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T h e o r e t i c a l  s t u d i e s  o f  p r e d a t o r - p r e y  populxion  d y n a m i c s  h a v e  i n c r e a s i n g l y  c e n t e r e d
o n  t h e  r o l e  o f  s p a c e  a n d  the  m o v e m e n t  o f  o r g a n i s m s .  Yet.  e m p i r i c a l  s t u d i e s  h a v e
been  slow to follow suit. Herein. we quantified  the Ion&range movement of a
c h e c k e r e d  b e e t l e .  Manrrsirmu  clublus, w h i c h  i s  a n  i m p o r t a n t  predator  o i  n  p e r n i c i o u s
f o r e s t  p e s t .  t h e  s o u t h e r n  p i n e  b e e t l e .  Dtwdr~cronus  fionmk  Adult  c h e c k e r e d  b e e t l e s
were marked and released at ftvc  sites and subsequently  rccnprured  at  traps baited
with pine and pine hcctlc  semiochemicnls  and located  at distnnces  up to ! km away
from the release  point. While the  pattern of recaptures-with-distance 3t  each  site
provided a modest fit to a simple  random-diffusion  model. there was 3  consistent
discrepancy between observed and sxpected  recaptures: a higher than expected
p r o p o r t i o n  o f  b e e t l e s  w e r e  rewptwed  a t  t h e  m o r e  d i s t a n t  t r a p s .  T o  a c c o u n t  f o r  t h i s
d e v i a t i o n .  w e  d e v e l o p e d  :I  m o d e l  o f  d i f f u s i o n  t h a t  &wed  f o r  s i m p l e  he:erogencity  i n
t h e  p o p u l a t i o n  o f  m a r k e d  b c c t l c s ;  ix,. A  s l o w  a n d  f a s t  m o v i n g  f o r m  o f  t h e  c h e c k e r e d
b e e t l e .  T h i s  m o d e l  provided  ;I  s i g n i f i c a n t l y  b e t t e r  A t  t o  t h e  d a t a  a n d  formed  tbc  basis
for  our estimates  of intra-forest  movement. WC estimated that on arcrage.  one half
of the ohcckcrcd  bcctlcs dispersed at lust 1.25 km, one third dispersed > 1  km. and
3 %  d i s p e r s e d  > 5  k m .  T h e  s o u r c e  o f  t h e  h e t e r o g e n e o u s  d i s p e r s a l  r a t e s  were  p a r t i a l l y
due to difference.s  in hcctle  size: smaller beetles ffor both males and I’emalesl  were
more  likely 10.  be recaptured away from the‘ release sile  than larger beetles.
The Jauthcm  piac  beetle (prey for the checkered bcsrlc)  exhibited 30  significant
h e t e r o g e n e i t y  in  d i s p e r s a l  nbiliti  a n d  p r o v i d e d  a  v e r y  g o o d  f%  t o  t h e  simple  &fusion
m o d e l .  The  o n l y  d i f f e r e n c e  i n  dispenal  b e t w e e n  t h e s e  t w o  specie5  w a s  ;hnt  c h e c k e r e d
beetles were undergoing  ,greater  langdisrancc  dispersal than  the pine beetles (the
r a d i u s  c o n t a i n i n g  95%)  o r  r h e  d i s p e r s i n g  i n d i v i d u a l s  w a s  5 . 1  k m  f o r  t h e  c h e c k e r e d
b e e t l e  and  1 . 3  k m  f o r  the  pint  b e e t l e ) .  Dara  a n  the  m o v e m e n t  o f  t h e s e  t w o  soecier  is
used to evolt~ete  n  general model of spatial paltern  formation in ‘J. hemopencous
e n v i r o n m e n t .  a n d  t h e  p o t e n t i a l  o f  t h e  checkered  b e e t l e  a s  a  b i o l o g i c a l  c o n t r o l  agent
f o r  t h e  s o u t h e r n  p i n e  b e e t l e .

iVumcrous  rhcotc\iual  studies have  established  how spa-
tiul  p a t t e r n i n g  CM  arise  i n  p r e y  atnd  predator  popuh-

these  tnode!s.  rhc movement pettern%  of the prcdxars
rclativc  to their prey appear to  play ;L  uririC4  role  ia

Lions  t h a t  exist  tagcthrt  w i t h i n  il  homopcncous determining whether and what  rypts  ol’sp~til  patterns
lanclscnpc  (e.g..  klimitru  u n d  ,Murmy 1975,  Dunbar cuuld h-m.  F o r  cxamplc.  u s i n g  a couplrd-map  htril’e
1‘83. ~[urrttv  1989.  Karcivn  1990. Comins et al. 1992.
~~sd  and  i&On  19k)i.  TUrChin  ct  ~11.  1998).  Among

Or  6zl lu lur itutonx~ti  model.  Comina  et al.  (19911  found
that low host dispersal, couplc~i  wirh  IQh  pxlsitoid
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diupcrstil.  &I ICUI to the  formution  o f  sputiol  sh;los o r
cryst:d  ~~tt&c-l&t:  (i.e..  checker-board) structu;cs  in the
prey  popuhion  Isee alSo  Hasscll  ct itI. IY91.  HiIJJcll
ml  wilsor(  19L)7).  Simihr  results were found for mod-
& in Mic l i  the  spatial dimension  was  continuous ;tnd

s!
niowiwts:  were  described using ;L  dirfusion  fr:tmework
(Levil~  3ndj  Se@  1 9 7 6 .  Mimura  a n d  ?vlurr:ty  \Y;S.
Kmtt\;t  19qO.  Wolkind  ot  01.  1991,  Turchin ct al. IYYXi.
111 thrsr  mpdels.  “diffusive irtstabiiit~”  or permanent
Ypatiul  pttt’erniny  arises  when.  among  other t h i n g s .
predutors

Despite

2  e more dispersive than their prcv,

tt IC  plethorn  of models on sl)ati:l1  mlttcrning
in prcd:ttoriprey  svstcma. it is clear that our cmpir icul
bltse  c j f supbort  for  these  models is disproportionately
10~:  t&v  &pirical  studies huvc examined  the pattern
:ind  proctsi of movement in both prcdntor and pres
species  in n ture (but  see Kareiva  1986. 1937.  Juncs c‘t
ttl.  1996).  :h is re la t i ve  lack  o f  empiricdl  support  111sr
been uttrib$ed  to the inherent difficulties in  studying
the  movement of small, short lived and often h igh ly
mobile spccles.  WC also  lock information 3n  the mo\‘c-
mcnt  of ~&~~als  at  appropriarvl~  broad spatial  SCt\lcs.
The rust  mijority  of  ecological  studies. approximately
35%. we  &formed on  the settle  of less than 100 m
(Kareivo  Aad  Andcrsen  L98Y.  Terchin  199s).  I n  c o n -
trast. orgun[sms  such us  insect  pests typic+ move on

