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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 ol predalor-prey population dynamics huve increasingly centered
an the role of space and the mevement of erganisms. Yet, cmpirical studics have
been slow to follow suit. Herein, we quantified the long-range movement of a
checkered beetle, Thanasimus dubins. which is an important predator of a pernicious
forest pest, the southern pine beetle, Dendrocronus frontalis. Adult checkered beetles
were marked and released at live siles and subsequently recuplured al traps baited
with pinc and pinc beetle 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 a consistent
discrepancy between observed and expected recaptures: a higher than expected
proportion of beetles were recaptured at the more distant traps. To account {or this
deviation, we developed a model of diffusion that allowed for simple heterogencity in
the population of marked beetles; i.e., a slow and fast moving form of the checkered
beetle. This model provided a significantly better fit to the data and formed the basis
for our estimates of intra-forest movement. We estimated that on average, one half
of the checkered beelles dispersed at least 1.25 km, one third dispersed > 2 km, and
5% dispersed = 5 kin. The source of the helerogencous dispersal rates were partially
due to differcnees in bectle size: smaller beetles (for both males and females) were
more likely to he recaptured away from the release site than larger beetles,
The southern pine beetle (prey for the checkered beetle) exhibited no significant
heterogeneily in dispersal ability and provided 4 very good lit to the simple diffusion
medel. The only difference in dispersal between these two specics was that checkered
beetles were undergoing greater long-distance dispersal than the pine beetles (the
radius containing 95%, of the dispersing individuals was 5.1 km for the checkered
beetle and 2.3 km for the pine beetle). Data on the movement of these two species is
used Lo evaluate 1 general model ol spatial patlern formation in a4 homogeneous
cnvironment. and the potential of the checkered beetle as a biclogical control agent
for the southern pine beetle.
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Numerous theoretical studies have established how spa-
tial patterning can arise in prey and predator popula-
tions that  exist together within  a homogeneous
landscape (e.g.., Mimura and Murray 1978, Dunbar
1983, Murray 1989, Karciva 1990, Comins ct al. 1992,
Hassell and Wilson 1997, Turchin et al. 1998). Among
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these models, the movement patterns of the predators
relative to their prey appear to play a critical role in
determining whether and what types ol spatial patierns
could form. For example, using a coupled-map lattice
or ccllular automata model, Comins ct al. (1992) found
that low host dispersal, coupled with high parasitoid
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dispersal, can lead to the formation of spatial chaos or
crystal lattice-like (i.e., checker-board) structures in the
prey population (sec 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 diffusion framework
(Levin and Segel 1976, Mimura and Murray 1978,
Kareiva 1990, Wolkind ct al. 1991, Turchin et al. 1998).
In these models, “diffusive instability” or permanent
spatial patterning arises when, among other things,
predators are more dispersive than their prey.

Despite the plethora of models on spatial patterning
in predator-prey systems, it is clear thal our empirical
base of support [or these models is disproportionately
low: few empirical studies have exumined the pattern
and process of movement in both predator and prey
specics in nature (but see Kareiva 1986, 1987, Jones et
al. 1996). This rclative lack of empirical support has
been attributed to the inherent difficulties in studying
the movement of small, short lived and often highly
mobile species. We also lack information on the move-
ment of animals at appropriately broad spatial scales.
The vast majority of ccological studies, approximately
95%. are performed on the scale of less than 100 m
(Karciva and Andersen 1988, Turchin 1998). In con-
trast, organisms such as insect pests typically move on
the scale of hundreds of meters to tens or even hun-
dreds of kilometers (Southwood 1962, Stinner et al.
1983). Clearly. additional and more broad-scale studies
are needed if we hope to test the predictions of this
largely untapped wealth of theory.

The southern pine beetle (Dendroctonus frontalis
Zimmermann; Coleoptera: Scolytidae) 15 a significant
pest of pine [orests in the southeastern United Stales
and averages more than $30 million in timber losscs per
annum (Price et al. 1992). In National Forest lands that
arc dominated by suilable pine hosts, Turchin and
Thoeny (1993) have found thal the movement of the
southern pine beetle (SPB) is accurately described by a
simple diffusion process and that the range of move-
ment of this pest is quite large {>1 km). Simple
diffusion theory would predict that at equilibrium, the
$PB population should be homegeneously distributed
throughout the forest (Levin and Segel 1976, Mimura
and Murray 1978, Turchin 1998, Turchin ct al. 1998).
Ilowever, the SPB’s spatial distribution in nature is
characterized by a high degree of spatial patterning
(Thatcher ct al. 1980, Turchin et al. 1998): pine beetles
occur in very spatially discrete aggregations, This al-
lows for the interesting possibility that the observed
spatial patterning may be influenced by the interaction
between the SPB and one or more of its natural ene-
mies. Until now, we have had no information on the
movemenlt ol any of these enemies that could be useful
in evaluating theory on spatial pattern formation.

