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Abstract. Inferring the spatial expansion dynamics of invading species from molecular data is notoriously difficult
due to the complexity of the processes involved. For these demographic scenarios, genetic data obtained from highly
variable markers may be profitably combined with specific sampling schemes and information from other sources
using a Bayesian approach. The geographic range of the introduced toad Bufo marinus is still expanding in eastern
and northern Australia, in each case from isolates established around 1960. A large amount of demographic and
historical information is available on both expansion areas. In each area, samples were collected along a transect
representing populations of different ages and genotyped at 10 microsatellite loci. Five demographic models of
expansion, differing in the dispersal pattern for migrants and founders and in the number of founders, were considered.
Because the demographic history is complex, we used an approximate Bayesian method, based on a rejection-regression
algorithm, to formally test the relative likelihoods of the five models of expansion and to infer demographic parameters.
A stepwise migration-foundation model with founder events was statistically better supported than other four models
in both expansion areas. Posterior distributions supported different dynamics of expansion in the studied areas.
Populations in the eastern expansion area have a lower stable effective population size and have been founded by a
smaller number of individuals than those in the northern expansion area. Once demographically stabilized, populations
exchange a substantial number of effective migrants per generation in both expansion areas, and such exchanges are
larger in northern than in eastern Australia. The effective number of migrants appears to be considerably lower than
that of founders in both expansion areas. We found our inferences to be relatively robust to various assumptions on
marker, demographic, and historical features. The method presented here is the only robust, model-based method
available so far, which allows inferring complex population dynamics over a short time scale. It also provides the
basis for investigating the interplay between population dynamics, drift, and selection in invasive species.
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Invasive species and populations pose major threats to bio-

diversity, ecosystem integrity, agriculture, fisheries, and pub-

lic health. In recent decades, the frequency of biological in-

vasions has increased to an unprecedented level, stimulating

a multitude of research projects in ecology (reviewed in Keane

and Crawley 2002; Shea and Chesson 2002). By contrast,

evolutionary aspects of invasions, and especially population

genetic aspects, have remained relatively unexplored (re-

viewed in Mooney and Cleland 2001; Lee 2002). However,

it is imperative to move beyond treating populations of in-

vasive species as genetic black boxes in mitigation and man-

agement strategies (Lee 2002). Numerous demographic and

evolutionary parameters are crucial to the dynamics of spa-

tially expanding populations and to their adaptation to a novel

environment: migration rate and pattern, population and

propagule size or density, life cycle, mating systems, inten-

sity and variation of selective factors over space and time,

and genetic architecture of traits under selection (reviewed

in Lenormand 2002). Among those parameters, migration rate

and pattern, effective population size, and number of pioneer

individuals (i.e., founder events) may be estimated using mo-

lecular markers. Gene flow tends to oppose the effects of

local selection and thus limit adaptation and the geographic

limits of expansion (e.g., Kirkpatrick and Barton 1997). How-

ever, it can also replenish the genetic variance of local pop-

ulations, which is a prerequisite for evolution by natural se-

lection (e.g., Tufto 2001). Local genetic variation also largely

depends on effective population size and number of pioneer

individuals (e.g., Wright 1931; Grant 1998). Moreover, the-

oretical and empirical studies have shown that dominance

and epistatic variance within populations could be converted

into additive genetic variance through genetic drift, especially

through temporary bottlenecks (i.e., founder events) that may

occur during a colonization process (e.g., Cheverud and Rout-

man 1996; Reznick and Ghalambor 2001).

The dynamics of spatially expanding populations typically

involve a complex interaction between migration and chang-

ing (effective) population size. Analyzing molecular data in

this context remains a major challenge for population genetic

theory. Significant progress has been possible thanks to the

development of the coalescent theory (e.g., Donnelly and

Tavaré 1995; Nordborg 2001), as well as the application of

a new category of genetic markers, microsatellites (reviewed

in Estoup and Angers 1998). Most importantly, it appears

that genetic data can be profitably combined with information

from other sources such as demography and historical re-

cords, using a Bayesian approach (e.g., Tavaré et al. 1997;

Wilson and Balding 1998; Pritchard et al. 1999; Estoup et

al. 2001; Estoup and Clegg 2003).

Recently, advances have been made toward estimating the

probability of obtaining a given gene sample configuration

to make fully likelihood-based statistical inference from mo-
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lecular data, rather than drawing inferences based on sum-

mary statistics (Kuhner et al. 1998; Beaumont 1999; Beerli

and Felsenstein 1999; Bahlo and Griffiths 2000; Stephens

and Donnelly 2000; Nielsen and Wakeley 2001). However,

those approaches remain extremely challenging for popula-

tions with a complex evolutionary history, so that most ap-

plications have focused on relatively simple demographic

models (e.g., Wilson and Balding 1998; Beaumont 1999; but

see Beerli and Felsenstein 2001, and Wilson et al. 2003). For

more complex models, inferential methods that are not fully

likelihood-based (i.e., methods based on summary statistics)

still appear to be the best option available (reviewed in Fu

and Li 1999; Beaumont et al. 2002). Such methods have been

recently applied to the analysis of nonequilibrium popula-

tions (e.g., Pritchard et al. 1999; Estoup et al. 2001; Estoup

and Clegg 2003), but more complex demographic scenarios

such as recent population expansions over a large geograph-

ical range and that involve the joint effects of migration and

population size fluctuation have not been considered. Ap-

proximate Bayesian inferential methods (e.g., Beaumont et

al. 2002) hold promise for the analysis of complex demo-

graphic scenarios, provided that a sufficient amount of in-

formation from other sources such as demography and his-

torical records are available.

The cane toad, Bufo marinus, is by far the most widely

successfully introduced amphibian species, and it has one of

the most extensive, documented histories of introduction of

any vertebrates (reviewed in Easteal et al. 1981). The species

is native to the American tropics and was deliberately intro-

duced in 1935 as a biocontrol agent in Australia, where it

spread across more than 1 million km2. The geographic range

of cane toads in Australia is still expanding in northern Aus-

tralia and to a lesser extent in eastern Australia. A large

amount of demographic and historical information, especially

the rate of spread and the age of populations, is available on

both expansion areas (Van Beurden and Grigg 1980; Sabath

et al. 1981; Easteal et al. 1985; Freeland and Martin 1985;

Easteal and Floyd 1986; Seabrook 1991). Interestingly, the

rate of spread is about 16 times higher in the northern ex-

pansion area than in the eastern expansion area. Hence, the

recent introduction of B. marinus on the Australian continent

provides a unique opportunity to study the expansion process

of a major invading species through the use of molecular
markers. Moreover, the comparison of distinct expansion ar-
eas is likely to provide useful insights into the demographic
factors underlying different spatial dynamics.

In the present paper, we combined a specific sampling
scheme, microsatellite data, demographic and historical in-
formation, and an adaptation of the inferential methods of
Beaumont et al. (2002), to characterize the expansion pro-
cesses of B. marinus in northern and eastern Australia. This
gave useful information on the general dynamics of expan-
sions and allowed inferences to be made about key demo-
graphic parameters (migration rate and pattern, effective pop-
ulation size, and number of pioneer individuals).

