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This paper presents a diffusion model of larval dispersal especifical.¥ ae “gred to account for par-
ticular aspects of postfeeding larval dispersal from the food source®in ornisms such as blowflies. In
these organisms the dispersal of immatures includes two groupg’af indivii'uals, those that are actively
migrating and those that have initiated the pupation process. % he dlassical diffusion equation in one
dimension was modified to incorporate a function which describes the burying of larvae to become
pupae. The analytical solution of this equation predicts oscii:atuigsand monotonic dispersal behaviors,

which are observed in experimental populations of blowfly spreies.

Key words:Chrysomya megacephala - Chrysomya putoriaé- Co_hlior: via macelldiffusion model - larval
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Diffusion models have been extensively'em1994,, Equation (1) has been variously modified
ployed to investigate dispersal and havefyieldZa take into account animal movement toward ex-
considerable insight into the dynamics of @i nalesial stimuli or movement driven by wind or wa-
movement in space and time (Okubo 18cchKaigivier currents (Helland et al. 1984, Banks et al. 1988),
1982, 1983, Andow et al. 1993, @aristi . et alcorrelation of movement between directions of
1995). Diffusion models can be writteryi«i the simiravel (Holmes 1993), and cases where organisms

plest form as have a tendency to move away from conspecifics
(Gurney & Nisbet 1975, see review in Holmes et
YU - pR2u ), al. 1994).
Tt (1) Most studies employing diffusion equations

. have described movement in adult animals (Andow
where the operatoN dznotenthe spatial gradient,et al. 1993), but this approach has seldom been used
tis time,u(x,y,t) is the loca: pdpulation density in to study dispersal in immatures, whose dispersal
the spatial variablesa.\dy, D¢s the coefficient of has important consequences for the population and
diffusion, andf(u) . xthe reaction term describing community dynamics and genetic structure of
the net popu'ation ¢ y9ge due to birth and deatpopulations (de Jong 1979, Roughgarden et al.
Whereas g4yuation (1) entails several simplifying 988, Gaines & Bertness 1993). However, the same
assumptions abaut the dispersal process (Andawveoretical results concerning diffusion in adults
et al. 299.), the ease with which distinct behavean be applied to study dispersal in immatures
ioral{{etai’saan be incorporated has turned diffuBroadbent & Kendall 1953). In the present study
sion muliels into a powerful tool (Holmes et ala diffusion approach is employed to model the form
of larval dispersal from the food source based on
experimental data from three blowfly species,
Chrysomya megacephal&. putoria andCo-
chliomyia macellaria We take advantage of the
This work was supported by grants from FAPESP (Nélexibility of diffusion models to incorporate be-

94/3851-9, 94/5355-9, 95/8031-2, 95/9299-9). havioral characteristics of dispersal in the larval
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motivated by the fact that the t\@hrysomyaspe- did not move far from the food source, and the
cies, which are native from the Old World anchumber of larvae dispersing decreases with dis-
Australasia, are part of an ongoing invasion of thiance (Fig. 1). Nevertheless the two invading spe-
Americas (Guimaraes et al. 1978, Baumgartner &ies differ remarkably from the native species in
Greenberg 1984). The invading flies have dispersdtle shape of dispersal. @@ megacephalandC.
rapidly throughout the continent and have appaputoria, the shape of dispersal shows a pattern of
ently caused the decline in population numbers afampened oscillations, whereas in the native spe-
the native specie§,. macellaria(Guimaraes et al. cies,C. macellaria the number of dispfrsing ar-
1979, Guimaraes 1984, Greenberg & Szyska 1984jae apparently declines monotonical ¢ (Fig. 1 .

MATERIALS AND METHODS

The process of larval migration from the food
source was investigated in laboratory populationg
of C. megacephalaC. putoriaandC. macellaria &0 |
Laboratory colonies were founded from specimen$ oo
collected in the vicinities of the Universidadey so |
Estadual de Campinas, SP, Brasil, and these incﬁ- 60~

viduals were considered the parental generatiof.

Adult flies were maintained at 25%T in cages 0 UL

(30" 30" 48 cm) covered with nylon and were fed 246 8Q"

water and sugad libitum Eggs were obtained by Jervats x 01 (m)

providing females with fresh beef liver. Newly B Cpuiya (N C maceitaria [ €. megacephala

hatched larvae, the Beneration, were transferredFig. 1: hd{ izontz “anersal hrysomya putorizCochliomyia
to vials (7.2 cm diameter, 13.8 cm height), conmace!"iriacit. Chrysomya megacephala
taining 100 g of rearing media (Leal et al. 1982).