In this study. we quantified the pattern and range of
movement of a checkered beetle, Thanasimus dubius I,
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(Coleoptera: Cleridae), an important predator of the
southern pine beetle. We performed a large scale mark-
recapture experiment with the checkered beetle that was
analogous to the experiment performed previously by
Turchin and Thoeny (1993) with the southern pine
beetle. Herein. we tested the fit of a simple diffusion
model to checkered beetle recapture data and compared
it to the fit of a more compiicated model that we
developed, one that allows for heterogenecus rates of
dispersal within the population. The pattern and range
of movement of the checkered beetle was then com-
pared with that of its pine beetle prey. We conclude by
using these data to evaluate a gencral model of spatial
pattern formation.

Materials and methods
Study organisms

The life cycle of the SPB is well known (e.g.. Thatcher
et al. 1980) and only a brief description is provided
below. Upon attack by the SPB, pines defend them-
selves by exuding resin (Hodges et al. 1979). When only
a single beetle or even a small group of beelles broach
the bark surface of a healthy tree. they are usually
thwarted by the exudation of copious amounts of resin.
However, SPB adults utilize pine turpenoid byproducts
{a-pinene) in combination with their own phcromone
{frontalin} to elicit congregative behavior toward its
host (Kinzer et al. 1969, Renwick and Vité 1969, Payne
et al. 1978). This mass attack overwhelms the host’s
defenses and allows the bectles to successtully gain
access to the phloem tissues beneath the bark surface.
Censequently, there is a striking Allee effect in the
growth rate of the SPB within a trce. As a tree begins
to fitl with beetles, the SPB in the vicinity usually shift
attack to a different host, most frequently an adjacent
pine (Payne 1980). This resulls in a concentrated area
of infestation known as a spot. After offspring com-
plete their developmenl within a spot, they either con-
tribute to spot cxpansion or disperse in search of ncw
or other existing spots (Hain 1989, Turchin and Thoeny
1993, Cronin ct al. 1999). As a result of their congrega-
tory behavior, the pinc forest landscape resembles a
patchwork of spatially discrete SPB  aggregations
(Turchin et al. 1998).

Adult checkered beetles are attracted to the volatiles
releused by the SPB and pine tree, and arc among the
earliest natural enemics to arrive atter the pine bectle
attack sequence has been initiated (Vité and Williamson
1970, Dixon and Payne 19794, b, 1980). These preda-
tors caplure and consume pine beetle prey on the bark
surface and then lay eggs within the fissures and under-
neath bark chips of the tree’s trunk (Thatcher and
Pickard 1966, Dixon and Paync 1979a, Reeve 1997).
Afler hatching. the larval checkered beetles cnter the
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pine beetle galleries and feed on the developing SPB
{Thatcher and Pickard 1966, Dixon and Payne 19794).
Scveral lines of evidence suggest that the checkered
beetles may play an important rele in SPB population
dynamics; 1) they occur in high abundance on the bark
surface of attacked trees (Reeve 1997), 2) mortality
inflicted by adult checkered beetles can exceed 60%
(Recve ct al. 1995, Reeve 1997), 3) at the scale of a
whole National Foresl. checkered beetles exhibit a nu-
merical response to their prey and a negative density-
dependent relationship between SPB population growth
rate and checkered beetle density (Reeve 1997), and 4)
development rates of the checkered beetle are asyn-
chronous with that of their prey which may destabilizc
SPB population dynamics (Reeve et al. 1996). These
four factors may contribute to the oscillatory popula-
tion dvnamics (Turchin et al. 1991, 1999) and the
formation of spatial patchiness in the distribution of
SPB (Turchin et al. 1998).

