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Abstract The stepwise colonization of islands within an archipelago is typically punctuated by successive founder effects, with each newly founded population being a subsample of the gene pool of the source island. Thus, the genetic signature of successive bottlenecks should be detected when analysing the genetic structure between islands of an archipelago. To test this prediction, we investigated introduced ship rat populations, Rattus rattus (Linnaeus, 1758), in the Guadeloupe Archipelago. Three different methods, commonly named the heterozygosity excess, the mode-shift indicator and the M ratio method, were used to detect bottlenecks from genetic data obtained with eight microsatellite markers on Guadeloupe and two neighbouring islands, Petite-Terre and Fajou. Moreover, a recent eradication failure on Fajou allowed us to test the accuracy of the methods in an ‘experimental-like’ situation. The results indicate that rats were introduced on Guadeloupe first, which then became the source population for independent secondary colonization of Fajou and PetiteTerre. Moreover, the heterozygosity excess and the mode-shift indicator only detected bottlenecks for the recent colonization of Petite-Terre and the eradication failure on Fajou. However, bottlenecks were detected for all the populations using the M ratio method. This could be interpreted as the remaining signature of the early introduction of the ship rat in the archipelago. Keywords: biological invasion, bottleneck, eradication management, founder effect, islands, Rattus rattus Received 12 January 2005; revision accepted 1 April 2005



Introduction From Darwin on, evolutionary biologists paid much attention on evolution of insular populations (Grant 1998). Indeed islands have often been considered as natural laboratories for evolution (Mayr 1963). In islands, populations are often small and isolated from one another allowing a rapid evolution through genetic drift and selection (Barton 1998). However, the presence and the evolution of a species on a given island results from a complex combination of geographical and historical features (Berry 1998). Island populations may derive from ancestral populations that occupied insular areas before islands became isolated
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from the mainland. An alternative possibility is secondary island colonization through migration. The endemism associated with islands may result from speciation events following the differentiation of populations either after island isolation or after founding by secondary colonization (Berry 1986). As insular colonization generally involves very few individuals (Whittaker 1998), a new population on an island typically experienced a genetic bottleneck (Avise 1994). During the founding of a population, the subsampling of individuals in the source population may lead to reduced genetic variation within the founded population and increased genetic divergence between populations (Nei et al. 1975; Chakraborty & Nei 1977; Leberg 1992). Such founder effects can result in a cascade of genetic changes leading to evolutionary differentiation as first developed by Mayr (1954). Other founder-effect models have since been



2924 J . A B D E L K R I M , M . P A S C A L and S . S A M A D I developed, leading to much controversy surrounding its role in population differentiation (Templeton 1980). Effects resulting from variations of demographic parameters (e.g. number of founders) are determinant in the understanding of current genetic structure of insular populations. However, these demographic parameters are generally unknown. Recently, indirect methods using genetic data have been developed to detect demographic events such as population bottlenecks. For example, following a bottleneck, the observed heterozygosity may exceed the heterozygosity expected from the observed number of alleles because of a faster reduction of allelic diversity than of heterozygosity (Cornuet & Luikart 1996). Moreover, a modal shift in the distribution of alleles once pooled in frequency classes may also be observed, with a relative deficit of rarer alleles (Luikart et al. 1998). In addition, the number of alleles in bottlenecked populations is expected to decline faster than the overall allele size range (Garza & Williamson 2001). Previous studies have shown that the time needed to recover equilibrium is not the same for all these parameters. For example, tests based on the differential reduction of the number of alleles compared to the overall allele size range are expected to detect older bottleneck events than those detected by methods based on heterozygosity excess (Garza & Williamson 2001). Because many biological invasions mediated by humans are recent and some are well documented, they constitute ‘natural experiments’ (Sakai et al. 2001; Lee 2002) that offer an opportunity to study evolutionary processes in general and particularly the role of founder effects. Few genetic studies have taken advantage of species introductions to understand population genetic structure and history (Estoup et al. 2001; Clegg et al. 2002). Moreover, understanding colonization and spread of introduced species is a priority for biological conservation because the impact of invasive species on the native fauna and flora has been recognized for decades (Elton 1958; Simberloff 1996) and is now seen as a key component of global change (Vitousek et al. 1996; Mooney & Hobbs 2000). The colonization of the Guadeloupe Archipelago (French West Indies) by the ship rat, Rattus rattus, which probably