MATERIALS AND METHODS

Historical Information Available on Expansion Areas

Bufo marinus has a generalized anuran life history with a
terrestrial, ground-dwelling adult stage and aquatic embry-

onic and larval stages (Zug and Zug 1979). Native to the

American tropics, the species was introduced in 1935 in Aus-

tralia, where it spread across large areas (see Fig. 1). The

presently active expansion zones are located in North Ter-

ritory (the northern expansion area, NEA) and New South

Wales (the eastern expansion area, EEA). These two expan-

sion areas initially started from two independent introduc-

tions near Byron Bay and Normanton (Fig. 1). The popula-

tions at Byron Bay and Normanton were established as iso-

lates in 1960 and 1961, respectively, presumably by long-

distance transportation by humans. They have remained

isolated from the main core of cane toad range of expansion

for about 15 years and more than 23 years for Normanton

and Byron Bay, respectively (Van Beurden and Grigg 1980;

Sabath et al. 1981; Easteal et al. 1985; Easteal and Floyd

1986). Immediately after its establishment, the Byron Bay

population spread southward at an average speed of 1.5 km

per year. At the conclusion of sampling for this study (1999),

the front of expansion was at Woodburn (New South Wales),

about 60 km south from Byron Bay (pers. obs.). The Nor-

manton population spread westward at an average speed of

24 km per year. In 1999, the front of expansion was at Elsey

station (North Territory), about 910 km west from Normanton

(pers. obs.).

Although the speed of expansion is higher for the NEA

than the EEA, the two expansion areas have several features

in common. There is no indication that the spread of B. mar-

inus within either area occurred by long-distance founding

of new populations: if such isolates did form, it was at a

spatial scale smaller than the level of resolution used for

tracking expansion (Van Beurden and Grigg 1980; Easteal

and Floyd 1986). Although long dispersal events may not be

excluded, the pattern of diffusion is hence approximately

gradual over these two areas. One possible exception con-

cerns the NEA for which there may have been a second

independent foundation in 1979 at James Creek, about 160

km west of Normanton (Freeland and Martin 1985). For both

the EEA and the NEA, the spread of cane toads has been

constrained by several geographical and climatic factors such

as ocean, mountains, and arid zones, so that the expansion

pattern is roughly unidirectional and linear (Fig. 1). Ecolog-

ical conditions, although substantially different between ar-

eas with a warmer and more humid climate in the NEA, are

relatively homogeneous within each area, so that the degree

of permeability of the habitats by cane toad seems to be

relatively homogeneous within each area, at least along the

roughly linear expansion routes.

In both expansion areas, the date of first sighting was used

to infer the age of the sampled populations. These dates could

be obtained for six of the 10 populations sampled along the

EEA (Byron Bay, Lennox Head, Ballina, Pimlico, Broad-

water, and Woodburn) in Van Beurden and Grigg (1980),

Easteal and Floyd (1986), Seabrook (1991), and using our

own personal observations (for the expansion front). For the

NEA, the first sighting dates are known for all nine sampled

populations (Freeland and Martin 1985; public documents

from the Darwin Office of the Conservation Commission of

the North Territory; pers. obs. by G. Grigg and A. Estoup

for the most recent populations). For the EEA, first sighting

dates indicate that the mean rate of spread southward declined
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FIG. 1. Map showing the distribution range of cane toad in Australia and the location of the sampled sites in the two main active
expansion areas. Gray area, distribution range in 1999; Gordonvale (1935), site and date of first introduction in Australia; gray dotted
arrow, main direction of spreading; gray circles, main towns; dark gray diamonds, sampled sites; BYR, Byron Bay; SUF, Suffolk Park;
NEW, Newrybar; LEN, Lennox Head; BAL, Ballina; PIM, Pimlico; WAR, Wardell; BRO, Broadwater; TRA, Tradewind; WOO, Wood-
burn; NOR, Normanton; WES, Westmoreland; BOR, Boroloola; NAT, Nathan River; ROP, Roper Bar; MCM, McMinn Station; DUC,
Duck Pond; MOR, Moroak Station; ELS, Elsey Station.

more or less regularly from 2.75 km/year between Byron Bay

and Lennox Head (Van Beurden and Grigg 1980) to 1.1 km/

year between Broadwater and Woodburn (Seabrook 1991;

pers. obs.). For the NEA, first sighting dates indicate that the

rate of spread westward varies irregularly among years and

zones (i.e., between 15 km/year for the Normanton-West-

moreland subarea and 43 km/year for the Nathan River–Rop-

er Bar subarea). The age of the four populations sampled

along the EEA for which first sighting dates are not available

was estimated using their exact geographic position and the

rate of spread in the subarea defined by surrounding popu-

lations with known age and location. Similarly, the age, num-

ber and geographic position of the populations not sampled

here but that were part of our demographic models of gradual
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TABLE 1. Age and geographic distance of sampled sites and statistics summarizing the within- and between-population diversity in the
two expansion areas. Age in number of generations (one generation per year), distance in kilometres from the initial introduction site;
Ā, mean number of alleles; H̄, mean heterozygosity (gene diversity, Nei 1987); V̄, mean allele size variance; sampling site order in
pairwise FST matrices is the same as in the tables.

Eastern expansion area (EEA)

Byron Bay
Suffolk

Park Newrybar Lennox Head Ballina Pimlico Wardell Broadwater Tradewind Woodburn

Age
Distance
Ā
H̄
V̄

40
0
3.000
0.510

20.621

38
5.0
2.857
0.562

21.597

35
13.5
2.857
0.576

20.028

32
22.0
2.857
0.500

31.412

27
29.5
2.857
0.548

22.563

22
37.0
2.857
0.462

17.558

17
43.0
2.857
0.505

20.173

11
50.5
2.714
0.433

14.554

6
56.5
2.571
0.548

10.357

1
62.5
2.571
0.452

11.767

Pairwise FST

0.0465
0.0275
0.0311
0.0396
0.0437

0.0066
0.0397
0.0637
0.0196

0.0187
0.0267
0.0042

0.0403
0.0295 0.0665

0.0796
0.1258
0.2242
0.1317

0.0892
0.0844
0.1483
0.0666

0.0650
0.0781
0.1458
0.0487

0.0663
0.0755
0.1461
0.0869

0.1253
0.1315
0.2223
0.1295

0.0465
0.0613
0.1428
0.0305

0.0334
0.1057
0.0804

0.0596
0.0665 0.0823

Northern expansion area (NEA)

Normanton
Westmore-

land Boroloola
Nathan
River Roper Bar

McMinn
Station Duck Pond

Moroak
Station

Elsey
Station

Age
Distance
Ā
H̄
V̄

39
0
2.889
0.467

19.114

19
300

3.000
0.455

20.003

13
545

2.778
0.454

16.847

8
655

2.667
0.432

17.311

5
785

2.778
0.446

16.404

4
800

2.778
0.411

17.451

3
840

2.889
0.467

19.782

2
875

2.778
0.449

17.590

1
910

2.778
0.415

15.262

Pairwise FST

0.0315
0.0309
0.0405
0.0401

0.0032
0.0250
0.0250

0.0017
0.0035 20.0075

0.0540
0.0294
0.0461
0.0621

0.0245
0.0183
0.0178
0.0550

0.0062
20.0073
20.0017

0.0119

0.0022
20.0063
20.0093
20.0072

20.0021
20.0056
20.0085
20.0029

0.0024
20.0025

0.0012
20.0064
20.0054 20.0042

expansion (cf. Demographic Models below) were inferred

from the rate of spread in the corresponding subareas.

Population Sampling

Ten and nine population samples (30 individuals per sam-

ple) were collected in February and June, 1999, along an

approximately linear transect for the EEA and the NEA, re-

spectively (Fig. 1). The samples consisted of adult toads (usu-

ally 15 males and 15 females) that were caught by hand

around water holes, ponds, roads, and gardens. All population

sites and samples were different from those analyzed in Es-

toup et al. (2001). Each transect went from the initial intro-

duction site to the front of expansion (e.g., from Byron Bay

to Woodburn for the EEA). Because of different sampling

constraints, the distribution of geographical positions of sam-

pling sites was different for the EEA and the NEA. The

distances between two successive samples were very similar

for the EEA while they were more heterogeneous for the

NEA, with five of the nine sampling sites located in the last

125 km of the NEA (Table 1). Because, the geographic po-

sitions of sampled sites are specified in our demographic

models, the different distributions of those positions in the

two expansion areas are fully accounted for in our model-

based treatments. Furthermore, the sampled populations rep-

resent only a subset of the populations in the demographic

models used for our treatments (cf. Demographic Models be-

low).