Mark-recapture study

Checkered beetle mark-recaplure experiments were con-
ducted in the Catahoula and Winn Districts of the
Kisatche National Forest. Louisiana, USA. Two sites
were chosen from the former (CAT-I and CAT-II) and
onc from the latter (WINN) district and all three
shared the following characteristics: 1) trap transects
radiating outward from the checkered beetle relcase
point consisted predominantly of host trees suitable for
the prev’s development (loblolly [Pinus tfaeda] and
shortleaf [P. echinara] pine); 2) transects were not di-
vided by unsuitable habitat (except occasionally by
gravel service roads); and 3) pine beetle infestations
were absent from the area (as determined by ground
and aerial surveys). CAT-1 and 1l were sepuarated by a
distance of 8.6 km and both were more than 35 km
from WINN,

Trap stations were established in tour cardinal direc-
tions and at fixed distances of (.1, 0.2, 0.3, 0.4, 0.5 km
(for replicate 1. a trap at (.35 km was used in place
traps at 0.3 km and 0.4 km), and every 0.25 km
thereafter to a distance of 2 km from the center of the
site (only two stations were used at a distance of 0.1 km
1o avoid excessive recaptures at the most proximal
traps). At each station a single multi-funnel trap (L.ind-
gren 1983) was deploved. Traps were baited with a

0.5-mL vial of frontalin (99.8% chemically pure 1,5-
dimethyl-6,7-dioxabicyclo 3.2.1 octane) and a 120-mL
bottle of natural steam-distilled turpentine released
using a cotton wick. This trapping method has rou-
tinely been used to census both pine beetle and check-
ered beetle population densities and forms the basis for
forecasting population trends (Billings 1988, Turchin ct
al. 1991).

We initially used the trapping grids to obtain adult
checkered beetles for the mark-recapture study. Traps
were checked daily and the contents immediately trans-
ported to the laboratory where the beetles were stored
at 10°C. Most insects for this study were kept in cold
storage for < 7d; all were kept < 14 d. This procedure
appears to have no significant detrimental effects on
checkered beetle behavior (unpubl.). Once sulficient
numbers {500 minimum) had been collecled, each beetle
was marked with a spot of enamel paint on its prono-
tum. A minimum ol 45 ol these marked animals werc
randomly drawn from the collection and placed in the
freeser for later estimation of the sex ratio and mca-
surement of body size (mean clytra length in mm). The
remaining marked beetles (only active and apparently
healthy insects) were transported to the center of an
cxperimental site and placed in cages formed around
the trunks of two pines, The cages were 1-m long
cylindrical enclosures that were constructed of fine
pelyethylene screening and tied loosely at both ends to
the trunk of the tree (see Reeve 1998). Checkered
beetles were placed in these cages to give them sufficient
time to equilibrate 1o their new environment and reduce
the likelihood of dispersal in response to this trauma.
After 30 min, the capes were removed.

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

Table 1. Thanasimus dubius mark-recapture replicates.

Replicate Location Date inttiated Number released Y recaptured
1 CAT-1 15 March. 1994 500 384

2 CAT-1 19 April. 1994 911 28.5

3 CAT-1 1T November, 1994 647 10.1

4 CAT-H G April, 1995 847 40.3

s WINN 17 May, 1995 402 21.6
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Predicting spread with a diffusion model

For each replicate mark-release experiment we com-
puted C(r), the cumulative number of checkered beetles
recaptured at each distance r from the release point. At
traps nearby the release point, ((¢) was otten high
relative to the total number of beetles reicased, thus
depleting the number of insects available for recapture
al more distant traps. To correct for this problem, we
multiplied C(r) by NN, —ZC) where N, is the
number of marked beetles released and £C, is the sum
of all beetles recaptured at distances more proximal to
the source than r. This correction factor represented the
remaining marked beetles that were available for recap-
ture at more distant traps (r and becyond).

We compared the corrected recapture data with the
pattern of spatial spread predicted by a simple diffusion
model. Turchin and Thoeny (1993} provided the deriva-
tion lor the following analytical formula for predicting
spatial spread (see also Awerbuch et al. 1979, Okubo
1580):

Co=aAr="7e " (N

Here,

4 uN(, "

C B D% ®
ALY

where o = recapture efficicncy of the trap, N, = marked
beetles released, D = diffusion rate and 6 = disappear-
ance rate (death or emigration from the experimental
grid). The parameter A is known as the scale parameter
and is proportional to the product of the number of
beetles released and the recapture efficiency. B=./D/d
is a measure of the spatial scale of dispersal. An insect
population with a large value of B would have a greater
dispersal range than one with a smaller B. The real
value of this particular model is that it is based on
parameters that can be quantificd through experimenta-
tion. However. we do not attempt in this study to
estimate the unknown parameters comprising 4 and B
(2, P and 6). We do note, though, that checkered beetle
adults are fairly long lived relative to the duration of
the mark-recapturc experiments (68 wk in the labora-
tory; Turnbow et al. 1978, Lawson and Morgan 1992),
suggesting that & in this case is primarily a mecasurc of
crigration loss.
The model above has the linear form,