occurred during the 17th century (Pinchon 1967; Pregill et al. 1994; Lorvelec et al. 2001), provides an opportunity for studying colonization and associated founder effects. In order to study the insular genetic structure of Rattus rattus and the demographic events linked to colonization of the archipelago, we sampled rats from Guadeloupe and two neighbouring islands, Petite-Terre and Fajou. The detrimental impact of rats on native species motivated eradication of rats on Fajou. However, 1 year after the eradication attempt, rats were still caught on the island (Lorvelec et al. 2004; Lorvelec & Pascal 2005). The reappearance of rats could have resulted either from survivors of the eradication attempt or a new invasion event, presumably from Guadeloupe. The aim of this study is to answer three questions by analysing population genetic structure. First, do the rat population genetic structures from the different islands correspond to independent colonization events or do they accord with a scenario of a unique colonization of the main island, which became a source for invasion of the neighbouring ones? Second, does the genetic analysis of rats sampled before and after the eradication attempt on Fajou suggest a failure of the eradication attempt or a new invasion? In both cases, Fajou samples offer the possibility of studying a very recent bottleneck. Third, the different potential chronologies of the invasion allow us to test the accuracy and sensitivity of different methods of detecting bottlenecks.



Samples location



Abb



Date



Mission type



n trap



n genot



Fajou Island



Fa-01 Fa-02 Pt



March 2001 March 2002 May 2001



1st eradication 2nd eradication Sampling



728 230 42



87 90 30



January 2000 January 2000



Sampling Sampling



25 55



25 34



Petite-Terre Island



Guadeloupe main island Trace-Moreau Tm Neuf-Chateau Nc



Materials and methods Sample collection Rats were sampled on two locations in Guadeloupe (TraceMoreau and Neuf-Chateau) and on two neighbouring islands, Fajou and Petite Terre. Fajou is located 4 km and Petite Terre 12 km from Guadeloupe (Fig. 1, Table 1). Samples from Fajou stem from two different eradication attempts carried out in 2001 and 2002. The eradication attempts included an extensive live-trapping phase followed by a brief poisoning step and provided 728 and 230 rats, respectively. Rats were present on the whole island. In



Table 1 Samples of Rattus rattus from Guadeloupe Archipelago analysed in this study



Abb, short name of the sample; n trap, number of individuals trapped; n genot, number of individuals genotyped. © 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 2923–2931



I N S U L A R C O L O N I Z A T I O N A N D F O U N D E R E F F E C T S 2925 Fig. 1 Map of Guadeloupe Archipelago, showing the two locations (Trace-Moreau and Neuf-Chateau) on Guadeloupe, the main island, as well as Fajou and PetiteTerre Islands. Refer to Table 1 for population and sample numbers. Three subsamples were defined on Fajou Island in the north, south and east extreme parts of the island.



order to test for genetic population structure on Fajou before and after the first eradication, three subsamples were arbitrarily defined, corresponding to the extreme northern, southern and eastern part of the island, respectively.