.the  dc~l t I$  hundreds of meters to tens 1x  even  hun-
dreds oi  ki)ometers  (Southwood  1962.  Stirmer  ‘e t  nl.
1983).  Cle;$.  addi t ional  and more broad-xale  studies

me  needed  i t  we hope to test the predictions of this
I:\rgely unmbped  wealth of  theory,

The  sou the rn  p ine  bee t l c  (Dn~tlrocro~s  ]~on~l lx
Zimmermiink;  Colcopteru: Scol~tidae)  is ; 1  significant
pest  oi p in{  forests in the sourhcsstcm  Cnired SUMS
and averag,e+  more than 530  million in rimbcc.  !osses  per
annum (Prrcl: et al. 1992). In Ngional  Forcst’lands  thar
:l,r  domina led  bg  suitable pine hosts. fut?hin  and

T;tocnv  (1343) have  found that the movcmcnt of the
southern pit#  be&  (SPB) is accurately described b!,  ;t
simple dit’fu ion process  and that thz range  of move-
ment of th s pest is quite large ( > I km).  Simple
diffusion t h Iory would predict that at  equilibrium. the
SPD  population should bc homugeneously  distriburcd
throughout

t
he forest (Levitt and Segcl  19’6.  Mimttm

and  Murrayi  1978.  Turckin 19Y8.  Turcbin  et xl.  19981.
However. t e SPB’J spati;\  distribution ill  tutturc  is
characterize

1
by ;1  high degree  of spatial pattcrnin::

{Thatcher  eti t\I,  IYSU.  Turchin et ;\I.  lY95):  pine beetles
occur in verly  spciti;rlly  discrete ;tygreg3ticlns.  This aI-
lows I’or th

i

interesting possibility  that [II?  obscrvsd
qpatial  pstte ning mny be influenced by rhc  intcmction
bclwrtcn  the!SPB  tmd  one\  ur more t)I’  its notural  rune-
mies.  Unti l ow. we  hnvc h:\d  no.  int ixm;,t iun  on thr
movement 11  ‘uny  of  thcrc  cnrtmics  that  could  be useful
in  cvuluarin

E

theory  on  Sp>lli:d  p;itter0  Ijrnx\tion.
In rhls:  stu  y.  we  ql lont i t icd  ttrc  pnrtcrn  .md  r~~nsc  01’

movement 0 ’ :,  cheokcrotl  becrlu.  77lcmrvi/~li~.~  tlrrhills  r:.

(Colroptera:  Cleridae).  an important prcdntor of the
southern pine  beetle. We performed D !arge  SUIC  mark-
recapture txperimont  with the checkered beetle that WOY
at~ulogous  to the  experiment pcriotmed  previously by
Turchin  and Thoctty  (1993)  with  t he  southern  pino
beet!c.  Heroin. wc tested  the fit or’  :I  j imp ls  diffusion
model  to checkered beetle recuprurc  dota  and compared
i;  tu chr tit  of a more complicated model that  we
drveluped.  one thnt al lows fur heterogeseous rata  of
dispcrs:\l  within the  population. The  pattern  und  range
of mcl\xment  of the checkcrcd  bcctlc  was  then com-
pi&red  with that  of its pine beetle prey. Q’c conclude by
usiny  these  data to evaluate  a  general model of spatial
pattern formation.

Materials and methods

Study  organisms

The life cycle of  the  SPB is 311 kno\vn  l&g,, Thutcher
et al. 1980) und pn ly  TV  brie): dcxriprton,;:s  provided
bflow.  Upon attack  by the SPB. pines &fend  them-
selves by exuding resin (Hodgei  et  31,  1$‘9:..\\:hsn  only
a::singlc  beetle  or even  a small group u i  bccdes  broach
tic.  bark surface  of u  health\  tree. ri~c!’  arc usually
thkwred  by rhc exudation of copious XIM:U~I~  of resin.
However. SPB adults utilize pine turpc:Gd  byproducts
(r-pinene)  in combination with their c:\vn  phcrumunc
(frontalin)  to elicit  congregative behavior routit’d  its
host (Kinzer  et ul.  1969. Retwick  Md  \‘itC 1963.  Prwe
et  nl.  1978).  Th i s mass attack ovenvhclms 1112  ho&s
defcnscs  and allows the heetlcs  to rucccssfull\’  gain
adcess  to the phlocm  tissues btncurh  the  bark surim

Consequently. ‘ihere  is a striking M::  rffec[  in the
growth rate of the SPB  within ;!.  tree. $\j  il  tree  begins
to Ml  u:ith  bcctlcs. the SPR  in ti:!  \‘icir,ity usulil!‘  shih
art&k  to. 9,  different hosr.  most f lcquenrly  an  ; ldj lc:nt
pine (Pa+te  1980),  This results in ;I  conccntr;ltrrl  urea
of infestsration  known as n  spot. .Ahsr  &spring  com-
plete their dcvclopment  within ;I  spot. :hcy cirher con-

tribute to spot cxpunsion  or di,ipcrse  in ic;lrch  of new
or other existing  spots (HAin  l9S9,  Tur&in  and Thaeny
1993. Cronin et aI.  1999).  As D  result 01’  their congcgt-
tory behavior. the  pint  forest hu&XFC  rcscmbles  a
p a t c h w o r k  o f  rpat iol ly  discrere  SF0  agrcgtit ions
ITurchin  et  al. 1998).