In(C,}+4n(r) =In(4) —r/B {3)

and can be fit using least-squares regression (Sokal and
Rohlf 1995). Turchin and Thoeny (1993) provide the
methodology for converting B into a more intuitive
measure of dispersal — the radius of a circle, r_, encom-
passing a given percentage of dispersers (v). Here, », is
determined by numerically solving the equation
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J “puz exp[ —r/B] dr
0

X =5 €]
J r12exp[ —r/B] dr
1}

The median dispersal distance (i.e, the radius enclosing
¥4 ol the dispersers) is determined by solving for
x=0.5. Similarly, we determine the radii enclosing
66.7% and 95% of the dispersers by solving for x =
0.667 and 0.95, respectively. Numerical solutions for
these dispersal quantiles were obtained using Gauss 3.0
{Aptec Systems Inc. 1992).

The pattern of recaptures with distance has been
known to depart from the distribution predicted by
simple diftusion models (Dobzhansky and Wright 1943,
1947, Inouc 1978, Okubo 1980, Kareiva 1983, Turchin
1968, Plant and Cunningham [991). Among insects,
these deviations often take the form of a leptokurtic
distribution; i.e., lower-lhan-expected recaptures near,
and greater-than-expected recaptures farther away from
the source (Turchin 1998). Leptokurtic distributions
may arise when there are heterogeneities in the popula-
tion, for example, when the population is comprised of
two or more subgroups thal have different dispersal
capabilities. Although the Bessel function subsumed in
model (1) causes the distribution of recaptures to be
slightly leptokutic, we can account for stronger lep-
tokurtosis, and hence heterogeneous dispersal abilitics,
by allowing for two values of 4 and 8. Tnn this case, eq.
{1} is re-written as the summation of two diffusion
models (the heterogencous diffusion model):

C :Al;-*ls'le*"f"w +A2P.—1.'2e—r_=m (5)

where 4, und A, and B, and B, are the scaling parame-
ters and the scale of dispersal, respectively, for the two
types of dispersers. This model is one ol the first of its
kind that allows for both the disappearance of insects
(0) and heterogencity in dispersal ability (see also Plant
and Cunningham 1991). We tested the fit of this hetero-
geneous diffusion model to the combined data from all
five replicates. Here, pooling was necessary to increase
the observations upon which the four parameters werc
to be cstimated. We standardized recaptures among
replicates by dividing the number of recaptures at each
distance within a replicate by the total number of
marked checkered beetles released in that replicate. The
proportion recaptured at each distances was fit to eq.
(5) and paramcters estimated using nonlinear regression
m SYSTAT 8.0 (Wilkinson 1998). Dispersal quantiles
were derived by solving for », in a similar fashion to eq.
(4). Ninety-five percent confidence intervals (Cls) lor
Ay, A, B, and B, were obtained through bootstrap-
ping: for 1000 repetitions (bootstrap samples), five dis-
persal replicates were drawn 4t random (with
replacement) and used to estimate the four parameters
(Efron and Tibshirani 1993, Manly 1997). The range ol
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values enclosing 95% of the bootstrapped estimates of
each parameter represented the 95%% Cls.

We note that this is only a phenomonological model
in which, a prion, we have no evidence of a heteroge-
neous population of dispersers. Our intent here was to
obtain a robust estimate of dispersal distances from a
maodel that is best supported by our data. However, if
the heterogencous diffusion model represents a more
appropriate description of checkered beetle recaptures-
with-distance, the two scale-of-dispersal parameters, B,
and B, are expected to be significantly different (i.e.,
that there are two different kinds of dispersers in the
population). To determine if the difference was signifi-
cant, we examined whether the asymptotic 95% C1 of
B, — B, (from the nonlinear procedure in SYSTAT)
was significantly different from zero. Below, we ex-
plore the possibility that differences between male and
female checkered bectles or variations in size may be a
source of heterogeneous dispersal abilities within this
population.

Net displacement

The models we used assumed that a populatien’s net
displacement or directionality in space should be zero.
We tested this prediction for our mark-recapture study
by determining the net displacement of marked check-
ered beetles in each expermmental rephcate (Turchin and
Thoeny 1993). To accomplish this, we first designated
the checkered beetle release point as the origin of a
two-dimensional plane (x and y coordinates equal zero).
The cast-west and north-south transccts corresponded
to the xv- and y-axis, respectively. Nel displacement
(ND) of recaptured checkered beetles along the x-axis
was ND=(ZxC.)/N; where x=recapture distance
along the east-west transect, {, = number of recaptures
at distance x, and N = total number of recapturcs along
the transect. A similar procedure was used for calculat-
mg displacement along the y-axis. To aveoid biasing
displacement estimates, when a trap was missing on one
arm of a transect (e.g., east), we deleted the trap at the
same distance on the opposite arm (west).