Horizontal dispersal of full grown larvae was sepa- Diffthion model The diffusion model devel-

rately monitored for each species, depositingsne . ; : T
vials at one end of a cardboard box (3.0 cmd mg(}ﬁ"réhc;here takes into account both dispersing indi

12 cm height, 30 cm wide), covered with wool .2 iﬁn(;jnterlgisrietgi}omi\fessgf: gﬁg ltji:fed ,;;nd 'S
shavings, 5cm depth at the bottom. Disp&rse)wasy '
quantified (in cm) as the distance traveed b= fc(x,t) D 2c(x,1) 1 fc(x,1t) hx.)
larvae from the starting point at one end 0i“9e box ¢ ™2 COx A

to the point where they buried to pupate. Twcirep- )

licates were run, with the folloysiiyiaumbers ofyherec(x ) is the concentration of larvae on sur-
larvae in each replicat€. megag ?phala: 0,294, tace xis the one-dimensional spatial coordinate,
C. putorig 119, 214C. macellaiia 200,/124. is time, D is the diffusion coefficient representing
RESULI'S the random movement of the larvae anid a co-
efficient of proportionality describing the velocity
hich is taken to be characteristic of each species.
in calliphorids such asmegacephalaC. putoria he first two terms in equation (2) describe the
and C. macellasainvolves individuals that are Movement of larvae in the surface of the substrate.
actually dispe?site while some of them begin tg "€ 'aSt term in equation (2) is of particular im-
bury in the eubsﬁa . to pupate. Because of th ortance in the context of larval migration because
character’stic e form of dispersal can only be | it E/:gunctlon describing the rate of burying of the
ferred wiyen simetividuals have pupated. For eac As an approximation to the shape of spread of

species, ai.2r all individuals had pupated in th h SO h y b
sublirea. wercounted the number of pupae ol Y€ Shown in Fig. 1, the process of larval bury-

server % each 20 cm interval from the release poid " the substrate is considered to decline expo-
at one end of the cardboard box. Individual dis[]entlally with the distance dispersed by the larvae

persal a.stances were then measured as the distaﬁ‘t%J o be directly proportional to the difference in

travelled by the postfeeding larvae from the poiq?eoané:ﬁgtratlon of the larvae. These assumptions then

of release to the site of pupation.
The number of pupae found at each interval O

was plotted against distance travelled by the laf(X 9 = Ko

vae and the overall pattern that emerges from this

data set is similar for the three species in that the&¢£ X, )

Larval dispersal- Th» process of larval dis-
persal of postfeedipa larviae frim the food sour

(X =%
v

_ O
e rx‘C(Xt)gfor t£t* and
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wherek is a constant of proportionalitg, is pro- h iated lex rd dl - d
portional to the initial concentration of larvaes, Cause the associated complex ragtandl , de-

is the maximum distance travelled by the larvaecriPe the damped oscillations observed in our ex-
andt* indexes the end of dispersal when no larvaB€"iments of larval dispersal (Fig. 1). The discrimi-
remain in the surface. Notice the(x.t) 3 0 and na_ntlnthe characteristic equation estabhshes are-
h(xt) * O fort £ t*. On the other hand> t*, c(xt) lationship between the coefficients of diffusian,

° h(x;t)° O. the velocity of dispersad, and the constant of pro-

The concentration of buried larvae at any poin?ortionzalityk, as follows.
in time, c*(xt), is given by If p°£ 4q we have that

GZ

¢ (x 9= [ HxDd (@) D < (10)

For the case where inequality3¢10) h'lds, the homo-

Using equation (3) in equation (4) we obtain ; . .
geneous solution to eguation (9,3s4n be written as

* _kg - _ X =P
c(xtH= ™ (x —x)te lj’oc(xT)d for t ¢, (X) = BoosEh 6 )e > ’ (11)
£t* and X £ x*. (5) /

with w = /4q~p? /2

Whent > t*, there are no larvae left in the sub-
strate. In this case, A partict'argn'ution to (9) can be found as

* * k(b * * —] t*
c(xt)=—(x —Xte” - K ¢x1)d, x£x, Coix) = + AXE™. (12

x % “ 0= (B AYe™. (2
describes the end of the process of larval disperf'cafbsu“ ‘*ingcp(x) in equation (9) we obtain
as a result of all larvae having buried in the stb- _ o [o
strate, which implies A= x*(rz —rp+q)
ac(xt) _ and
= 0 . \‘l\ .

i t' (Z)thm Bl_qco[p—2r+x(r2—pr+q)]

rom equations (2) an , = *

a X (r? - pr+q)?
) . . .
D% +a%_ h(x ) = ot = t*.  (8) ;I"Qe general solution to equation (8) is thus found
X

Py

Since the derivatives in equeion (8 do not depend(x) = Bcosx-0)e 2 +( B+ A } .13

on time we have
Finally, using equation (13) in equation (6) we ar-
rive at an expression for the distribution of larvae