Adult checkered beetles ure  attructcd  to  the  \ol i l t ibs
~dtascd  by the  SPB and pine tree.  ;wJ  :\rc xnong  the
curliest natural enemies to arrivr  :\ftcr  the  pi%?  bcrttc
attack  sequence has  been  initiated  rvirC  :tnd  Will i ; l tnson
1970. Dixon rtnd  P;iync 1979n.  b. IYPOL  Tkssc  prcdtt-
tor<  capture  und  consume pine  bcetlz  pre>  on the  bitrk
surfxe  ;uitl  then lay eggs  within tht  tisdtlrej  ;Wd  uiidcr-
nr;\th  birrk  chips elf  the  tree’s ~~‘unk  I l ’hutcher  NIJ
Pickard  19M.  D i x o n  :md  Payrrc  197%~  Rcc\s  1997~
,\t’tcr  hatching. the  Inrvul &~cck~recl  bc:tlzs  ~I(CI’  the



hCrill  l ines of  cvitlunce  suggest  [hut  th; &&k&d
bcxtlcs  m q  p  sly  an  importunt  role  in SPB popultition
~yllilmics:  I ) t key  Occur in high ilbunddncc  on the bnrk
W’tdcc  oi nt  xkcd  lrccs  (RL”CVC  1997). 11  mort;llity
inllicled by  ;r~Jult  chockcred  beetlcs  can  exceed  Lie?,
(R<evs  et ;\I. IQQj.  Recvc  lUY7).  3) at the scale  (jt’  II
kvhole  Nation; I Forest.  checkered bcerlcs  exhibit ;I nu-
mcricul  response to their prey and 3  nrgiali\e  dcnuity-
dependa~  relationship between  SPB  population growth
me  and  checkered beetle dcnsiry  lReevc  IYY7). and  -I)
dcvelopmcnt  rilles  of rhc checkered beetle arc usyn-
chronous
SPB

\vilh athat  of their prey which may destabilize
populurit.  II dynumics (Recvc  et  al. 19Y6).  These

four hctors  m

1

y contribute to the oscillatory  popula.
lion  dynamics (Turchin  et al. 1931.  1999)  and rhr

formution  ot’  patii\l  putchincss in the distribution of
SPB (Turclrin  br  el.  1998).

IMwli-recaptu e study

Checkl:red beet  e mock-rccapturc  cxpcriments  were  con-
Jucted  ,in rhc I
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cre established in l’uur  cnrdinal  direc-
distunces  of 0.1. 0.2. 0.3. II.4. 0.5  km

I trap 31; 0.35 km wiis  us+  in place
and 0.4  km). und  ever!  0.35  km

ti\ncc  of 1  km from the cenrer  ot’  the
ions were used  ilt  3  disn~ncc  of 0. I km
‘e  recaptures  ;11  thz  mosl  proximal

ution  a  single multi-funnel Irap  (Lind-
deployed.  Trips  were  baited  with a

the former ICXT-I  und..ChT-II)  and
rter (WtNN) district and all three
ing  chnractcrisrics;  I )  trap  tmnsects
1’ f r o m  the chcckcred  be&  release
edominimtly  of host trees suitable for
)pmeat  clobiolly  [Pirsrs  r~&]  o n d
WW] pine): 1) transects were  not di-
ble hubitar  (escep~  occasionally by
K!s):  and 3)  pine bcerlc  infestations

rhe nrcil  firs  drrtrmined  by ground
1. CAT-I xnd  I[ were  scpi\r;tted  bs  a
m and both were  more than 35  k’nr

0.5~mL  vial  r)l’  I’ront;llin  (99.s”!,  chemically  pure  1.3.
\linlathyl-h.7-rliosabicycl~~  3.2.1  Oct;lnel  and  a  I:!).mL
bottle  of ixuul-ul  sre:m+distilletl  turpent ine r&used
using  il  cotton  wick. This trapping  mcrhod  has  rou-
tinely betin  udcd  to census  both pint  bcedc  ;md  chcck-
crt!d bectlc  population  densities  and  forms rhc  bsij  (or
forrc;rsting  populution  trends (Billings I9R8.  Turchin ;t
ill.  1991r.

WC initinll!,  used the trapping grids to obtain adult
&&xed  beetles  fur the mark-recapture SW&.  Traps
tvtie checked daily  and  rhe conrenrs  immcdiarel~  Ir;Lns-
parted  to the lt\bolntory where  the bccrlts  :qre  qored
at 10°C.  klos~ insects  for this study were  kept  in cold
jtoruse  for  I 7 d: 011  were kept  < I4 d. This procedure
uppcx’s  IO have no significant detrimental :Ilict~ on
checkcrrd  hcetlc  behavior (unpubl.). One:  jut’ficient
numbers (500  minimum) had been collecred.  :xh kerlz
1%~  marked with ;I spot  of snamel  paint on  its prono-
turn. A minimum of 45 of thesr  marked  animals  were
randomly drawn liom  the  collection and placed in rhe
freezer for Inter estimation of :hc  ses  ratio 2nd  mm-
surcmcnt  of body size (mean elyi\a  Ienp!h  in mmr. The
rcmnining  marked beetles (oni!:  ‘:3cri!x und  agparqtly
h&thy  insects)  were transported  IO r@ ccnrcr  .?i’ L\n
cxpcrimedrul  site and placed  in co_rcs..iormcd  Around
the rrun@  of two  pines, The cugcs  were I-m l&g
cylinclricak~  enclosures ttlat were  COnStillC~~d  SC  fine
polycthylsae  screening  and  tied  loosrly,x  both cn+ tu
the trunk of the tree (see Reeve IYYSI. Checker4
beetles were  placed in these cages to gi\‘c  thsm  juiri&\t
time to cquilibratc  lo  their new environment Jnd  reduce
the likelihood  of disdersal  in response I\) thij  trauma.
After 30 min. the cages were fcniuved.

FunncI  traps  were  chcckcd  dai ly for  tht tirst xcek
and then  twice weekly until the tecapturc  rate  declined
below a few individuels  per  census d;ltc.  Iye airied  ;I
small pie!g  of No-Pest Strip (Bio-Srrip.  Rmo.  SV:
active ingredient.  I-2-Jichlorovinyl  dimtl.yl  pho$hurc)
ro each  funnel’s collecting cup fo kill thc”bc&s  beiore
they could eacopc. Trap contents were  returned co  the
laboratory and the number  of marked chcckcr?d  be&s
dttcrmined  for e;!ch direction and  distance. 11’~  further
recorded tbcr  sex  of each  recaptured  insa anti  its metin
elytrn  length (in mm). A total of live replicacc  diipti(‘jal
cxpcrimcnts  were pcrformcd U~OII~  OIC  thrct sirrls.  Sin
summaries are provided in TubI*  1.
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ictiny rprcad with II diffusion model