DNA extraction, amplification and typing Rat tissues were preserved in 80% alcohol and stored at 4 °C before extraction of genomic DNA using the DNeasy 96 Tissue Kit (QIAGEN). We used eight microsatellite markers, characterized for Rattus norvegicus genome mapping (Jacob et al. 1995): D5Rat83, D7Rat13, D9Rat13, D10Rat20, D11Rat56, D16Rat81, D18Rat75 and D11Mgh5. Each forward locus primer was labelled with a fluorescent dye before amplification by polymerase chain reaction (PCR). PCR was performed in 10 µL volumes, containing 1 µg DNA, 0.1 µm of forward primer labelled with one out of four fluorescent dyes (VIC, NED, 6-FAM and PET, Applied Biosystems) and 0.2 µm of the reverse primer, 0.2 µm dNTP, 1 unit Taq polymerase, and 1× reaction buffer with 1.5 mm MgCl2. An annealing temperature of 55 °C and 35 cycles were used for all loci. All PCR products were pooled together in a single run, since fluorescent dyes were chosen to avoid overlapping of the different loci, on an abi prism 310 capillary electrophoresis system (Applied Biosystems). Amplification size was scored using genescan analysis software version 3.1.2.



Genetic diversity and population structure Standard genetic parameters were calculated to estimate genetic diversity within the two samples from Guadeloupe, © 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 2923–2931



Trace-Moreau (Tm) and Neuf-Chateau (Nc), the sample from Petite-Terre (Pt) and the samples corresponding to the first and the second eradication attempts (Fa01 and Fa02, respectively). Allelic richness, which corrects the observed number of alleles for differences in sample sizes, was computed using fstat software (Goudet 2001). Allelic frequencies, observed heterozygosity and expected heterozygosity were computed using genepop software version 3.3 (Raymond & Rousset 1995). For loci with fewer than five alleles, an exact test of Hardy–Weinberg proportions was performed. For loci with five or more alleles, an unbiased estimate of the exact probability was obtained using the Markov chain method of Guo & Thompson (1992) for each combination of locus and population. The sequential Bonferroni test was used to calculate the critical significance levels for simultaneous statistical tests (Rice 1989). Genotypic differentiation between all pairs of loci was tested for each sample using Fisher test on RxC contingency tables using genepop 3.3. FST parameter was estimated according to Weir & Cockerham (1984) and its significance level for each population pair was tested by making 10 000 permutations of genotypes among samples using msa 3.00 (Dieringer & Schlötterer 2002). Population structure was also investigated using the assignment methods implemented in geneclass software version 2.0 (Piry et al. 2004). The assignment test allows the determination of the most probable origin of each individual by comparing the likelihood of the multilocus genotype of a given individual in a set of predetermined populations. The Bayesian method, first proposed by Rannala & Mountain (1997), was chosen and the ‘leave one



2926 J . A B D E L K R I M , M . P A S C A L and S . S A M A D I out’ option was used to compute the allelic frequencies in each population. FST calculation and assignment tests were conducted at two different geographical scales. First, population structure among islands was investigated by analysing the whole sample (i.e. the two locations on Guadeloupe, Petite-Terre and the three sublocations pooled within each year on Fajou). Second, fine-scale population structure between the three sublocations corresponding to the northern, southern and eastern part of Fajou was analysed before and after the first eradication attempt.



allele by one repeat) and 10% of multistep mutations, with an exponential distribution of step numbers having an average of 3.5 steps. Testing M also implies specification of θ = 4Neµ for the population simulated in order to compute the critical value of M under the null hypothesis of no bottleneck (Ne and µ are the effective population size and the mutation rate, respectively). For several mammalian species, microsatellite mutation rates have been estimated on the order of 10−3−10−5 (Dallas 1992; Weber & Wong 1993; Ellegren 1995). Assuming the range of values [10; 1000] for Ne, we performed the test of the M ratio for two values of θ, 10− 4 and 4, respectively.