2 -
d7c adc @ _* L(x' -xe™. (9) atequilibrium, thatis, when all larvae have buried
dx* DdL D Dx ' to pupariate and dispersal in the substrate has
ended,
The solution'¢fthe homogeneous part of equa-. . . « o0 G
tion (@15 ¢ the form B (x1)=-ph o) + W B2
C,(X) = Ad™ + B&, (14)
DISCUSSION
aid *i_le rootsl () are given by the characteristic  |3sects whose immature stages migrate from
eqgeation the food source in search of pupation sites, charac-
—p+J0? -4 terize a particular system with two populations; one
A = M, i=1,2, of actively migrating larvae and the other of lar-

vae burying to pupate. The process of larval dis-
wherep = a/D andq = k/D. The real parts df;  persal is completed when all larvae have buried
andl , are always negative, yielding solutions withand no larvae remain dispersing in the substrate.
exponential decay. The ¢ 4qis relevant for These fundamental aspects were taken into account
the understanding of the pattern of dispersal bé our model by adding to the diffusion equation a
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function, h(x,t), describing the process of larval
burying in the substrate. This function involves
biologically important parameters such as the ini- 100}
tial concentration of larvae, the maximum distance
travelled by the larvae during dispersal and the time 8¢
taken for dispersal to occur. The form of this func-
tion was inferred from the experimental data pre-
sented here that suggests that the decrease of the 4o}
number of pupae with distance from the source is
exponential. .

The diffusion equation incorporating the bury- o . - =
ing function yielded an analytical solution (equa- ° 05 ! 15 & 2= 3
tion 14), which describes the equilibrium distribu-
tion of larvae buried in the substrate. This analyti- 80
cal solution was used to compare the dispersal be-
havior predicted by the diffusion model with the
observed data fd€. megacephal&. putorig and 8
C. macellaria Equation 14 was fitted to the data3
using a nonlinear regression whose details are
scribed in the Appendix. Fig. 2 shows the fit ofy;
equation 14 to the dispersal data for the three spg—
cies and demonstrates that the equilibrium distris
bution given by the diffusion model is consisten
with the observed pattern of larval dispersal in the
blowflies analyzed here. In other words, the diffu-
sion equation incorporating the burying functiox
seems to account for both the oscillatory and méno- 120‘
tonic decrease in the number of pupae with incipas-
ing distance from the food source. The coriZiaxiy
in behavior of dispersal as indicated by tXe ine‘iual- = 4,
ity in (10) is apparently the outcome of aiyiv'erac-
tion between the velocityf), the random mdye- 60 |
ment of larvae in these blowfliessndexed by the
diffusion coefficient D), and a'so invalves the for
constant of proportionalityk] g« verning the rate
at which larvae bury in the.subsizate

Diffusion models hayz been extensively used
to address ecologicallorobien s (Okubo 1980,
Murray 1989, Holmas etl_12%4) and have been Distance travelled (m)
particularly useful to'¢ halyze dispersal in adult in-

: " g Fig. 2: fit of the diffusion model to dispersal data @inry-
sects (Kareiva 7983, Ariaw et al. 1993). Neveljs:omya megacephal&€hrysomya putoriaand Cochliomyia

theless this apre "‘-C_h apparently has not been. @Xacellaria The histograms are based on number of pupae plot-
plored to understandythe dispersal behavior of imed against distance travelled in meters and the curve fitted to

mature indect: 'such as blowflies, where two grouﬁge data is based on the solution of the diffusion equation (equa-
of indiviC yalsiwennteracting, those that are activelﬁ'/on 14)

migrating a. d those that have already buried in the

subcuain, The present effort is a first approxima-

tion 1) tie complex problem of larval dispersal,

whichacludes factors acting at the individual levekt al. 1987, Sereno & Neves 1993), the physical
such as'the minimum weight necessary for pupanakeup of the substrate, and the availability of
tion (Ullyett 1950) and those intervening at thesuitable places to pupate (Kneidel 1984).
population and community levels including the tim-  The application of diffusion theory has a rich
ing and the velocity with which larvae leave thdradition of illuminating mechanisms and processes
substrate (Peschke et al. 1987, Blackith & Blackitin population biology (Kareiva 1983), and we be-
1990), the spatio-temporal patterning of predatiolieve that the approach presented here follows this
and parasitism (Norris 1959, Putman 1977, Peschk@dition. As in other studies (e.g. Kareiva 1983,