Marker Analysis

In making inferences about population demography, it is

desirable to use data from many unlinked loci (e.g., Donnelly

and Tavaré 1995). In this study, 10 microsatellite loci were

analyzed (BM217, BM118, BM121, BM229, BM235,

BM239, BM279, BM322, BM224 and BM231; Tikel et al.

2000; Estoup et al. 2001). Seven and nine of those loci were

polymorphic in the EEA and the NEA, respectively. Mono-

morphic loci were removed from all analyses (i.e., BM217,

BM218, and BM231 in the EEA and BM217 in the NEA).

Previous population studies did not show evidence for sta-

tistical association between loci other than that expected un-

der particular demographic scenarios (Leblois et al. 2000;

Tikel et al. 2000). DNA extractions were performed on in-

dividual piece of toe stored in 95% ethanol following the

methods of Estoup et al. (1996). Microsatellite loci were
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FIG. 2. Demographic models for spatial expansion of populations. Nes, stable effective population size; Nef, effective number of founders;
full line arrows, migration events between adjacent populations (gray circles); dashed line arrows, migration events between nonadjacent
populations; dot-dashed arrows, origin of founders in a neofounded population on the expansion front (black circle). Stepwise migration-
foundation model includes only the full line arrows and the dot-dashed arrow connecting the neofounded population to the adjacent one.
General isolation by distance migration-foundation model includes all arrows. Age difference between two adjacent populations is one
generation. At each generation a new population is founded next to the previous one at a geographic distance that corresponds to the
rate of spread in the subarea.

genotyped using fluorescent polymerase chain reaction (PCR)

and an ABI sequencing machine (Applied Biosystems, Foster

City, CA) as described in Tikel et al. (2000), except that new

nonfluorescent-labeled primers were designed for two loci

(BM235 and BM224) to allow a better separation of loci

during the multilocus migration step. New primer sequences

are 59-ATGGCTTCCTCAACTGCAG-39 for BM235 and 59-

ACAATCTTTGATATTTCGCTCG-39 for BM224, and give

PCR fragments 47 bp and 11 bp shorter as compared to allele

sizes in Tikel et al. (2000), respectively.

Demographic Models

Five different demographic models were considered to rep-

resent the expansion dynamics of B. marinus in both studied

areas. In all models a linear series of sequentially founded

populations is assumed, which is reasonable given strong

geographical constraints in both areas. Also, as there is little

evidence of long-distance founding (see above), at each gen-

eration a new population is assumed to be founded next to

the previous one and at a geographic distance that corre-

sponds to the rate of spread in the subarea. Each foundation

involves a certain number of pioneer individuals (effective

number of founders) originating from one or several previ-

ously founded populations depending on the dispersal pattern

assumed in the models. Bufo marinus is a prolific species

(7500–20,000 eggs/female; Alford et al. 1995) and a sudden

population explosion was documented in most newly founded

populations (Easteal 1981; pers. obs.). Thus, we assume that

each newly founded population remains at low effective pop-

ulation sizes for a single generation only and reach larger

stable effective population sizes in a single generation. We

also assume that the effective number of founders was the

same for each newly founded population within each area so

that this part of our model was specified by a single parameter

(Nef). Similarly, the stable effective population size reached

after foundation was assumed to be the same in all popula-

tions within each area and was thus specified by a single

parameter too (Nes). Once at Nes, each population exchanges

migrants at a rate m.

The difference between the five demographic models con-

sidered in this study relates to the dispersal pattern (i.e., the

origin of dispersing individuals) for migrants and founders

and to the number of founders. Those differences are sum-

marized in Figure 2 and Table 2.

Model 1. General model of isolation by distance for mi-

gration and foundation with founder events. During the ex-

pansion process, the number of populations exchanging mi-

grants (s) increases over time. Each population receives a

fraction of migrant genes m that have all other populations

at stable population size as potential source. The relative

contribution to migration of each source population depends

on their geographical distance from the population receiving

migrants. The probability that a migrant gene in population

i originates from a given source population j is equal to:

2kdi j
p 5 , (1)i j s

2kdO ir
r51,r±1

with dab the geographic distance between population a and

b among the s populations at stable population size. The

parameter k controls the intensity of the effect of geographic

distance on migration. The higher the values of k, the stronger
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TABLE 2. Variable and fixed demographic parameters in models. Model 1, general model of isolation by distance for migration and
foundation with founder events and similar effect of geographic distance on migration and foundation; model 2, model 1 with potentially
different effect of geographic distance on migration and foundation; model 3, island migration-foundation with founder events; model
4, stepwise migration-foundation with founder events; model 5, stepwise migration-foundation without founder events; prior, variable
parameter with values drawn in a prior distribution given in Table 3.

Parameter Model 1 Model 2 Model 3 Model 4 Model 5

Stable effective population size (Nes)
Effective number of founders (Nef )
Migration rate (m)
Effect of geographic distance on migration (k)
Effect of geographic distance on founders (kf )

prior
prior
prior
prior
kf 5 k

prior
prior
prior
prior
prior

prior
prior
prior
k 5 0
kf 5 k

prior
prior
prior
k 5 `
kf 5 k

prior
Nes 5 Nef

prior
k 5 `
kf 5 k

is the isolation by distance among populations. At each gen-

eration a population is founded next to the population found-

ed last. The number of founders (Nef) is a parameter that can

take low values, leading to the possibility of founder events

(cf. Prior Distributions of Demographic Parameters). The or-

igin of founding individuals is assessed using equation (1)

and using the same k value as for migrants.

Model 2. Differential migration and foundation. This

model is identical to model 1 except that it is assumed that

parameter k modulating the intensity of the effect of geo-

graphic distance may be different for migrants and founders.

Hence, model 2 has one additional parameter compared to

model 1, kf, which is drawn independently from k using a

prior distribution similar to that of k (cf. section Prior Dis-

tributions of Demographic Parameters). Such a model mimics

a potentially different origin for migrants and founders. For

instance, founders may preferentially originate from geo-

graphically closer populations than migrants because of the

strong demographic pressure that may be associated with the

sudden short-term demographic boom observed in recently

founded populations (Easteal 1981; Estoup et al. 2001; pers.

obs.).

Model 3. Island migration-foundation with founder

events. In this model the migrants and founders originate

from any existing populations at stable population size in-

dependently of the geographic distance between populations.

This model can be visualized as a particular case of model

1 with k, the parameter modulating the intensity of the effect

of geographic distance on dispersal, equal to zero. Here also

the number of founders is a parameter that can take low

values, leading to the possibility of founder events.

Model 4. Stepwise migration-foundation with founder
events. In this model the migrants and founding individuals
originate from the adjacent population(s) only. This model
can be visualized as a particular case of model 1, with the
value of the variable k being infinite or at least very large
(e.g., k 5 10,000). The number of founders is a parameter
that can take low values, leading to the possibility of founder
events.

Model 5. Stepwise migration-foundation without founder
events. This model is identical to model 4 except that the
number of founders is equal to the stable effective population
size (Nes), so that no founder event is assumed to occur during
the spatial expansion process.

Estimation Procedure for Demographic Parameters

Although the Bayesian approach resolves, via integration,
the theoretical problems caused by the presence of nuisance

parameters, there are severe numerical difficulties in per-

forming the calculations of the probability distribution of the

demographic (and mutational) parameters given the full ge-

netic data (reviewed in Stephens 2003), especially when the

demographic history considered is complex. To surmount

these difficulties, we used an approximate Bayesian method

based on summary statistics (e.g., FST and number of alleles)

instead of the full data and a rejection-regression algorithm,

to infer posterior distributions of variable parameters without

explicit likelihood calculations (for details see Beaumont et

al. 2002).