Founder effects and bottleneck detection Three different methods were used to detect population bottlenecks. The first method is based on the detection of ‘heterozygosity excess’. In a recently bottlenecked population, the observed heterozygosity is higher than the heterozygosity expected from the observed number of alleles under the assumption of a population at mutation– drift equilibrium (Cornuet & Luikart 1996). This prediction has been strictly demonstrated only for loci evolving under the infinite allele model (IAM) by Maruyama & Fuerst (1985). However, for markers that follow a strict stepwisemutation model (SMM) there are situations in which this heterozygosity excess is not observed. Cornuet & Luikart (1996) suggested that for slight deviation of the SMM toward the IAM or a two-phase model (TPM), heterozygosity excess is still expected in a bottlenecked population. The results obtained separately for each locus were combined using the Wilcoxon test (Cornuet & Luikart 1996; Piry et al. 1999). Second, we used a qualitative descriptor of allele frequency distribution (the mode-shift indicator) which discriminates between bottlenecked and stable populations. For a stable population, it is assumed that the rare allele is the most common, whereas in a recently bottlenecked population, intermediate classes are better represented (Luikart & Cornuet 1998; Luikart et al. 1998). A shift in the mode of the distribution of allelic frequency classes is thus expected. For these two methods, analyses were performed using bottleneck version 1.2.02 (Piry et al. 1999). The third method (Garza & Williamson 2001) uses the ratio M of the number of alleles to the allele size range. The observed value is compared to a distribution obtained by simulating 10 000 times a population at equilibrium. The test is significant if more than 95% of the simulated values are superior to the observed value. The value of M and its significance level were computed using the software m_p_val (Garza & Williamson 2001). The heterozygote excess and the M ratio methods depend on the specified mutation model. Thus, following the authors’ suggestions (Piry et al. 1999; Garza & Williamson 2001), a TPM was assumed with 90% of single-step mutations (mutations that increase or decrease the size of the



Results Genetic variation There was no evidence of linkage disequilibrium between any pair of loci in any population. The mean number of alleles per locus, corrected for differences in sample size, ranged from 2.42 for Fajou after eradication to 5.90 in Trace-Moreau on Guadeloupe (Table 2). Observed heterozygosity ranged from 0.43 to 0.68 (Table 2). Genotype frequencies are in accordance with Hardy–Weinberg expectations in all the populations except for locus D10Rat20 on Petite-Terre.



Inter-island differentiation All FST values are significantly different from zero (Table 3) and indicate a high level of inter-island differentiation, ranging from 0.161 between Guadeloupe and Fajou before the first eradication attempt to 0.422 between Petite-Terre and Fajou after the eradication attempt. In the assignment tests, all the individuals are assigned to the islands they were trapped on (Table 4). Almost all alleles detected on Fajou and on Petite-Terre are also present on the main island (Fig. 2). By contrast,



Table 2 Summary statistics for Rattus rattus populations from Guadeloupe Archipelago Samples



n



Rs



HE



HO



HWE



Fa-01 Fa-02 Pt Tm Nc



87 90 30 25 34



2.54 ± 0.81 2.42 ± 0.69 2.74 ± 1.27 5.90 ± 2.51 4.83 ± 1.59



0.47 ± 0.23 0.42 ± 0.22 0.50 ± 0.27 0.69 ± 0.18 0.59 ± 0.27



0.46 ± 0.26 0.43 ± 0.26 0.52 ± 0.27 0.68 ± 0.22 0.58 ± 0.28



0.12 0.05 0.01* 0.66 0.69



*only one locus over 8. n, sample size (number of individuals); Rs, mean allelic richness per locus; HE, expected heterozygosity; HO, observed heterozygosity; HWE, P value of the multilocus test of Hardy– Weinberg equilibrium. © 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 2923–2931



I N S U L A R C O L O N I Z A T I O N A N D F O U N D E R E F F E C T S 2927 Fig. 2 Pairwise comparisons of the allelic compositions of the populations of Rattus rattus in three islands of Guadeloupe. Each histogram indicates the number of alleles only present in one of the two compared populations and the number of shared alleles.