1201

C. megacephala

\. putoria

C. macellaria

0 02 04 06 08 1 1.2 14 16 18 2



Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 92(2), Mar./Apr. 1997 285

Possingham & Roughgarden 1990), simplifying of ChrysomyaRobineau-Desvoidy in Brazil
assumptions were made such as the invariance of (Diptera: Calliphoridae)Revta bras Ent 23245-
diffusion coefficients with space, time, and larval_ 255 . . .
density. Nevertheless, the primary purpose of tHgumey WSC, Nisbet RM 1975. The regulation of inho-
model presented here was to develop a framework Imogeneous populationd theor Biol 52 441-457.

to analyze dispersal of immature insects living in land IS, Hoff JM, Anderbrant G 1984. Attraction of
y P g bark beetles (Coleoptera: Scotylidae) to a pheromone

carrion or other ephemeral substrates. The simple 55 experiment and mathematical p@@a!Shem
passive diffusion model approach taken here does gqqj 10 723-752.

include two relevant features in that it explicitlyHolmes EE 1993. Are diffusion mode s too sin ple? A
accounts for the dispersing life-stage and assumes comparison with telegraph models W&invadiam
that the dispersal distances are limited, which is Nat 142 403-419. . .
commonly regarded as a limitation in diffusionHolmes EE, Lewis MA, Banks{:E, Veit i R 1994. Partial
models such as those applied to the dispersal of differential equations in ecoicyyv: spz.dal interactions
adult insects (Andow et al. 1993). We believe that and population dynamic&cology #17-29.

lves AR 1991. Aggregatic arie ‘iaaxistence in a carrion
the model presented here may prove a useful todF fly community. Ecsl MOLoGT 675-94.

to e?(plore the d|ffu3|on.d|spersal dy”"’!m'cs of O areiva PM 1982. B perimer al and mathematical analy-
ganisms such as blowflies and other diptera Where  goq of herbivére movement: Quantifying the influ-
the same phase of the dispersing cycle inimmatures ence of plant spacii, on foraging discrimination.
has two stages.e., one actively moving and the Ecol Morfegs. 52 261-282.
other burying in the substrate. Kareiva PM 1283/ J&mal movement in herbivorous in-
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To two anonymous reviewers for comments '[hakn recaptie fied experimentSecologia e
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Appendix ac (xf)

oa, = —Xa, COS(a, X— & )e™*

Nonlinear Parametric Regression to Estimate
the Parameters of Equation (14)

The parameters presented in equation (14) can « o, s
be grouped and renamed to produce the following ~ 9¢ (%1) _ gmax 0 (Xt) _ cax

nonlinear regression model: 0ag 0ag

o 3 _ax _arx o,
C(xt)=acos(@x- a)e™ +(3+ g Y€ oc (xt) - x(a, + a9 6V
For the three speci€s megacephal&. putoria 93,
andC. macellaria the objective is to determine the

corresponding set of parametees {..., a;} from We are now prepared to e{:imate tf 2 set of pa-
the experimental data f), i=1, ...,N. Here x (the rameters &, ...,a;} that minimize () by means
explanatory vanable) denotes the distance travelledf the followmg iterative &(Gusithm:
y (the response variable) denotes the corresponding
number of buried larvae, aidis the number of dis- Initialization : Set rap&om ini al values t@j, ...,
crete distances considered (Fig. 1). a;} and an arbitran/sipall valie &

The set of parametersy, ...,a;} can be esti- dJ

mated through nonlinear parametric regressioritep I compyias=— ,i=1,...,7;

generally described as the minimization of the g
mean square error: Step 2 find a puditive value t@ such that the
LN new valies ¢ §, '), a} given by
mm—Z(c (x,f)- y) = min J(q,...,8 ) S dJ
ay,dy 2 = ag,.az 3 =a -0— j=1 7
aa1 yeeey by
Denoting the gradient a{.), the vector of first #oroducesi(a®”, ..., a7*")< J(a,..., &),

derivative terms, biNJ(-), we have: ./, ¢
8 e (5,12 Step > if J(&,...,8 )>€, return to step 1.

alg N D 6a1 ol
Di(a,....8)= 055 O IZI(C 06.£ )= y)[ac*,’, t’\[ Given the experimental data, the application of
?.%E - ﬁ' 5 tnis algorithm for each species gives:
D Bl
C. megacephalaa, = 60.0872p, = 5.9472a5 =
where 1.8544;a, = 1.4474;515 =
* * 93.2371;a; = 26.6265;a-, =
t — ’ 6 az
w = COS(a, X =3 ;00 1.1573
a
1 C. putoria a; =34.8800a, = 3.6839a,=0.1634,
ac (xf) . a, = 0.9026; a;, = 35.7570;
“m = 0 Sad- a)e™ ag = 13.9524a, = 0.6872
2 C. macellaria a; = 85.6961,512 = 4.6069;a; =
o i N 168267, = 2.3604p, = 87.6527;
— - —auin(@x- &)e ag=17. 613837 1.9009

0ag