Briefly, the method of Beaumont et al. (2002) includes two

steps: a rejection step and a regression adjustment and

weighting step. The rejection step consists of accepting (i.e.,

recording) only sets of values of the variable parameters that

give values of summary statistics computed from simulated

datasets close to the values of summary statistics computed

from the observed dataset, our target summary statistics. A

Euclidian distance is computed between the entire set of nor-

malized summary statistics and the normalized targets to

measure the difference between the observed and simulated

datasets. An iteration is accepted when the Euclidian distance

is lower than a given threshold, whereas all summary statis-

tics had to be in their own acceptance region to accept the

iteration in former versions of the algorithm (e.g., Pritchard

et al. 1999; Estoup et al. 2001; Estoup and Clegg 2003). The

second step is a local linear regression adjustment that at-

tempts to model the relationship between the parameter val-

ues and the summary statistics in the vicinity of the target

summary statistics and thereby correct the accepted parameter

values (for details see Beaumont et al. 2002). By using this

adjustment, more points can be accepted, allowing a larger

set of summary statistics to be handled and hence increasing

the information extracted from the data. In our spatial ex-

pansion model, the allele frequency spectrum of the 10 or

nine sampled populations is summarized by FST-values be-

tween all pairs of sampled populations (Weir and Cockerham

1984), as well as the mean number of different alleles, the

mean gene diversity (Nei 1987), and the mean allele size

variance computed across loci for each sampled population

(see also Estoup et al. 2001; Estoup and Clegg 2003). Hence,

the Euclidian distance is computed from 75 and 63 normal-

ized summary statistics for the EEA and the NEA, respec-

tively. Such a large number of statistics could not be handled

by previous rejection-sampling algorithms without using pro-

hibitively high acceptance thresholds.

A key feature of methods based on rejection-sampling al-
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TABLE 3. Prior distributions for demographic parameters. Quantiles estimated over 100,000 values.

Parameter Distribution
Range of supported values

(2.5% and 97.5% quantiles)

Stable population size (Nes)
Number of founders (Nef )
Migration rate (m)
Effect of geographic distance (k and kf )

uniform[50–3000]
uniform[2–500]
exp(-uniform[0–12])
uniform[0–7]

124–2927
14–487
8.3 3 1026 to 0.74
0.18–6.83

gorithms is that they can handle complex models provided

that simulation of data under the model is feasible. The co-

alescent model (e.g., Nordborg 2001) provides the theoretical

basis required to simulate the genealogical processes under-

lying the patterns of shared ancestry among the genes in the

samples. As the demographic history is particularly complex,

we used a generation-by-generation algorithm where gene

movements (i.e., migration between populations and foun-

dation of new populations) and coalescent events are assessed

at each generation going backward in time (for details see

Leblois et al. 2003). The origin of the cane toad individuals

initially introduced in Byron Bay and Normanton is unknown

and the demographic history of the ancestral population(s)

(i.e., before introduction) is certainly extremely complex and

difficult to specify (Easteal 1981; Estoup et al. 2001). Thus,

the coalescent trees were stopped at the time of the initial

introduction, in year 1960 in the Byron Bay population for

the EEA and 1961 in the Normanton population for the NEA.

At this stage, the ancestral allelic states for the noncoalesced

genes were simulated by random drawing in a multinomial

distribution of k allele frequencies obtained from a uniform

Dirichlet distribution D(at) with at 5 (at,1, . . . , at,i, . . . ,

at,k) and at,i 5 1 (e.g., Chikhi et al. 2001). The number of

alleles k and their state (i.e., allele size) are those observed

over the entire dataset obtained in the EEA or the NEA. With

this prior, all possible allele frequencies have equal proba-

bility at the time of the initial introduction. A model of pure

drift without mutation is assumed. In practice, it means that

mutations since the time of the initial introduction in Byron

Bay or Normanton have negligible effect on our estimates.

This assumption is reasonable because these introductions

occurred only 40 generations before sampling time.

For the rejection step of the method of Beaumont et al.

(2002), we set a tolerance threshold d to be the quantile pd

5 0.001 of the empirical distribution function of the simu-

lated Euclidian distance values. To avoid storing a large num-

ber of outputs, the normalizing factors and the critical quan-

tile, d, were first calculated from 100,000 iterations for each

population expansion model and for each expansion area.

Simulations were then run, keeping only those outputs with

summary statistics within the tolerance threshold (i.e., with

an Euclidian distance ,d) until 10,000 sets of parameter

values were accepted. These 10,000 values were obtained in

around 48 h using a computer cluster of 20 standard (single

processor) 1-Ghz platforms. The regression step was then

processed on the 10,000 accepted values as described in

Beaumont et al. (2002). Excessive summary statistics may

decrease the efficiency of the method for a reasonable number

of simulations (Beaumont et al. 2002). This is why demo-

graphic parameter values were adjusted on such a large num-

ber of accepted sets of values. To reduce heteroscedasticity

(i.e., inequality of variances among parameters) in the re-

gression, all demographic parameters values were trans-

formed on a log scale, with the exception of the migration

rate (m) for which a logistic transformation was applied (i.e.

m* 5 ln[m/1 2 m)]). The transformed values of the param-

eters were adjusted simultaneously using a multivariate re-

gression on the 10,000 corresponding values of the 75 or 63

summary statistics. Adjusted values were then back-trans-

formed taking the exponential for all parameters and m 5

exp(m*)/[1 1 exp(m*)] for the migration rate, to express

posterior densities on a normal scale. Another personal pro-

gram was used for this second step, which lasted less than

1 min on a single standard 1-Ghz platform.

For all the posterior density estimation from the adjusted

sample of parameter values we used the locfit function (Load-

er 1996) implemented in the version 1.8.1 of the package R

(Ihaka and Gentleman 1996; http://cran.r-project.org). Mean

and quantile values were estimated using the mean and quan-

tile functions in R.

Prior Distributions of Demographic Parameters

Information available from literature or personal obser-

vation on B. marinus populations were used to inform prior

beliefs about demographic parameters (Table 3).

Regarding the stable effective population size (Nes), pre-

vious ecological, historical, and demographic data gave im-

precise neighborhood size estimations of Australian popu-

lations between a few hundred to several thousand individuals

(Easteal and Floyd 1986). Other estimations based on pop-

ulation models without migration and using enzyme and mi-

crosatellite loci supported effective population sizes of a few

hundred individuals (Easteal 1985; Estoup et al. 2001). Be-

cause those values refer to different population models than

those considered here, we adopted a diffuse prior distribution

for Nes: a uniform distribution bounded between 50 and 3000.

Personal observations suggest a considerably lower density

of pioneer individuals right on the expansion front for both

expansion areas. Therefore, for models including the possi-

bility of founder events, we adopted a uniform distribution

bounded between two and 500 for the number of effective

founders (Nef). The founding ratio FR 5 Nes/Nef, was also

recorded, the prior on FR being obtained by combining the

priors on Nes and Nef.