J

‘I’,
I ’  : tsp[  - r ‘81  dr

e:lch  replicinte.  mark-relensc  experiment  w e  corn- .\’ si  L

I

‘1. (4i
d  C(f).  the wmulioive  number of  checked be&s 1”  : cxp[  - r:s1  dr
PW?d  i\t  each dis[unce  r from  thr  r&w  point.  AC “II

warby thr  release  point.  C(P)  WM  otien  high The  median disperse1 disranoe  (i.e.  the  rudiur  enclosing
to the  totol  number ot’  bcccles  released. thus

he number of inserrs  available for  rcc;tpturr
50%  al’  the dispersers) is determined by so!vinq  for
s  = 02. Similarly, we determine the  radii :rxlosing

stant traps.  To  correct for this problem. we 66.7%  and  Y5% of’  the dispersers by ,olvina  for  xq
XC,);  where N,, is the 0.667 und  0.95.  respectively.  :\;umcrical  ;olurlsns  for
ad  and Xc,,  is the sum

cs recApLured at distances more  pradrnl\l  to
rhese  dispersal quanriles  were  obtained using  Grluss  3.0

urCe  than  r. This correcrion  factor represented  the
(Apicc Systems Inc. 1992).

The pattern uf recaptures with distance has been
ing  marked  beetles that were ;Ivailublo  for recap- known to depnrr  from the distriburion preisred  by

:iL  more distanr  traps (r and  beynnd).
c compared the corrected  recaprurc  data with  rhc

simple dirl’usiun  models (Dobzhansky  and N’npht  1943.

em uf ~pUizl  sprcdd  predicred  by ;I simple di[fusion
lY47.  lnouc  1978.  Okubo 19SO.  Knreiva  1983.  Turchin
1998.  Planr  and  Cunningham 1991).  .\mon,o  insects.

cl. Turchin and Thoeny ( 1993)  provided the dcriva-
l‘or  the hollowing  an;llyical  formula for predicting

these deviations often take the form  of ;L !ep[okurtic
distribution: i.e.. lower-than-csprcted  recaptures near.

id  sprcid  (see also Awcrbuch  et  al. 1979. Okubo and greater-th;ln+?:pected  recaprurcs  farther away  from
the source (Turchyn  1998).  Lcptok:lrtic  Jijtribctions

(1)
may arise when there are herero8ene:ries  in the p.~x~ls-
tion,  for exa’mplc.  whek the populaticn  is compnscd  of
two  or.more subgroups [hat  have hifferenr  dispersal
capabiliTies.  Although the Bessel fulxrion juhmed  in
model (1) causes the distriburion ul’  rccaptun$  to be

17) slightly Ieprokutic.  we can account  .for  IrrixIy?r  Icp
tokurrosir.  and hence heterogeneous dijpcrsal  abilities.

e ?.t  = recapmrc  ctKcienc:y of the  trap. ;V,, = marked by  allowing  t’or  two values ot’  .J :md  8. In rhis  case.  eq.

es rcleased.  D = diffusion rate and 3  = disapperlr- (I)  is re-wrirten as the summation ci t\vo diifusion
rate (death or emigrarion  from the cxperimcntal models (the  heterogeneous diffusion modei,:

1 . The parameter .-I is known as [he  scale parameter
is proportional to the produci  of the number of C,v  c  A,” -IIC-r8i+~~,).-I?C-.‘~: (51

les  released and the  recapture  efficiency.  B  = L;:.E
-

measure of the spnrial  sci~le  of dispersal, An insect where A, and A?  and’l, and & are the  jcaliny  parame-
ul;!:ion  with a lar8c  value ut’B  would have 11  greater ters  and the scalz  of dirperssl.  rcspzcriA>.  I’or  rhc two

*<*I  range  than one with  a  smaller  8. The  ‘real types of dispcrsers:This  model is one  ,iai  rhc tirst of its
A’ this particular model is thst  ‘ir is based on kind that allows_ for: both the  disappc?;oncc  oi  insects

rs  that can be quanrificd  through experimenta- (b) and hctcrogeneiry in dispersal  abilir!  [see  visa  Plant

wever. we do not attempt in this study to and Cunningham 1991). We tested  the tit of this h~cru-
the unknown paramctcrs  comprising A and B ’ gencous  diffusion model to the  combined &XI  from  all

d d).  WC do note.  though. [hat  checkered  beerle Kvc rcpljcares.  Here, pooling tvils ~teces&r>  10  incrcasc
IIS  are Fairly IonE lived relative  IO the  durarion of. the observations upon which rlx r’oor  paramours  were

k-recapture experiments (6-S wk in the  labora- to be estimated. We st;mdnrdizcd  rec:lprurcs  among
lrnbow  et aI.  1975. Lnwson  and  Murgan 1992). replicates  by dividing the  number of recdpcurcj  ;lt cxh

distance within  ;L replicate  by rhe  ro1:11  number of
mirrkcd  checkered  beer&  relcuscd  in thar  rtpli<;i[e.  The

model ubovc IUS rhc  linear form. proportion rec:tptured  ;I! each  Jisrancei  \v;\:: rir  (u  C+
(5) and purnmercrs  cstimutcd  using nunlincur  rc$rcssion

?,.I 4-i  In(r*)  = In(A)  -r,B r3t in SYSTAT  8.0 (Wilkinson 1998).  Dispersal guilnriles
were  derived by solviny  for I*,  in ti <imilar  &hion to cq.

un be tit using least-squurcs  regression (Sukal  and (4).  NJincly.tivc  pcrcenr  conlidcnss  intPrv:ll$  IClst  fol
(YUS).  Turchin ;rnd  Thocny  119’13)  provide rke ..I,. :I !: 8,  and  &  wcrc  ubrained  rhrguph  bou~~p-