Effects of sex and size

Sex-related differences in dispersal were addressed in
two ways. First, we assessed whether the sex-specific
dispersal data were better fit by the heterogeneous
diffusion model (5) than the simple diffusion model {1).
Proportions of each sex recaptured-with-distance, for all
sites combined, were fit to model {5) and the asymptotic
95% Cls surrounding the difference between the scale-
of-dispersal parameter. 8, — B|, were computed. If the
Cls did not overlap zero, this would indicate that
heterogencous dispersal rates occur within each sex and
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that the more complex model (5) would provide a better
fit to the male and female dispersal data. Second, we
performed an analysis of covariance to determine the
effect of sex (main effect} and recapture distance (co-
variate) on the proportion of checkered beetles recap-
tured. Proportion recaptured was transformed using
In(C)) +%ln(r) to comply with the linear dispersal
model (3). A quadratic term (7?) was also added 10 the
model 1o account [or any nonlinear change in
recaptures-with-distance.

Because insect size may affect dispersal ability or
survivorship (recall that B, is determined by the diftu-
sion and disappecarance rate), we examined whether
checkered beetle sive (mean elytra length) varied with
recapture distance. In this analysis, all replicates were
combined and distances were divided into six classes: 0
km (the random sample obtained from pre-released
beetles), 0.10 km, 0.20 km, 0.30 km, 0.45 km (traps at
.44 km and .50 km combined), and 1.25 km (all traps
beyond 0.50 km combined). A two-way completely
randomized fixed-factor ANOVA was used to determine
the effect of checkered beetle sex (females are generally
larger than males) and recapture distance on elytra
length. Differences among means were analyzed with
Tukey’s HSD test (Sokal and Rohlf' 1993).

Comparison of prey and predator dispersal

One purpose in quantifying the range of dispersal of the
checkered bectle was to cnable 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 were reported
in their study. cach providing a close fit to the simple
diffusion model (1}, We evatuated whether the data were
better described by the heterogeneous diffusion model
using the criteria outlined above for the checkered
beetle. The better of the two models were used Lo
compute 50%, 66.7% and 95% dispersal quantiles and
we compared the 95% CI's of the SPB quantiles with
those from the checkered beetle.

Results

Predicting spread with a diffusion model

The average number of checkered beetle recaptures
(based on traps positioned in four cardinal directions at
cach distance) declined significantly with increasing dis-
tance [rom the point of release (for all five replicates,
P <0.032; Fig. 1). The linear model (3) based on a
simple diffusion process explained an average of 64% of
the variation in the recapture data (based on the coeffi-
cient of determination, R* Table 2), suggesting that as
a first approximation, checkered beetle dispersal can be
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adequately characterized by a simple diffusion process.
The 50%. 66.7% and 95% dispersal quantiles based on
this model are presented in Table 2.

Although the dispersal data are reasonably approxi-
mated by model (1), there is clear pattern of deaccclera-
tion in the slopc of the recaptures. In three of five
replicates (2, 3, 4), a significant quadratic term indi-
cated that the relationship was curvilinear, not linear as
model (3} would predict. The heterogencous diffusion
madel was able to account tor this nonlinear pattern of
recaptures with distance (Fig. 2A), and provided a
better fit to the data (R?=0.753). A significant differ-
ence between the two scale-of-dispersal parameters, B,
and B (95% CI's for B, - B, was (1.39, 2.26), suggested
that there is important heterogeneity in the dispersal
ability of the checkered beetles. and argucs in support
of the acceptance of this over the simple diffusion
model. By allowing for a morc leptokurtic (fat-tailed)
distribution of recaptures, this model predicied disper-
sal quantiles that were broader than those from the
simple diffusion model (Table 3).
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Irrespective of the choice of diffusion model, the net
displucement of checkered becetles, on 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 all dircctions from the
point of origin.