Table 3 FST values between Rattus rattus samples from Guadeloupe Archipelago. All values are highly significantly different from zero (P < 0.001)



Fa-01 Fa-02 Pt Tm Nc



Fa-01



Fa-02



Pt



Tm



— 0.037 0.415 0.161 0.164



— 0.422 0.200 0.196



— 0.242 0.263



— 0.040



Table 4 Results of the assignment tests using geneclass 2. Number of individuals sampled in the population row assigned to each population indicated in column. In grey are the individuals assigned to the correct sample. Individuals are assigned to the population where their multilocus genotype is the more likely given the allelic frequencies in each population.



Fa-01 Fa-02 Pt Tm Nc



87 90 30 25 34



Fa-01



Fa-02



68 17



19 73



Pt



Tm



zero (Table 3). In the assignment tests, most individuals are assigned to the sample from where they originated (Table 4). Nevertheless, 19 individuals (22%) of the first eradication sample from Fajou are assigned to the second eradication sample. A symmetric result is observed: 17 individuals (19%) collected during the second eradication campaign are assigned to the first eradication sample. All individuals are assigned with probabilities of belonging superior to 90%. Only one new allele is detected on Fajou after the first eradication attempt (Fig. 2). Conversely, three alleles detected before the first eradication attempt are not observed in the subsequent population. Finally, 20 alleles are shared between the two samples and total number of alleles decreases from 23 to 21. While the number of frequent alleles (i.e. frequencies > 10%) does not change, rare alleles (i.e. frequencies < 10%) decrease from 7 to 5 (three are lost while one is new).



Nc



Population genetic structure on Fajou 30 23 3



2 31



half of the alleles (32 over 56) observed on Guadeloupe are detected nowhere else. Finally, Fajou and Petite-Terre share almost one-third of their alleles, whereas half of the remaining alleles are present only on one or the other island.



Analysis of eradication failure on Fajou There is little differentiation between the subsamples from the two eradication attempts on Fajou. The pairwise FST estimate is only 0.037 but still significantly different from © 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 2923–2931



The fine-scale analyses of genetic diversity on Fajou (i.e. north, south and east parts of the island) indicate that there is no population structure prior to the first eradication. Indeed, pairwise FST estimates between these samples do not differ significantly from zero, and 72% of the individuals are not assigned to their sample of origin (Table 5). Moreover, individuals cannot be excluded from the different locations, since their probabilities of belonging to each subsample are high (data not shown). However, a weak genetic structure appears in the population that stem from the second eradication attempt. Actually, individuals are mainly assigned to the sublocations where they came from (Table 5). Moreover, the significance level of the Hardy–Weinberg equilibrium test at the island level decreases from 0.12 to 0.05 (Table 2). This result could be explained as a Wahlund effect that occurs when individuals from substructured populations are treated as a single sample (Wahlund 1928).
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n



Fa-01-e



Fa-01-n



Fa-01-s



Fa-01-e Fa-01-n



30 30



8 10



8 6



2



5 6



2 1



Fa-01-s



27



9



1



4



3



Fa-02-e



30



20



3



2



Fa-02-n



30



5 7 0.007 6 0.001 3 0.084* 5 0.017



8



3



Fa-02-s



30 0.100*



4 0.005 1 0.084* 3 0.017 2 0.066*



1 0.078* 2 0.010 3 0.078*



Fa-02-e



9 0.046* 6 0.107*



Table 6 The results of three methods for the identification of bottlenecks in Rattus rattus populations on the Guadeloupe Islands M ratio‡