0d0lo~Jy for  cr>nverlinp  B  inlu  ;I  more  in;ui(ive ping: ~-II*  IOl)O  rcpctitiuns  I boorsrr;lp  samplcsl.  rivrr  dis-
lsurc  of tlisptirsnl  - rlic  roditls  01  ;I &&. pcrsul rcplico[cs wcrc  d13wi  aL r:~iiJ~w  lwilh

rcpt:lccn~unt)  and ussd  tc) tistimillc  thr  t’~ur*  p;Ir;uiiclcry
(El'rcm  ;ud  Tibshir;mi  1993. M:tnly  I’W~).  The r~tr~yc  01’



each para nrtw rcprcscnrcd  the 9.5~ CI~.
We not!: thut this is only A  phenomonolopiatl  tnodcl

in which. a priori. we have no evidence 01’  a heteroge-
neous pop ulntion Of disperscts.  Our intent here was to
ohtitin u IOINSL estimt\tc of  Jispcrwl  distonccs  ~ITJI~~  :I
model that  is best ~uppurtcd by our data. Howcvcr. if
the hclcrcyeneous  diffusion model represents  it more
;tppropriate  description of checkered beetlz  recaptures.
with-distance. the two scale.of-dispersal  pi\rxnctcrs.  8,
;\nd  8:.  ;\I’c expected to be significantly ditTerenr  (ix..
thut  there LWC two different  kinds of dispersers in the
populutiorL  To determine if the diifircncc  wus signid-
cant.  we
B, -

examined  whether the asymptotic 9% CI  of
6, (f*om  the nonlincJr  procedure in SYST.ATI

was sigoi~.cnntly  different from zero. Below. we es-
pIore the possibility that differences between mole  end
female checkered beetles or variations in size may be 3
YOUCCC  of hercrogenrous dispersal abilities within this
populutior. .

Net displ ‘cement
4

The mode s we used assumed that a population’s’nct
displ3cem ?t  or directionality in space should be Liro.
WC tested

t
his prediction for our mark-recapture study

by deter-m’  in:! the net dispiacemcnt of marked chcck-
crcd beetle. in each experimental replicate (Turchin and
Thoeny I
the check

The CIIS~-
to the i

3). To accomplish this. we first Jesipnatcd
red beetle rclcuse point as the ,niyin of a

two-dimen  ional  plant (s and ,I* coordinates equal zero).
cst and north-south transects corresponded

.A-- and I.-axis.  respectively. Net displacement
(:VD)  OF  r *ilpt\ld  checkered beetles along  the s-asis
WPS  YD

i

(ZsC, !*N: where s = recupturc distance
along the e St-west trxtsect.  C,  = number oi recaptures
at disrancc .I-. and .V = total  number  of recaprurcs  along
the trnnscc A similar procedure wu  used for ca!cu!~
iny displa nrent along the ),-axis.  To avoid biasing
displacerno t estimates.  when a trap was missing on one
arm of a I

i

tnscct (e.g.. CMI). we dclctcd  rhe trap at the
same distu ce on the opposite arm  (wcsr).

that the more complex model (5) would provide J better
tit to the male and Female dispcrsnl  data. Second.  we
performed i\n  analysis of covariance to determine the
cFFcct  of 12s (main effect)  and recapture distance lco-
variate) ,m  the proportion of checkered beerles  recup-
tured. Proportion recaptured w;is transformed using
In(C,)  if Inert to comply with the linear dispcrsai
m&e1  (5).  A quadrutic term II.-‘)  was also added to the
~wdcl  t o  wcount  f o r  a n y  n o n l i n e a r  chiwge i n
rccuptures-\~itli-disti~n~c.

Rec;\usc  insect size ~nay affect  dispersal ability or
~urvivorship  (recall that 8, is detem\ined  by the diffu-
sion and disappeomnce  rate), we cxamincd whether
checkered bcctlc size (mean el!xt lcngthr  varied wirh
recapture distance. In this analgis.  Al  replicates were
combined and distances were divided into six classes: 0
km (the random sample obtained ;iom pre-reiexed
bccrlesl.  0.10 km, 0.10 km, 0.30 km. 0.45 km itraps al
0.40  km and 0.50  km combincdl.  and I.3 km [ail  rr.lps
beyond 0.3 k m  combincdl.  .A twcway  complctcly
randomized flxed-factor  AN(3V.i was used to dctetmine
the effect of checkered bterle!sc.x  (females are Scncrally
larger than malts)  and recapture distance on clytra
length. Differences among means were anul~zc;?  with
Tukey’s HSD rest ‘(Sokal  and Eohli  1995).

:.+:,

Comparison of prey rnd  predator disperse1

One purpose in quantifying the range oi dispersal of the
checkered beetle WOP  to enable comparison to the Jis-
pcrsal of its prey, the SPB. Turchin 2nd Thocn!, I 1993)
have previously quantified the movemenr  patterns ui the
latter species using a design directI!, scmparablc  to one
presented here. Nine dispersal replicates acre reported
in their study. each providing rz :lorc tit to the simple
diffusion model (1). We evaluated whether the data were
better  described by’ the hctcrogcncous diffusion rrodcl
urine the criteria outlined above t’cr the chccsxcd
bee&.  The better of the ‘rwo”‘modcls  were used to
compute 5O’C. 6617% and 95% dispersal  quantilcs and

we compared the 95”A Cl’s of the SPD qlulntilcs  with
those from the checkered bcctlc

I
Effects ofjsex und size

Sex-rel:rtedl  dimrenccs  in dispersal  were addressed  in
wliethcr  the sex-specific

II;I w e r e  better  rig b y  the hrr~royrneous
del IS\  than the simple  dill’usion  model  I I\.
oft3cli sex recnpturcd.witli-Jist;lncc,  for all

to model  (5) end the iisympcoric
diffcrcnce between the scale.

Red  ts
PredictIn::  spread  with a diffusion  lnodcl

The wertge  nuntbcr  o f  chcckcnd  hcetlc  retxpturcs
Ibascd on traps pusitioncd in four cardin:il  directions at
each &stance) Jcclincd  signiticanrly with  inc’re;rgrrr~ J~s-
tance I’rorn  the point of r&w tbr ,111  live repliccitcs.
P 5 0,031:  Fig.  I). The  l inear model  121 biWd :,n a
simple  diffusion prqccss cxpluirlrrl  311 .r\cr:r~c  01’  bJ’!:l 01
the vuriutiun  in the rec;rpturc &ILI  tb;wd  tin tlw  ~,rlTi~
cicnt 4 Jctcrmin;ttion.  /I’;  Tablc 21. ~ugyerrin$  \I\;II  ;IS
;I tirst ;tppro.~inl;ltion.  shcckcrrd  beetle  dispcrs:rl  GIII  bc
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amctcrized  by  .I  simple  diffusion process.
and 95%  &penal  quanti les b:rscd  on

this model ate  prerenrcd in Table  2.
Although \he  dispersrl  data are  reasonably approxi-

mated by mddcl  ( I ).  there  is clcnr pattern of dcaccclera-
r im  in the slope  of the recaprurcs.  In three UT  five
rcplicittcs  12.1  3. 4). a  significant quadratic tern1  indi-
cated that the relntionship  was curvilincur.  not (inenr  as
model  i3)  wbuld  predict. The  hcterogcneuus diffusion
mode) WY al$e  to account far this nonlinear pattern  ol‘
recaptures dith  distance (Fig. ?A). and provided a

dotn  (U’  =  0.753).  A significnnt dilI?r-
two scale-of-dispcrsnl  paramcrcrs.  B!