Effects of sex and size

When checkered beetles were divided by sex. we still
observed a monlinear pattern of recaptures-with-dis-
tance (Fig. 2B, C). However, our criteria for accepting
the heterogeneous model {and nonlinearity in the recap-
tures-with-distance), that B, — B, is significantly greater
than zero. was not met for either the males (95% CL:
— 2.04, 5.82) or the females ( —0.63, 4.31). A reduction
in statistical power of our test, resulting from using half
as much data as the test for all recaptured beetles (Fig.
2A), may explain the lack of significant curvature in
male and female recaptures-with-distance.
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The pattern of recaptures-with-distance did not vary
significantly between male and female checkered
beetles. Based on an ANCOVA. we found a strong
effect of the covariate distance (F ¢ =41.42, P <
0.001) and the quadratic term, distance x distance
(Fi e = 2278, P < 0.004; indicative of a nonlinear rela-
tionship). but no etfect of sex or distance x sex {F, 4, =
002, P=0.882 and F,, =003, P=0.866, respec-
tively) on the natural log of the proportion recaptured
( +31n[r]). Finally, we did find an effect of checkered
beetle size on dispersal. In general. there was a signifi-
cant, but gradual, decline in the size of rccaptured
beetles with distance (Fig. 4). Most nolably, checkered
beetles recaptured in funnel traps were significantly
smaller than those in the collection of beetles that were
originally marked and released (F, ,,,=3747. P<
0.001). 'or females, there was a continual decline in
size of recaptured insects, but not lor males (Fig. 4).

Comparison of prey and predator dispersal

For each of the southern pine bectle dispersal replicates
{scc Turchin and Thoeny (1993), as well as for all
replicales combined (Fig. 5), we were unable to detect
nonlinearity in the dispersal curves. In addition, all
attempts to fit the heterogeneous diffusion model to
SPB recaptures failed to converge on a unigue solution.
This probably oceurred because the heterogeneous dif-
fusion model has more parameters than arc needed to
fit these apparently linear data, ie. the model was
overparameterized (Draper and Smith 1981), We there-
fore accepted the simple diffusion model as the most
appropriate for the SPB and used the parameter esti-
males [rom Turchin and Thoeny (1993; sec Table 4).
Based on a comparison between the |wo species, we
found no difference in the radius containing 50% and
66.7% of the dispersing insects (Tablc 4). However, the
radius containing 95% ol the insects was significantly
greater for the checkered beetle than the SPB. This
difference is apparcntly due to the long tails in the
recaptures-with-distance for the checkered beetle; that

is, proportionately more predators are dispersing long
distunces than their prey. The extreme distances that
the checkered bectles are capable of dispersing is
demonstrated by two marked beetles that were recap-
tured more than 8 km away in funncl traps used for
other research projects.

Discussion

Despite the widespread acceptance that spatial hetero-
geneity and movement arc of considerable consequence
to the population dynamics of predators and their prey
(lor recent reviews see Hanski and Gilpin 1997, Tilman
and Karciva 1997, Turchin 1998), the southern pine
beetle checkered beetle system represents onc of the
very few in which wc have quantitative dala on the
pattern and scate of movement of both predator and
prey species. What makes this cven more unique is that
the scale of dispersal spans more than 2 km; few studies
ol any species have quantified movement patterns ex-
ceeding an arca this large (Turchin 1998).

The redistribution pattern of checkered beetles fol-
lowing their release was in rcasonable accord with the
expectations of a simple diffusion model (Okuboe 1980,
Kareiva 1983, Turchin 1998). This pattern of diffusion,
in which recaptures were highcst at the point of origin
and dropped off at a4 deaccelerating rate with distance,
has been found for a number of inscct species (e.g.,
Karciva 1983, Turchin 1998). However, our data devi-
ated significantly from these expectations in that we
consistently had higher-than-expected rates of recap-
tures in the more distant traps. This leptokurtic distri-
bution (having fat tails) is not at all an uncommon
source of deviation from simple diffusion models, and
15 thought to be commonly brought about by heteroge-
nous diffusion rates within the population (Inoue 1978,
Okubo 1980, Kareiva 1983, Plant and Cunningham
1991, Turchin 1998). Dobzhansky and Powcll (1974),
for example. provided evidence for genetically based
differences in diffusion rates within Drosephila pseu-
doobscura: flies carrying the recessive gene for orange
cye had lower diffusion rates than wild-type flies.

Table 2. Parameter estimates and dispersal quantiles (radius of a circle, in km, enciosing different proportions ol dispersers) for
the checkered beetles based on a simple diffusion model (eq. 1. see Methods). Coefficients of determination (8”). the proportion
of the variance in recaptures that was explaincd by the model, were obtained by least-squares regression.