Information available on dispersal parameters for the cane

toad is imprecise and not necessarily adapted to the popu-

lation models studied here. Using an individual-based anal-

ysis of microsatellite genotypes in a continuous population

model, Leblois et al. (2000) found no evidence for strong

isolation by distance in a cane toad population sampled over

about 20 km around Byron Bay, suggesting that substantial
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dispersal (and/or individual density) occurs at a relatively

short geographic scale. Both mark-recapture and radiotrack-

ing studies have shown that cane toads rapidly move away

from the location where they were captured (with individual

distance per night ranging from 0 m to 1.3 km) and very

seldom return (Schwartzkopf and Alford 2002). These stud-

ies, as well as the high capability for rapid colonization of

large areas in Australia, suggest that migration rate and dis-

tance may be large. Since virtually any spectrum of migration

rate and distance are possible, we adopted a diffuse prior

distribution for the migration rate defined by m 5

exp(2uniform[0212]). This prior gives support to a large

range of values from 8 3 1026 to 0.74 (2.5% and 97.5%

quantiles respectively, Table 3). A diffuse prior distribution

was also chosen for the parameters k and/or kf modulating

the intensity of the effect of geographic distance on migration

and/or foundation: a uniform distribution bounded between

zero and seven. The effective number of migrants per gen-

eration Nesm was also recorded, the prior on this parameter

being obtained by combining the priors on Nes and m.

Cane toads reach sexual maturity at approximately 1 year

and are then immediately reproductively active (Zug and Zug

1979). The death rate is high among adults, so that the as-

sumption of a generation time of approximately 1 year seems

reasonable (see also Easteal 1985; Easteal and Floyd 1986).

Robustness of Inferences

The potential effect of the prior distribution assumed for

allelic frequencies at the time of the initial introduction was

first tested. A Dirichlet distribution D(at) with at 5 (at,1,

. . . , at,i, . . . , at,k) and at,i 5 1/k (instead of at,i 5 1) was

used to simulate allele frequencies of the k observed allelic

states. Such a distribution is also commonly used as a non-

informative prior on allele frequencies in theoretical popu-

lation genetics (e.g., Rannala and Mountain 1997); it tends

to give more weight to low-frequency alleles than a distri-

bution with at,i 5 1. Another simulation test was processed

by assuming a Dirichlet distribution with parameter values

corresponding to allele frequencies estimated by pooling data

from all genotyped populations in each expansion area. In

contrast to previous prior distributions, the mean for all allele

frequencies is far from being equal in this case. To better

investigate how much our results depend on peculiar choice

of priors on m and k, we ran additional simulations using less

diffuse priors for those parameters: a beta (1,20) distribution

for m (mean 5 0.0476; Q2.5% 5 0.00126; Q50% 5 0.0341;

Q97.5% 5 0.168) and an exponential distribution for k with

mean 5 3.5 (Q2.5% 5 0.0891; Q50% 5 2.427; Q97.5% 5

12.956).

The generation time for B. marinus in subtropical Austra-

lian regions such as the EEA may be slightly longer than 1

year because of a colder and less humid climate than in trop-

ical regions such as the NEA (e.g., Alford et al. 1995). There-

fore, we ran an additional simulation assuming a generation

time of 1.5 years instead of 1 year in the EEA. This corre-

sponds to an expansion model with a lower number of found-

ed populations in 39 years and a lower number of generations

before reaching the initial introduction site in Byron Bay.

Finally, we ran an additional simulation to assess the effect

of an initial foundation of the NEA at James Creek in 1979,

a site located about 160 km West from Normanton, rather

than at Normanton in 1961 (Freeland and Martin 1985). This

corresponds to an expansion model starting from James Creek

and excluding all populations older than 1979. In this case

our model includes eight sampled populations instead of nine.

Comparative Tests of Demographic Models

We aimed to assess whether the observed microsatellite

data discriminate among the five demographic models that

have been considered as potentially representative of the ex-

pansion process of B. marinus (cf. Demographic Models). An

attractive feature of rejection-sampling methods is that qual-

itative and quantitative model comparisons are feasible. We

first qualitatively ranked the five models by estimating the

distributions of Euclidian distances under each model for

each expansion area (with d 5 infinite; 200,000 iterations for

each model). The best model minimizes Euclidian distance

values. We then quantitatively compared our models, op-

posing the apparently most likely model to the other four

models. In rejection-sampling methods, the ratio of accep-

tance under two models approximates the Bayes factor, so

that quantitative pairwise model comparison is feasible (Prit-

chard et al. 1999; Estoup et al. 2001). Half of the prior weight

was placed on each model (pm1 5 pm2 5 0.5). Then, we took

d so that pd 5 0.001 for the apparently most likely model.

Using the same d value, pd was estimated for each other four

models. Hence, for a given d value, we could estimate the

relative posterior probabilities of the most likely model and

each other four models.

RESULTS

Traditional Treatments for Analysis of within and between

Population Genetic Variability

Some interesting trends can be observed when looking at

mean number of alleles, heterozygosity, and allele size var-

iance (computed over polymorphic loci) in association with

the age of populations (Table 1). The populations sampled

in the EEA showed a significant positive correlation between

the number of alleles or allele size variance with the age of

the population (Spearman rank order correlation test; P 5

0.0007 and P 5 0.016, respectively; P 5 0.088 for hetero-

zygosity). By contrast, such correlations were not significant

for the populations sampled in the NEA (P . 0.185). These

results suggest different dynamics of expansion in the two

areas since a stronger reduction of genetic diversity during

the expansion process in the EEA may reflect the occurrence

of founder events of stronger intensity and/or a lower ex-

change of migrants among populations during this process.

All but three of the 45 pairwise differentiation tests (Ray-

mond and Rousset 1995) were significant in the EEA (p ,

0.05), whereas only 13 of the 36 tests were significant in the

NEA. In agreement with this, the FST-value computed among

all populations sampled in an expansion area was signifi-

cantly larger in the EEA (FST 5 0.0799) than in the NEA

(FST 5 0.0132; Wilcoxon signed-rank test, P 5 0.018). These

differences in population structure contrasts with the differ-

ence in geographic scales, the NEA being much larger than
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FIG. 3. Density curves of Euclidian distances under different ex-
pansion models. Model 1, general model of isolation by distance
for migration and foundation with founder events and similar effect
of geographic distance on migration and foundation; model 2, model
1 with potentially different effect of geographic distance on mi-
gration and foundation; model 3, island migration-foundation with
founder events; model 4, stepwise migration-foundation with found-
er events; model 5, stepwise migration-foundation without founder
events. Distributions are based on 200,000 values.

the EEA (Fig. 1, Table 1). Again, these results suggest dif-

ferent dynamics of expansion, as described above. A signif-

icant correlation was found between pairwise FST-values (Ta-

ble 1) and geographic distances between sampled populations

in both expansion areas (P 5 0.004 and P 5 0.003 for the

EEA and the NEA, respectively), noting that the NEA pop-

ulations were sampled on a much larger spatial scale. This

result suggests that isolation by distance should be taken into

account when describing the expansion process in both areas.

The test for mutation-drift equilibrium of Cornuet and Lui-

kart (1996) showed a significant excess of heterozygosity and

allele size variance as compared to mutation-drift equilibrium

expectations under a generalized stepwise mutation (GSM)

model with s2 5 0.36 (Estoup et al. 2001) in all sampled

populations and in both expansion areas (Wilcoxon signed-

rank test, P , 0.05). These deviations from mutation-drift

equilibrium are in agreement with demographic events such

as bottlenecks associated with population foundation or the

mixing of individuals from differentiated populations (Cor-

nuet and Luikart 1996; Estoup et al. 2001). However, those

events did not necessarily occur during the expansion process

in the studied areas; rather they may have (also) occurred

earlier during the complex introduction history of cane toad

in the Caribbean and Pacific islands (including Australia in

1935). Similar deviations from mutation-drift equilibrium

were indeed observed by Estoup et al. (2001) in the five initial

introduction sites in Australia. Moreover, deviations from

mutation-drift equilibrium were not necessarily stronger in

the most recently founded populations than in the oldest pop-

ulations of the studied expansion areas. Finally, excess of

heterozygosity may also reflect deviation from the closed

population model (i.e., model without migration among pop-

ulations) assumed in the tests (Pope et al. 2000). Although
Australian populations of B. marinus are spatially expanding,
it is worth noting that no signal of population expansion
(deficit of heterozygosity and/or allele size variance), that
could have reflected a substantial increase of population size,
has been detected in any population.