and 8;(95’!h,:cI’s  for 8. - 8, was 0.39. 2.26). suggested
that  there is(  import;&  hrterogcneity  in the  dispersitl
ability ol‘  thy  checkered bcctlcs. ;tnd  argres  in support
of  t he  wxptoncc  o i  th is over the  simple  d i f f us ion
model. By djowin, 1’ t’or n  more lcptokurtic  (fiuStrrilrd)
distribution 4f  rccnprure~.  f l i is model  prcclictcd  disprr-
<aI  qunntilcs!  thut were  broader thiln  those  from  the
simple Jifl’us~on  model  IT:thk  3).

1 3 2

Irresocctivc  of the ch6icc o i  diffusion model. the  net,.
disp>acemcnt  of checkered bcctlcs. on 31~cgc.  did not
deviate significantly from the  origin (Fig. 3).  This SUP-

ports one of the basic assumptions of both mod&:
beetles should diffuse equell~  in 01)  directions from  the
point of origin.

Effects of sex nnd size

When chrckcrcd beetles wcrc  divided by sex.  wc still
obscrvcd  a  nonline:tr  pclttcrn  ot’  recrlpturcs-nith~dis-
tance  (Fig. ZR,  C), However.  0ur criteria I’or  accepting
the heterogeneous  model  (and rronlinstrity  in the  recap-
cures-with-distoncc),  that f?:  - B,  is signifi~tetl~  grctucr
than zero, was OOI met  for either the  males (9%  Cl :
- 2.04, 5.82) or the  fcmitles  ( -Obj.  4.31).  A reduction
in statistical power d our test  restriling  I’rom  using  hu l f
as  much dihtl  L\S  the  LCSI  for ;\\I  rccapturcd  kI\CS (Fig.
?.\I.  mity  cxploin t he  lack uf  sig’ritic;rr\t  cor\‘;rl\rrc  i n
male  itnd  t’cnmle.  recilplurcs-with.Jist.lncc.



Comparlsoi of prey and predator dispcrsnl

For Rich  ot’ the southern pine bcctlc  dispersal  replicates
(see furchin  ;md  Thoeny  I 13331. is well us for all
replic:ttzs combined  (Fig. 51.  wc were  unable to”detect
nonlindurity  ‘in the dispersal survcs:  In additibn.  all
attempt;  t o  tit t h e  hcterogencou;  dil’fusion  model  t o
3PB recagrurer  lililed  to converge  on u unique  solution.
This pr,rJably  occurred because rh: hctcrogencc’ss  dif-
fusion model h a s  m o r e  paramwrs  than  tire needed  to
fit these apparently linellr JatJ.  i.e. rhr:  model was
overpnrnmetirized  (Draper and Smith 1981). We there-
fore accepted the simple diflLjion  model as the most
appropriure ior the SPB tind  used the parameter esti-
mates from iurchin  und  Thocny (1993: see Tuble 4).
Based on a bompariton  bcrnrcn the two species. we
Lund  no dit?crence In the radius  containing 50% and
bti.3, OF  the dispersing inxcts  rT&lr 1).  However. the
radius containing 9% 0T the insects b’as sipnificuntly
greater ior the &:kered brt:tle  thar.  the SPB. This
diiferencc  is apparently due to the long tails in the
recaplures-with-diutnlice  for the chcckcred beetle: that

is. prrr(~ll:.:I~,IiiltL.ly  mdrc prcJat(!rs  arc dispelsir,; long
distunccs than their  prey.  The extrtme  Jisfnnccs  that
the clruckcr~d  beetles ure  capable oi dispersing is
Jemonstr:~ted by two marked beetles thut were  recap
cured  more th:uI 8 km irwuy  in I’unnel  traps used for
other  research projccta.

Discussion
Dcspitc  the \~ide.spre:~d  ttcccptance rhat sPatin  hetero-
ycneity  ad  movcmcnt  xre ot’ considerable coasequcncc
to the population dynwrrics  ol’ predators and  thsir prey
(for rcccnt reviews set Hanski  and tiipin 1997. Tilman
and Kilreiva 1997. Turchin 1398).  :he southem pint
beetle-checkered be& system represents one at’ the
very few in lvhich we have quantitative data on the
pattern and scale of movcmcnt  of :?oth predator and
prey species. XVhilt  makes this even  rrort  unique is that
the scirle  of dispersal spans  more than 2 km: few rtudics
ot’ any species huve  quantified moc’:aenr  patterns ex-
ceeding an area this large (Turchin !398\.

The redistribution pattern  ?I’  checkered  beerles fol-
lowing their rcle:lsc  was in reafonob!c accord \vith  the
expectations oi a simple diffusion mcdct [Ok&o 1980.
Kareiva 19S3. Turchin 1998). This p;lr!crn  of diKusion.
in which recaptures were highest a~  !inc point of i&in
and droppcd”otT at a dcacccleraring  r3ir.  with dinancc.
has been found for u number of ins+t  species [e.g..
Ksrriva  1%.  Turchin 19%).  Hwwx. our data  dcvi-
ated significantly from there cxpecrarions in that b\:(:
consistently bad hiSher.than.cspecr~j  rates oi recap
tures in the more distant traps. Thi?: !:ptokurtic  distri-
botion (having Pdt  tBil51 is not at 111 an uncommon
source of deviation  from simple  dill’uGon  modA. and
is thought to be commonly brought 3bour by lw!:Oge-
nous  diffusion rates within the population tInour: (972.
Okubo 1950.  Kareiva  1983. Plunt  2nd Cunningham
1991. Turchin 1998).  Dobzhanskv  and Powell 1197-Q.
Tar exumplc.  provided cGdence ior ~cnctic~ll: based
diffcrcnces  in  dit‘l’usion  rates \vithin  D~*c~@ii~r  c%‘c::-
t/ooh.scurcr:  flicj vurryiny die reccssivz gent for orange
dye had lower diffusion rates than \vild-type nitA

Tzble  2. Paramricr  estimates tinj rlispcrs;\l qul\ntila  (radius of a circle. in km, snclosin$ diGcnr  proporticas  31’  Jispcn:rrl fur
the  checkered beetlcs  based on :I iimple  Jifftlsion ~noJel  (et+  I. jet  Mrrhodrl.  Cortliciznts  ol’detcrmlnorion  1 R’L the prr;urtlon
of the variance in rccapturcs tlw  N;IS  sxplrincd  by  the  model. were obtained by least-rquwes  rcprcssion.