Replicate A B R* Dispersal quantiles
5004 66.7%: 95%%

1 4.096 0.670 1.653 0.793 1.141 2.618
2 6.918 0.798 1.526 0.944 1.359 3.118
3 2.553 0.609 0.851 0.720 1.037 2.379
4 9.853 0.398 0.676 0.707 1019 2.336
5 3.037 0.553 0.533 0.654 0.942 2.161
Meun 5.291 0.645 0.648 (.764 1.100 2.522
Lower 93% CI 1.491 0.528 0.483 0.624 0.899 2.062
Upper 95% Cl 9,091 0.763 0.812 0.903 1.300 2.983
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Fig. 2. Proportion of (A) total, (B) malc and (C) female
marked checkered beetles recaptured for all five replicates
combined. Curves arc based on the heterogeneous, two-dis-
perser model {eq. 5).

In this paper. we presented a new and simple ap-
proach to incorporating heterogeneity in dispersal abil-
ity into a diftusion framework (see also Tnoue 1978 and
Plant and Cunningham 1991}, Employing this heteroge-
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Fig. 3. Netl displaccment of Thanasimics dubius in the five
replicate mark-recapture experiments. The open circle repre-
scnts the mean net displacement + 1 se.

neous diffusion model, we found a much improved fit
to the checkered beetle dispersal data; one that did a
particularly good job of accounting for the fat tails in
the recapture distributions. Based on this model, check-
cred beetles were found to have a greal capacity for
dispersal. We estimated that an average of 50% of the
released bectles dispersed beyond 1.25 km, 33% dis-
persed beyond 2 km and 5% dispersed beyond 5 km.
In contrast, we could find no evidence for hetero-
geneity in dispersal ability for the SPB: the recaptures-
with-distance were linear, indicating homogencous rates
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 heterogeneous model but allows
for only one type of disperser in the population. Using
this simple diffusion model, we found the SPB to be
slightly Icss dispersive than their predators. The main
difference between the (wo species was in the tails of
their redistributions: as noted by the significantly larger
radius necessary to enclose 93% of the dispersing check-
ered beetles, more checkered beetles were undergoing
long-distance dispersal than their pine beetle prey.
Within-population heterogeneity in dispersal ability
may have been in part attributable to sex- and size-re-
lated differcnces among adult beetles. While males and
females did not differ in the range or pattern of disper-
sal, the recaptures-with-distance for each sex exhibited

Table 3. Checkered beetle dispersal parameter estimates basced on the heterogeneous diffusion model. eq. 5 (R*=10.753). 95%
confidence intervals were obtained by boolslrapping proportions recaptured from the pooled data sets.

Statistwe Parameters Dispersal guantiles

A, B, A, B, 0% 66.7% 93%,
mean 0.064 0.069 0.0030 1.391 1.242 2015 5.099
Lower 95 C1 0.018 0.048 0.0013 1.007 0.736 1.297 3.360
Upper 95% Cl 0.179 0.130 0.0042 4,170 4478 6.728 15.890
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significant effect of sex (F, |, =30.20, P < 0.001) and dis-
tance (£, —7.77, P < 0.001), but not an interaction bc-
tween  the  lwo  (Fs ), =133, P=0.241). Means +sc
associated with different letters ure significantly different at
P < 0.05 (based on Tukey's HSD).

a nonlinear trend comparable to the combined data sct.
This result suggests that sex-specific differences are not
the primary source of heterogeneily 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-
tured, and for the females, more likely to be recaptured
at long distances (Fig. 4). Whether this is due to the
smaller insects having a greater propensity to disperse
farther or to discover funnel traps, we do not know.
However, based on energetic considerations (Roff 1991}
and evidence from the literature (i.c., Roff 1977, Dingle
and Evans 1987, Kinn et al. 1994, Ellers et al. 1998; but
see Hanks ¢t al. 1998) we would have expected larger,
not smaller, insects to be morc dispersive.

Theoretical ceologists have long emphasized the need
for quantilative information on the ratc and pattern of
dispersal if we hope to fully understand the temporal
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Fig. 5. Proportion of marked southern pine beetles recaptured

for all replicates combined in the study by Turchin and
Thoeny (1993). Line is fit by least-squares regression.
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Table 4. Estimated dispersal quantiles with 95% CIs (radius
of a circle in km enclosing different proportions of dispersers)
for the checkered beetles and southern pine beetic bascd on
the bes(-(it model (heterogeneous and simple diffusion models,
respectively). Cls for the radius enclosing 953% of the dis-
persers do not overlap between Lhe two species, indicating that
they are significantly different (P <0.03),