Comparative Tests of Demographic Models

Previous results give a rough indication of the demographic
features of the expansion process of the two studied areas.
It remains to be assessed formally whether the observed mi-
crosatellite data discriminate among the five demographic
models described above. For both expansion areas, qualita-
tive ranking of the five models, based on distributions of
Euclidian distances, favors model 4 (i.e., the stepwise mi-
gration-foundation model with founder events) over other
models (Fig. 3). We then quantitatively compared our models
by opposing model 4 to models 1, 2, 3, and 5 for each ex-
pansion area. Posterior probabilities indicate that the statis-
tical support is much larger for model 4 (posterior proba-
bilities $ 0.96) in all four pairwise comparisons and for both
expansion areas (Table 4). Similar results were obtained when
using different prior distributions for m and k (posterior prob-
abilities $ 0.995 for model 4; results not shown).

Inferences from Posterior Distributions

Given that model 4 is judged superior to other four models,
posterior distributions of parameters were inferred for this

model only. The mean and standard deviation values of the

mean, mode, 5%, 50%, and 95% quantiles of the posterior

distributions were computed over 10 independent runs of

10,000 accepted values for each demographic parameter of

the model. The posterior median (50% quantile) of each pa-

rameter was regarded as a point estimate (e.g., Wilson and

Balding 1998). Table 5 shows that the variation of posterior

distributions between independent runs are relatively small

for all parameters of interest and for both the EEA and the

NEA. This indicates that a single run of 10,000 accepted

values provides a satisfactory estimate of posterior distri-

butions.

The prior and posterior density curves for a single run of

10,000 accepted values are shown in Figure 4 before and

after the regression adjustment and weighting step. Although
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TABLE 4. Tests of demographic models. Model 1, general model
of isolation by distance for migration and foundation with founder
events and similar effect of geographic distance on migration and
foundation; model 2, model 1 with potentially different effect of
geographic distance on migration and foundation; model 3, island
migration-foundation with founder events; model 4, stepwise mi-
gration-foundation with founder events; model 5, stepwise migra-
tion-foundation without founder events. Prior weight for each model
was 0.5. EEA, eastern expansion area; NEA, northern expansion
area.

Demographic
models opposed

Posterior probabilities

EEA NEA

Model 4
vs.

model 1

0.99
vs.

0.01

0.97
vs.

0.03
Model 4

vs.
model 2

0.98
vs.

0.02

0.96
vs.

0.04
Model 4

vs.
model 3

ù1
vs.

,5 3 1023

ù1
vs.

,5 3 1023

Model 4
vs.

model 5

ù1
vs.

,5 3 1023

ù1
vs.

,5 3 1023

TABLE 5. Mean and standard deviation of mean, mode, and quantile values of the posteriors for the demographic parameters under the
stepwise migration-foundation model with founder events. Mean and standard deviation values were computed over 10 independent runs
of 10,000 accepted values. Standard deviation values are given in parentheses. Nes, stable effective population size; Nef, effective number
of founders; FR, founding ratio; m, migration rate; Nesm, effective number of migrants per generation. Values for priors were estimated
from 100,000 values. EEA, eastern expansion area; NEA, northern expansion area; IR, irrelevant (cf. rectangular distribution).

Mean Mode

Quantiles

5% 50% 95%

Nes Prior
Posterior EEA

NEA

1526
744
(41)

1685
(66)

IR
537
(41)

1944
(133)

197
205
(10)
526
(23)

1526
693
(39)

1698
(65)

2853
1442

(80)
2838
(101)

Nef Prior
Posterior EEA

NEA

251
78
(4)

311
(7)

IR
68
(4)

313
(9)

27
48
(3)

182
(4)

251
74
(4)

310
(7)

475
118

(6)
448
(10)

FR Prior
Posterior EEA

NEA

16.9
10.7
(0.9)
5.9

(0.2)

2.1
6.5

(1.0)
4.8

(0.5)

0.8
2.4

(0.2)
1.6

(0.1)

6.1
9.2

(0.8)
5.4

(0.2)

56.8
23.8
(2.0)
11.8
(0.4)

m Prior
Posterior EEA

NEA

0.084
0.014

(0.006)
0.117

(0.015)

1.7 3 1024

0.006
(0.004)
0.163

(0.033)

1.1 3 1025

6.0 3 1026

(3.7 3 1026)
1.4 3 1024

(3.7 3 1026)

0.003
8.4 3 1024

(4.4 3 1024)
0.009

(0.002)

0.550
0.064

(0.032)
0.664

(0.063)
Nesm Prior

Posterior EEA

NEA

127
4.7

(2.2)
188
(47)

0.266
4.1

(1.8)
144
(36)

0.01
0.005

(0.002)
0.023

(0.005)

2.96
0.60

(0.27)
13.5
(2.9)

801
19.9
(9.6)

883
(223)

processed on a large number of summary statistics, the re-

gression adjustment and weighting step often have an im-

portant correction effect on posterior distributions. The cor-

rection increases support for higher (e.g., Nef in the EEA) or

lower (e.g., Nes in the EEA) parameter values and its intensity

varies among demographic parameters and expansion areas.

Figure 4 and Table 5 show that the posterior density curves

of the stable effective population size (Nes) and the number

of founders (Nef) differ noticeably from the priors. This

means that the genetic data contain a substantial amount of

information for Nes and Nef. For the EEA the posterior sup-

ports Nes values of a few hundreds individuals (point estimate

of 693; Table 5). For the NEA, the posterior shows that

populations in this area have larger Nes values than for the

EEA (point estimate of 1698). The contrast between posterior

distributions for the EEA and the NEA is even stronger for

the number of effective founders. Posterior distributions sup-

port relatively low Nef values for the EEA (point estimate of

74) and much higher Nef values for the NEA (point estimate

of 310). This indicates that founder events were more intense

in the EEA than the NEA. Founding ratio were relatively low

in both expansion areas, although almost two times higher

in the EEA (point estimate of 9.2) than in the NEA (point

estimate of 5.4).

The differences between the posterior and prior density

curves for migration parameters, migration rate (m) and num-

ber of migrants per generation (Nesm), were less marked than

for other demographic parameters (Fig. 4, Table 5). This

means that our treatments extracted less information for m

and Nesm than for Nes and Nef. However, some interesting

trends arise from posterior distributions. First, the posterior

distributions selected toward much larger values for m and

Nesm in the NEA (modal values of 0.163 and 144 for m and

Nesm, respectively) than in the EEA (modal values of 0.006

and 4.1 for m and Nesm, respectively). These values indicate
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FIG. 4. Prior and posterior density curves for demographic parameters under a stepwise migration-foundation model with founder events.
The short dashed lines correspond to the prior density curves. The long dashed and solid lines correspond to the posterior density curves
before and after the regression adjustment and weighting step (step 2), respectively. EEA, eastern expansion area; NEA, northern expansion
area. All prior and posterior densities are based on 100,000 and 10,000 values, respectively. The migration rate and the number of
migrants are plotted on a logarithmic scale.
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TABLE 6. Robustness of inferences. Mean, mode, and quantile values of demographic parameter posteriors were estimated under the
stepwise migration-foundation model with founder events. All values were estimated from a single run of 10,000 accepted values. Nes,
stable effective population size; Nef, effective number of founders; m, migration rate; Nesm, effective number of migrants per generation;
EEA, eastern expansion area; NEA, northern expansion area. Superscript letters indicate (a) a Dirichlet distribution D(at) with at,i 5 1/k
was used to simulate allele frequencies at the time of the initial introduction; (b) a Dirichlet distribution with parameter values corre-
sponding to allele frequencies estimated by pooling data from all genotyped populations in each expansion area was used to simulate
allele frequencies at the time of the initial introduction; (c) a Beta(1,20) distribution was assumed as prior for m; mean, mode, 5%, 50%
and 95% quantile values are then 0.048, 0.012, 2.6 3 1023, 0.034, and 0.138 for the prior on m and 73, 9.8, 1.96, 40.68, and 250 for
the prior on Nesm; (d) Generation time is 1.5 years instead of 1 year in the EEA; (e) initial foundation of the NEA at James Creek in
1979 rather than at Normanton in 1961 (see text for details).