Rcplicatc! 6 R:

.\



(4

0.1

o*oi

0.001
.

0.0001 ,
0.0 0.4 0.8 1.2 1.8 2.0

1

h

.

0.1

(Cl

.:::: ‘“L.
0.00011~

0.0 0.4 0.8 1.2 1.6  2.0

Distance from source (km)
F i g .  1. P r o p o r t i o n  o f  (A\ rolvl.  (3)  mzlc  a n d  (Cl  female
m a r k e d  checkered  beetles  rccaprurcd  for al l  tivc  r e p l i c a t e s
combined.  Cuwcs  arc  based  on  the  hcterogencons.  two&.
perser  model  (rq.  5 ) .

In this pnpcr,  we presented a new and  simple  ap-
pro;lch  to i n c o r p o r a t i n g  hcrerogcneity  in dispcrsul  nbii-
ity  in ro  ;t  dit’fttsion  framework  ( s e e  also  [nouc  197’8  ;Ind
Plant  ond Cunninghsm IYSl). Employing th is  hcteroge-
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Fig.  5.  hJet  d isp lacement  or Tl,unasb~ hbiw  i n  t h e  f i v e
replicate mark-recapture experiments, The open  rircle nprr-
sents  the mean net displacement f I se.

neous diffusion model, \3e found a much improved fir
to the checkered beetle dispersal data: one that did a
paniculttrly good job of  accounting for  the Fat  ta i ls  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 30% of the
released beetles dispersed beyond 1.25 km. 33% dis-
persed beyond t km and 5% dispersed beyond 5 k m .

Sn contrast. we could Rnd no evidence for hetero-
geneity in dispersal  abi l i ty  for  the SPD: the recaptures-
with-distance were  linear, indicating homogeneous rates
of dispersal within the population (Fig.  5).  Thus, dis-
persal clistrrnces  for the SPB were estimated using the
simple diffusion model. This model is based on the
same framework as the  heterogeneous model  but  a l lows
for only one type of disperser in the population. Using
th is  s imple  d i f fus ion model ,  WC  found  the  SPB  t o  b e
sl ight ly less  dispersive than their  predators .  The  main
difference between the two species was in the  ta i ls  of
their redistributions:  rts  noted by the significantly larger
radius necessary to enclose  95% of the dispersing check-
ered be&s.  more checkered  beetles were  undergoing
longdistance  dispersal  than their  pine beetle  prey.

Within-populat ion heterogenei ty in  dispersal  abi l i ty
m&y have  b e e n  i n  p a r t  attrihutablc  to  sex-  und size-re-
latcd  diffcrcnces  among adult  becrlcs.  While males  and
fern&s  did not differ in the range  or pattcm  of dispcr-
aal,  the rccnprures-with-distnnce  for each sex exhibited

Tdhtc  3. Checkered  be& dispersal  pammeter  &n;ltes  bad on the hctcrogmcous  Nfusion  model. oq.  j  i RI =9.X).  95’!%
OJtllidW~  intervels  were  obtiainsd  by bootstmpping  proportions re:c;lpturcd  rrtlrn the pooled &tta  sets.
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Fig.  J. Checkered be& .rixc  (mcnn  +lytti  length) in rclntiun
LO  beetle sex and rttqdm  distnncc.  ANOVA i n d i c a t e d  ;I

- 7.77. P < O.oOl), but not ;Ln  inreracrion  be-
tween the two (&.lOl, = 1.3, P=~O.241).  Means ksc
;rssuci>ted  with different letters are signiknntly  different ;&I
P c 0.05 (bnscd  oo  Tukey’s  FISD).

a nonlinear trend  comparable to the  combined  data  set .
This  result  suggests that  sex-specific differences are not
the  primary source of heterogeneity  in the checkered
beetle population. However.  size.  which is related to
SCX. did influcncc  dispersal ability in this population:

smaller checkcrcd  beetles  were mote  likely to be recnp-
turcd, and for the females,  more likely 10 be recaptured
at long distances (Fig. 4). Whether  this is due to the
smaller insects  having a greater  ptqcnsity  to dispcnc

farther or to discover Amncl  traps, we do not know.
However, based on energetic  considerations (Roff 199 I)
ami  evidence from  the iitcraturc  (i.e.,  Roff 1977. Din&
and Evans  1987, Kinn et  al. 1994. Ellers  et al. 1998; but
see Hanks et  al .  1998) we would have  cxpcctcd larger.
not  smaller,  invectv  to bc more dispersive.

Theoretical ecologists have long emphasized the need
for quantitative  information on the rate and pattern oi
dispersal if we hope to fully undcntrind  the  temporal
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Fip. 9. Proportion 01’  mnrked  southern pine  hrrrlcs  rccapcurcd
for ;lil  rcplic:rlcs  combined in the  sludy  by Turchin  and
Thorny (  l993). Line  is 8t by  hst-squares  rqression.

Tubis  J. Ehnuul  dispersul  quantilcs  with YS’X,  Cls lrildius
of ; L  circle  in km enclosing Jiffcrent  proportions of diupcncrs)
Lx the  chcckcred  becrlc#  and  southern  pine kctk  burcd  011
rhc best-lit model (hrtcropancour  and  simple diffusion models.
rcspectivclyr.  Us  for the  radius  enclosing Y5’:C of lhc  Ji5-
persun  du  not overhip  between  the  IWO species, indieutin!:  that
they  UC  ~ignilicantly  different lP ~0.05).