Dispersul Checkered beetle Southern pine beetle
quantiles

50%% 1.24 (0.74, 4.48) 0.69 (0.45, 0.92)
66.7% 2.02 (1.30, 6.7 0.99 (0.05, 1.34)
Q5% 5.10 (3.56, 15.89) 2.27 (1.48, 3.05)

dynamics and spatial distributions of predator and prey
populations (c.g., Kareiva 1990, Turchin 1998). In
many cases, the types of dynamics and spatial patterns
that arisc hinge upon the differences in movement
between the two species (c.g., Mimura and Murray
1978, Reeve 1988, Comins et al. 1992). Now that we
have quantified the pattern and range of movement of
the checkered beetle relative to its bark beetle prey, how
can we use these data to address the cause for the
formation of discrete pine beetle infestations in a rcla-
tively homogencous pinc-forest landscape? As a first
step, we can evaluate existing models of patch forma-
tion; in particular, those models thatl 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 patterning, or diffusive instabilities, can
arisc if the following leatures of the system are present.
Iirst, high densities of thc prey (activator species)
should have a positive effect on both prey and predator
populations. This can be satisfied if the prey exhibils an
Allee effect and the predator aggrepates to clevated
prey densities. Scoond, increased numbers of predators
(inhibitor species) should have a negative cffect on prey
and predator population growth rates. Finally, preda-
tors should disperse substantiaily faster (higher diffu-
sion rates) than their prey. The way this
activator-inhibitor system works to create spatial pat-
terning is as follows. A perturbation that elevates prey
densities beyond the constraints of the Allee efTect
would resull in accelerated population growth and the
development of a prey outbreak. Predators would re-
spond by increasing their density in the vicinity. In the
absence of diffusion, the predators would eventually
suppress the outbreak. However, with greater rates of
diffusion than the prey, the predators would tend to
“wander away”’ from the outbreak. As a conscquence,
the ratio of predators to prey within the outbreak
would be lower than if 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 “underaggregation”™ of predators within the
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outbreak foci, but “overaggregation™ at the periphery
can result in the formation of patches of high prey
densities with very distinet berders.

Very few experimental studies have addressed the
concept of diffusive-driven instability (but see Brod-
mann et al. 1997, Maron and Harrison 1997). However,
the pine beetle—checkered beetle system fits well within
this continuous medel framework: due to management
practices, pine forests in the southeastern United States
are quite uniform at scales of several or more kilome-
ters. and the movement of both species within the forest
arc well described by diffusion-based models. Many of
the conditions necessary for diffusive instability are also
present in this system. The SPB exhibits a striking Allce
elfect (sce Materials and methods), and the checkered
beetles not only aggregate to areas of prey outbreak
(Vité and Willlamson 1970, Dixon and Payne 1979, b,
19803, but also cause a decrease in prey abundance as
their density increases (Reeve et al. 1995, Reeve 1997).
Additional support for this model comes from the fact
that the ratio of checkered beetles o SPB increases
away from the center of an infestation; ie., 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 its prey. The
differences in dispersal outlined in Table 4 would not
conslitute 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 suited
to the SPB. and through the addition of more biologi-
cal realism, we may yet understand the causes of spatial
patterning in this systcm. 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 checkerced
beetles within and around the boundaries of SPB
infestations.

Finally. our result that checkered beetles have a
dispersal ability that is equal to or slightly greater than
their pine beetie prey lends further support to our
earlier prediction that this species is an important
predator of the SPB. High dispersal ability. coupled
with the checkered beetle’s strong reactivity to SPB
aggregation phcromones (Vité and Williamson 1970),
would enable it to rapidly track pine beetle infestations
in space. This certainly supports what has been ob-
served in nature: pines at very early stages of attack by
ihe SPB often have high densitics of checkered beetles
{Dixon and Payne 1979, b, 1980, Reeve 1997). Their
cffectiveness as a contro! agent, however, may be tem-
pered by the apparent underaggregated distribution of
the checkered beetles relative to the SPB (occurring in
higher ratios at the infestation perimeter; Turchin et al.
1998): possibly as a consequence of the higher 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 untesied approaches; for example, by
1) the augmentative release of checkered bectles in the
center of infestations, 2) reducing the checkered beetle’s
propensity to disperse {possibly by manipulating semio-
chemical concentrations), or 3) by selecting, through
artificial or natural means, the relatively sedentary sub-
set of the checkered beetle population (ic., the large
adult individuals). Information on the pattern and
range of movement of the SPB and its natural enemy
has revealed new paths to follow which may lead to the
improvement of the biological control of this devastat-
ing pest.
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