Mean Mode

Quantiles

5% 50% 95%

Nes EEAa

EEAb

EEAc

EEAd

NEAa

NEAb

NEAc

NEAe

782
704
435
391

1719
1882
1781
1863

696
560
241
247

2054
2109
1958
2490

217
203
115
102
523
539
599
555

728
663
390
349

1731
1847
1774
1898

1528
1316

918
810

2893
3370
3011
3040

Nef EEAa

EEAb

EEAc

EEAd

NEAa

NEAb

NEAc

NEAe

75
100

82
49

322
341
325
302

74
81
73
42

350
357
317
306

47
51
51
30

193
193
193
154

72
94
79
47

326
343
323
298

115
168
125

73
439
484
469
466

m EEAa

EEAb

EEAc

EEAd

NEAa

NEAb

NEAc

NEAe

0.009
0.046
0.024
0.013
0.152
0.156
0.049
0.150

0.005
0.023
0.026
0.008
0.265
0.296
0.059
0.258

3.0 3 1026

1.0 3 1025

1.0 3 1023

7.0 3 1026

2.4 3 1025

3.4 3 1025

1.7 3 1023

1.9 3 1025

5.0 3 1024

2.7 3 1023

0.016
7.8 3 1024

0.017
0.017
0.035
0.015

0.039
0.272
0.075
0.061
0.772
0.789
0.148
0.765

Nesm EEAa

EEAb

EEAc

EEAd

NEAa

NEAb

NEAc

NEAe

2.9
29
7.9
2.5

310
418

82
330

3.2
13
6.5
2.6

243
330

73
308

0.003
0.009
0.732
0.003
0.040
0.058
2.7
0.034

0.38
2.09
5.55
0.29

24
25
53
26

12.4
94.5
22.7
12.5

1440
202
265

1640

that adjacent populations are likely to exchange a substantial

number of migrants per generation in both expansion areas

and that such exchanges are larger in the NEA than in the

EEA. Second, the number of effective migrants per genera-

tion exchanged between populations once demographically

stabilized appears to be considerably lower than the number

of effective individuals founding new populations in both

expansion areas. This conclusion is less certain for the NEA

because of the large 95% quantile obtained for Nesm in this

case.

Robustness of Inferences

Table 6 shows that, for the EEA, the use of a Dirichlet

distribution D(at) with at,i 5 1/k gave values of drift (Nes

and Nef) and migration (m and Nesm) parameters within the

means 6 standard deviation values obtained using a Dirichlet

distribution with at,i 5 1 (Table 5). For the NEA, the same

result hold for Nes, while slightly and considerably larger

values than corresponding means 6 standard deviation were

obtained for Nef and migration parameters, respectively. A

Dirichlet distribution with parameter values corresponding to

allele frequencies estimated by pooling data from all geno-

typed populations increased the support for higher values for

all parameters in both expansion areas (except for Nes, which

remained unchanged in the EEA). The assumption of a less

diffuse prior on m (i.e., a beta[1,20] distribution) increased

the support for lower values of Nes and Nef in the EEA and

slightly increases the support for higher values of those pa-

rameters in the NEA. In agreement with the lower information

content for dispersal parameters (cf. previous section), a larg-

er effect was observed on m and Nesm. In any case, results

remained in agreement with the two general conclusion that:

(1) adjacent populations exchange a substantial number of

effective migrants per generation in both expansion areas,

and such exchanges are larger in northern than in eastern

Australia; and (2) the effective number of migrants appears

to be considerably lower than that of founders in both ex-

pansion areas.

The assumption of a generation time of 1.5 years instead

of 1 year in the EEA increased the support for low values of
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the drift parameters, while no significant effect was observed

for the migration parameters (cf. mean and standard deviation

values for a generation time of 1 year in Table 5). The as-

sumption of an expansion model for the NEA starting from

James Creek gave slightly lower (Nef) and considerably larger

(other parameters) values than corresponding means 6 stan-

dard deviation.

Hence, although the effect of (some) prior assumptions on

posterior distributions are far from being negligible, test sim-

ulations show that variation between estimated posterior dis-

tributions are generally not large, indicating that our infer-

ences are relatively robust to assumptions on marker, de-

mographic, and historical features, at least to those tested

here. In particular, the differences initially observed in the

dynamics of the two expansion areas remained or were

strengthened.

DISCUSSION

A Methodological Advance in the Analysis of Complex

Demographic Scenarios

Inferences from molecular data about complex demograph-

ic scenarios such as the spatial expansion dynamics of in-

vading species is notoriously difficult. The present study il-

lustrates the limitations of traditional approaches by showing

that traditional population genetics treatments gave useful

but only qualitative indications about the demographic fea-

tures of the two studied expansion areas. Although standard

correlative and FST analyses suggest different dynamics of

expansion in the EEA and the NEA, the differences observed

are difficult to interpret as they may reflect the occurrence

of founder events of different intensity and/or varying rates

of migration among populations during the expansion pro-

cess. Similarly, the isolation-by-distance patterns observed

in both areas are difficult to interpret as they potentially are

reflected by interactions between migration rate and pattern,

founder events, and sampling scheme. Finally, traditional

methods of analyzing nonequilibrium situations, for instance

that of Cornuet and Luikart (1996), assume unrealistic pop-

ulation models, at least in the present situation. They are also

affected by longer term demographic processes, so that it is

difficult to know to what extent results obtained with such

methods illustrate short time-scale expansion processes. By

contrast, our original simulation-based analysis allow choos-

ing in a formal way among a nonexhaustive set of nonequi-

librium demographic models that could represent the expan-

sion process. Moreover, such treatments allow estimation of

posterior distributions of parameters of interest under com-

plex but realistic models. The inferences made here are also

independent from the complex introduction history of B. mar-

inus before reaching Australia (Easteal 1981; Estoup et al.

2001), and instead focus on the demographic events that oc-

curred during the expansion process within Australia. Our

simulation-based treatments, however, present the disadvan-

tage of being much more computationally intensive than tra-

ditional treatments, and no generic program using such meth-

ods are yet available. Because of severe numerical difficul-

ties, a priori more powerful fully likelihood methods (ref-

erences listed in the introduction) do not yet have the

potential to treat evolutionary scenarios as complex as those

studied in this paper, whatever the scale of the evolutionary

processes involved. By contrast, methods based on rejection-

sampling algorithms do not present such numerical difficul-

ties and have the potential to handle virtually any complex

models provided that simulation of data under the model is

feasible (Beaumont et al. 2002).

Our model-based reconstruction of the spatial expansion

history of B. marinus in Australia inevitably includes ap-

proximations of the actual process, leaving room for spec-

ulation about alternative scenarios and other details that may

influence patterns of differentiation. Because both expansion

areas are strongly constrained geographically, a linear ex-

pansion-foundation model appears reasonable. However, a

two-dimensional model with a relatively small width that may

vary over space (and time) would be more realistic for the

cane toad in the studied areas. Such a model is more difficult

to implement than a linear one and the gain it would bring

is uncertain. In any case, it would be worth developing treat-

ments based on two-dimensional models as they should prove

to be useful for many other expanding populations and spe-

cies.