Checkered beetle Southern pine beetle

!0?4 I.‘4  10.74.  U8) 0.63 f0.45. O.Y!)
64.  ?!/I8 3.02 ( I .30.  6.73) 0.9')  (0.65.  1.34)
Y WI J.10 (3.56. l5,YY) 2.17 (I .-a. 3.05)

dynnmics  and spatiol  distr ibutions of  predator  and prey
populations (e.g.,  K;rreiva  1990, Turchitr  1998). In
many cases. the types of dynamics and spatial patterns
that arise hinge upon the differences in movement

‘bctwccn the  two species (e.g., Mimura  and LMurmy
1978. Reeve 1985, Comins et al. 1992). Now that we
hnve  qunntified  the purrern  turd  range of movement of
the checkered beetle relative tc;!its  bark beetle prey, how
can we use these data to address the cause for the
formation of discrete pine beetle infestations in a rela-
t ively homogeneous pine-forest  landscape’! As a Brst
s tep,  we can evaluate exist ing models of patch fonna-
t ion;  in  part icular ,  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 patterning, or diffusive instabilities. can
arise if the following features of the system are prcscnt.
First, high densities of the  prey (,activaror  species),,
should have a positive effect on both prey and predator
populations. This can be satisfied if the  prey exhi’oits  an
Allee  effect and the predator aggregares  to elevated
prey densities.  Second, increased numbers of predators
(inhibitor species) should have  R ncgarive  &et  on prey
and predator populat ion growth rates.  Finally,  prcda-
tars  should disperse substantially  faster (higher diffu-
sion rates) than their prey. The way  rhis
stctivator-inhibitor  system works to create spat ial  pat-
terning is as  follows. A perturbation rhnt  clevatcs  prey
densities beyond the eonstrainrs of the Allee  effect
would resul t  in  accelernted  populat ion growth and the
development of a prey  outbreak. Predators would rem
spand by increasing their density in the vicinity. In the
absence  of diffusion,  the predators would eventually
suppress the outbrc?uk.  However. with greater rates of
diffusion than  the prey,  the predators would tend to
“wander awny”  from the outbreak. As  a consequence.

the ratio of predators to prey within the  outbreak
would be lower than if  them  wits  no predator  diffusion.
and thcrcforc. the predators would be less  effective  at
suppressing the prey.  Immediately adj;ieent  to  the  ou t -
break.  the opposite would bc  true:  ;I  higher predator/
prey rorio  and prcctet  suppresslou  of the prey.  This
puttern  of “undelnggregation”  of predators within the
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uulbrwk  foci. but “overaggrca;ltion”  at rhc periphery
cun result in the lbrmstion  of putchn  ul’ high prey
densities with very  Jiutincl borders.

Very few crpcrimentPI studies huve  addressed the
concept of diffusive-driven instability (but see Brod-
msnn rc ul. 1907. Maron  and Harrison 1997’). However.
the  pine beetle-checkered  beetle .systcm fits well within
this cnntinuous  model framework: due to munngemrnt
practices, pine tbrests in the soulhcustem united  Sintcs
:ire  quite uniform at XI~CS of several or more kilome-
ters. imd  the movement of both spccics within the forest
nre well described by dit’fusion-based  models. Many  of
tllr:  c‘onditions  necessary for dilYusive  instnbiliry arc also
present in this system. The SPB exhibits a striking Allee
effect (see Materinls  and methods), and the checkered
beetles not only aggrcgatc to areas of prey outbreak
(Vitd add Williamson 1970. Dixon ;Ind Payne 1979a.  b.
l%@.  but also cuuse  a decrease in prey abundance us
their density increases (Reeve et al. 1995. Reeve 1997).
Xdditionnl  support for this model comes from the fact
that the ratio of checkered beetles to SPB  increases
away from the center of an infestation: i.e.,  an underag-
gregated  distribution of predators (Turchin et al. 1998:
Fig. 11.4). The one condition for diffusive insrability
that is not met is that checkered beetle dispersal must
be substantially greater than that of its prey. The
Jiffcrences  in dispersal oudincd in Table 4 would not
constitute a substantial difference. Therefore. the crc-
ation of spatial patterning through this general model
of diffusive instability does not appear to be likely.  The
basic modeling framework. !lowever,  is still well suited
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 c~lrrently  conducting
experiments to address what wc consider to be our
most pressing need for rhc$c future modeling endcav-
ors:  data  on the behavior and movement of checkcrcd
beetles within and around the boundaries of SP9
infestations.

Finally, our result thet checkered bcctlcs  have a
dispemal  ability [hot is equal to or sii_uhtly greater than
their pine beetle prey lends further support to our
earlier prediction that this species is an imporrant
predutor of the SPB. High dispersal ability, coupled
with the checkered  ‘6cctle’s strong reactivity to SPB
aggregation pheromones (Vit6 and Willhrmson 1970).
would enable it to rapidly track pinr: beetle infestutions
in space. This certainly supports what has been ob-
servud  in nature: pines  at very curly sr;lyes of attack  by
the SPl3  olicn have high densities  of checkcrcd beetles
(Diaun  and Payne \979a.  b. IYXO.  Rcevc  1997). Their
cffcctivcnoys  as u control agenf.  however. mlly bc tem-
pcrcd b y  the upporcnt wrdc~rpgrcgata~  Jivtribution  OI
the chcckcred  beetles relative to the SPB l,uccurriny in
higher  rntios :It the infcstntion pcrimcrer:  Turshin  CI al.
IOOS): ptrssibly  ns P cunssqusnce  UT  the higher rates ul
ditYusion  of a subset of the checkcrud  be& population

in comparison to the SPB.  Increasing rhe effectiveness
of this predator may therel’orc  be possible through a
number ol’ us ye1 untcstcd opprouches:  for t.uumple.  by
I) the augmentative rclcase  ol’ checkcrcd beetles in the
ccntcr  of infest3tiorls, :) reducing the checkered btctlc’s
propensity to disperse (possibly by mnnipulAng  scmio-
chemic;ll concentnltionsl,  or 3) by seltcting. through
art&A or nutural  mclns,  the rchtivcly  sedentary sub-
set of the checkered beetle population (i.e.. the large
adult individuals) .  fnlormttdon  on the pilttern and
rnnge  of movement of tht SPB and its mltural  enemy
has revealed new paths to follow which mdy  lead to the
improvement oi the biological control of this devastat-
i n g  pest.

r~ck~ro~vl~r~~~tnenrs  - 0. Aycock. A. Christensen. J.  Fryer. J.
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thank J.  Crooks. 8. ;Mazza. nnd 8. Sebastian for both rhcir
permirt.ion  and coopetati::n  in conducting these experiments
on the Cltahoula and Winb  Districts of the tisarche National
Forest, Louisiana. USA. Pehr Encktll  provided uz+eFul com-
ments on an earlier dmf!  of this paper. This research  was
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