle relative terits bark beetle 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 svaluate existing models of patch forma-
tion; in particular, those models that treat the spatial
dimension as a continuum (e.g., Mimura and Murray
1978, Wolkind et al. 1991, Turchin et al. 1998). In these
models, spatial parterning, or diffusive instabilities. can
arise if the following features of the system are present.
First, high densities of the prev (activator species)
should have u positive 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 ratés. Finally, preda-
tors should disperse substantially faster (higher diffu-
sion rates) than their prey. The way this
activator-iniibitor system works to create spatial pat-
terning is us follows. A perturbation that elevates prey
densities beyond - the constraints of the Allee effect
would result in accelerated population growth and the
development of u prey outbreak. Predutors would re-
spond 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, As a consequence.
the ratio of predators to prey within the outbreak
would be lower than il there was no predator diffusion.
and thercfore, 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 suppression of the prey. This
pattern of "undernggregation™ of predators within the
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outbreuk foci. but “overaggregation™ at the periphery
cun result in the formation of putches of high prey
densities with very distinet borders.

Very few experimental studies have addressed the
concept ot diffusive-driven instability (but see Brod-
mann et ul. 1997, Maron and Harrivon 1997). However,
the pine beetle -checkered beetle svstem tits well within
this continuous model framework: due 1o management
practices, pine forests in the southcustern United States
are quite uniform at scales of several or more kilome-
ters. and the movement of both specics within the (orest
are well described by diffusion-based models. Many ol
the conditions nccessary for diilusive instability arc also
present in this system. The SPB exhibits u 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 Paync 1979a, b,
1980). but also cause a decrease in prey abundance us
their density increases (Reeve et al. 1995, Reeve 1997).
Additional support for this model comes from the fact
that the ratio of checkered bectles to SPB increases
away trom the ceater of an infestation; i.e., an underag-
gregated distribution of predators (Turchin et al. 1998:
Fig. 11.4). The one condition for diffusive instability
that is not met is that checkered beetle dispersal must
be substantially greater than that of irs prey. The
differences in dispersal outlined in Table ¢ would not
constitute a substantial difference. Therefore, the cre.
ation of spatial patterning through this gencral model
of diffusive instability does not appear to be likely. The
basic modeling framework. however, is still well suited
to 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 checkered
beetles within and around the boundaries of SPD
infestations.

Finally, our result that checkered bectles have a
dispersal ability that is equal to or slightly greater than
their pine beetle prev lends further support to our
earlier prediction that this species is an important
predator of the SPB. High dispersal ability, coupled
with the checkered -bectle's sirong reactivity to SPB
aggregation pheromones (Vité and Williumson 1970).
would enable it to rapidly track pinc beetle infestations
in space. This certainly supports what has bcen ob-
served in nature: pines at very eurly stages of attack by
the SPB often have high densitics of checkered beetles
{Dixon and Payne (9794, b. 1980, Reeve 1997). Their
etfectiveness us a control agent, however, muy be tem-
pered by the apparent underuggregated distribution of
the checkered beciles relative to the SPB (occurring in
higher ratios at the infestation perimeter: Turchin ot al.
1998): possibly as a voasequence of the higher rates of
diffusion of a subsct of the checkered bectle population
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in comparison to the SPB. [ncreusing the effectiveness
of this predator may therefore be possible through a
number ol as yet untested approaches: for exumple, by
1) the augmentative release of checkercd beetles in the
center of infestations, 2) reducing the checkered bectle's
propensity to disperse (possibly by manipulating semio-
chemical concentrations), or 3) by selecting. through
artificial or natural means. the cclatively sedentary sub-
set of the checkered beetle population (i.c.. the large
adult individuals). Information on the patern and
range of movement of the SPB and its nutural enemy
has revealed new paths to follow which may leud to the
improvement of the biological control of this devastat.
ing pest.
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