The models representing the continuous expansion process

of cane toad were made discrete as far as possible, given the

demographic and historical information available (dates of

first sight and rates of spread). This led us to consider a set

of connected populations separated by geographic distances

computed as the distance corresponding to a single generation

of spread in a given subarea. However, this may be unrealistic

because it implies that no population exists between those

considered in our models. Considering a higher number of

populations along the expansion process would be more re-

alistic, but this number would be arbitrary with the present

demographic information available. The ultimate level of dis-

cretization would be to consider a continuous population

model such as the one of Rousset (2000). However, beside

the fact that the sampling scheme under this model is different

from the one used here, a continuous population model may

not be appropriate at the large geographic scale of this study

and estimation under such model of demographic parameters

in a dynamic migration-foundation system would be difficult.

New Insights on Spatial Expansion Processes

In recently introduced and hence nonequilibrium popula-

tions, the time since introduction may not have been sufficient

for isolation by distance to arise (Slatkin 1993). Tsutsui and

Case (2001) invoked this as hypothesis to explain the absence

of isolation by distance observed for invading populations of

the Argentine ants introduced approximately 100 years ago,

whereas populations of the same species showed a clear pat-

tern of isolation by distance in the country of origin. Tests

for isolation by distance in more recent (60 years) cane toad

expanding populations showed that it is possible for such

patterns to arise quickly. Although measures of isolation by

distance in equilibrium cane toad populations from the orig-

inal geographic range are not available, this result suggests

that it is worth looking for other explanations than the non-

equilibrium hypothesis when contrasted isolation by distance

pattern between populations from the original and the intro-

duced geographical range are observed (e.g., change in social
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structure in the case of the Argentine ant or, more generally,

differing frequency of human-mediated dispersal).

For species strongly dependent on the presence of suitable

habitats (e.g., ponds for frogs) the spread in a novel area is

expected to be more or less patchy and involves a greater

potential for serial bottlenecks and associated reduction of

genetic variability, especially when the species is not prolific.

Here we show that an ecologically flexible and prolific spe-

cies characterized by a continuous spread with substantial

gene flow between populations may also show such pattern,

especially when ecological conditions are not optimum (e.g.,

in the EEA). Stable effective population size (Nes) were larger

in the NEA than in the EEA. This is at least partly explained

by a larger carrying capacity in the NEA due to the more

tropical climatic conditions in the NEA that better fit the

ecological optimum of B. marinus (e.g., Alford et al. 1995).

Translating an effective into an actual number of individuals

as traditionally estimated in many demographic or ecological

studies is difficult. Census:effective population size ratios can

be very high (;100:1) in anurans, especially for prolific spe-

cies such as cane toad (Scribner et al. 1997; Zeisset and

Beebee 2003). Thus, our estimates of Nes are not necessarily

discordant with the observation of hundreds or thousands of

toads in both the EEA and the NEA (Easteal 1981; pers.

obs.). High census:effective population size ratios also mean

that a limited number of effective founders as low as a few

dozen in the EEA may actually represent a large number of

individuals (e.g., several hundreds).

If the number of individuals founding a new population is

proportional to the number of individuals in the source pop-

ulations, it is not surprising that a larger number of founders

(Nef) was also found in the NEA. However, founding ratio

estimations show that Nef is, proportionally to Nes, larger in

the NEA than in the EEA, so that other factors such as eco-

logical conditions favoring dispersal in the NEA should be

considered (e.g., Schwarzkopf and Alford 2002). For in-

stance, extensive monsoonal flooding is frequent in northern

Australia and may have an important role in cane toad dis-

persal. Because human population density is much lower in

North than in East Australia, ecological factors also provide

a better explanation for the higher rate of expansion in the

NEA than does the possibility of transportation by humans.

The precision of our inferences on dispersal parameters is

relatively poor. They are thus of little practical value in ab-

solute terms, but give interesting information in the context

of a comparative study between two expansion areas, by in-

dicating a larger number of migration events between adja-

cent populations in the NEA than in the EEA. The number

of effective migrants received each generation by a stable

population (Nesm) also appears to be lower than the number

of effective founders (Nef) in both expansion areas. One pos-

sible explanation is that disparity between census and effec-

tive population sizes may be greater in a large stable pop-

ulation relative to a newly founded population in which there

are fewer intraspecific competitors. In this case the same

number of dispersing individuals would correspond to a rel-

atively higher effective size in the new population. Another

explanation relates to the observation that recent populations

of cane toad are often characterized by a strong and transitory

population boom of 2–10 years (Easteal 1981; Freeland 1986;

pers. obs.). If the migration rate is constant, such transitory

high densities would directly translate into a larger number

of migrants (i.e., a transitory high Nesm) and hence a larger

number of founders colonizing a novel area from the pop-

ulation located on the expansion front. Beside the possibility

of transitory high Nesm, large densities may also represent a

pressure for migration that may increase the migration rate

in recently founded populations and thus the number of

founding individuals colonizing a novel area (e.g., Peters

1977; Baker 1978). Although our migration-foundation mod-

els disconnect migration between demes once demographi-

cally stable from founding events, they do not take into ac-

count the possibility of transitory population booms. Estoup

et al. (2001) showed that very little information about such

demographic events could be obtained from genetic data.

Therefore, we have chosen to consider a single and integra-

tive stable population size that includes the possibility of

transitory large effective population sizes. Other inferential

methods and sampling schemes (e.g., the sampling of pop-

ulations over times) should be used to characterize transitory

population boom events.

What could be the consequences of the inferred demo-

graphic features of the spatial expansions of B. marinus in

the EEA and NEA on the current and future range expansion

of the species in these areas? The high level of gene flow

among adjacent populations is expected to oppose the effects

of local selection and thus to limit adaptation and conse-

quently the range of expansion in nonoptimal environments

(e.g., Kirkpatrick and Barton 1997; reviewed in Lenormand

2002). Ecological conditions are more homogeneous in space

and closer to optimum in the NEA than in the EEA, so that

local selective pressure is expected to be higher in the EEA

than in the NEA. The southern limit of the EEA is geograph-

ically close to the range limit of B. marinus in eastern Aus-

tralia as predicted by computer simulation based on biocli-

matic indexes (Sutherst et al. 1995). This may explain why

the rate of spread is globally much higher in the NEA than

in the EEA and why this rate declines going southward in

the EEA (no such effect is visible for the NEA). The dis-

ruptive role of gene flow on local adaptation and hence on

geographical expansion may be a limiting factor for the

spread of cane toad in the EEA, where a north–south eco-

logical gradient is likely to exist and act as a soft range

boundary. Gene flow, however, especially at intermediate

rates (Gomulkiewicz et al. 1999), can replenish the genetic

variance of local populations, which is a prerequisite for evo-

lution by natural selection. Populations sampled in the EEA

showed a significant reduction of the genetic variability at

microsatellite loci with the age of the population. If this

reflects reduced local genetic variance at quantitative traits,

the restorative effect of gene flow may be an important factor

in the EEA. By contrast, the NEA would rather correspond

to the case of a species colonizing a region where it is well

adapted so that range expansion is not much affected by the

amount of genetic variation available locally for adaptation

(Kirkpatrick and Barton 1997). Introducing realistic demo-

graphic scenarios within local adaptation models was found

to have interesting, but complicated, consequences (reviewed

in Lenormand 2002). We hope that the demographical in-

ferences on the expansion process obtained in the present
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study will stimulate further work to include these inferences

in predictive models dealing with the evolution of adaptive

quantitative traits relevant to the continuing spread of B. mar-

inus in Australia.
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