Sample



n



Modeshift§



Het†



M



P value P value θ = 4 × 10−4 θ = 4



Fajou 2001 Fajou 2002 Petite-Terre Trace-Moreau Neuf-Château



90 90 30 25 34



normal shifted shifted normal normal



0.140 0.039* 0.007* 0.840 0.870



0.517 0.512 0.625 0.533 0.580



0.0000* 0.0000* 0.0000* 0.0000* 0.0000*



0.0000* 0.0000* 0.0090* 0.0001* 0.0005*



*, significant values n, sample size. †The P value of the heterozygosity excess test is indicated. A twophase model with 10% of multi-step mutations and an exponential distribution of step numbers having an average of 3.5 was assumed. ‡M, mean of the M ratio over the 8 loci. The statistical significance of the results is calculated assuming a two-phase model with 10% of multi-step mutations and an exponential distribution of step numbers having an average of 3.5. Two values, θ = 4 × 10−4 and θ = 4 were tested, corresponding to the combination of the assumed extreme values for Ne and the mutation rate such as: 10 < Ne < 1000 and 10−5 < µ < 10−3. §A shift in the distribution of allelic frequency classes is expected in bottlenecked population.



Genetic signatures of population bottlenecks Heterozygosity excesses were detected, with the chosen mutational model, for Petite-Terre and Fajou (after the first eradication attempt) with P values of 0.007 and 0.039, respectively (Table 6). A shifted mode in the distribution of allelic frequency classes is also detected for the same two samples using the mode-shift indicator. However, no bottleneck signature is detected for the two samples from Guadeloupe and for those from Fajou before the first eradication using the two methods. The M ratio ranges from 0.512 for Fajou after the first eradication to 0.625 for Petite-Terre. The M values for



Fa-02-n



1 0.068*



Fa-02-s



Table 5 Results of assignment tests (in bold) and pairwise FST values (in italics) between north, east and south subsamples on Fajou before (Fa-01) and after (Fa-02) the first eradication attempt. Number of individuals correctly assigned to the subsample they come from and FST values between subsamples in the same year increase after the eradication. FST values significantly different from zero are indicated with an asterisk
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Guadeloupe samples were 0.533 and 0.580 for the localities Trace-Moreau and Neuf-Chateau, respectively. Thus, in contrast to the two previous methods, the M ratio method detects a bottleneck for all analysed populations, since all M values are highly significant for both insular and Guadeloupe samples. These results are similar for both tested values of θ, 10−4 and 4.



Discussion Genetic diversity and colonization patterns Despite the large distribution and the detrimental impact on invaded ecosystems, very few genetic studies have focused on natural populations of ship rats. Because of the low level of polymorphism, allozyme markers are of limited value for studying fine population structure or demographic history, particularly on islands. For example, Patton et al. (1975) relates that 30 over 37 loci were found monomorphic with the same allele fixed in ship rat populations from the Galapagos Archipelago. The same result was found by Granjon & Cheylan (1993) on French Mediterranean islands where only six loci over the 26 screened were polymorphic. More recently, the use of microsatellite markers allowed (Robertson & Gemmell 2004) to show a significant differentiation and, thus, limited gene flow between two populations of the related Rattus norvegicus, separated by a fjord in South Georgia (South Atlantic). Since the microsatellite markers used in the present study were first characterized for Rattus norvegicus, a loss of variability could be expected. Nevertheless, all the loci appeared polymorphic despite cross-amplification. The analysis of genetic diversity between rat populations in the Guadeloupe Archipelago indicates a high level of interisland population structure and a hierarchical distribution of genetic diversity. The main island, Guadeloupe, exhibits twice the genetic diversity level of the two other islands. Moreover, the allelic compositions of the rat populations of Fajou and Petite-Terre appear as two independent samples from Guadeloupe. Because of associated sampling © 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 2923–2931



I N S U L A R C O L O N I Z A T I O N A N D F O U N D E R E F F E C T S 2929 effects, it seems unlikely that independent invasion events to each of these islands, even from the same external source, lead to such a pattern in the distribution of genetic diversity. Thus, a scenario involving a first introduction on Guadeloupe, followed by independent colonization from this island to the neighbouring ones seems the most parsimonious conclusion.



Eradication failure vs. new colonization Evaluating the cause of the presence of rats on Fajou after the eradication attempt is relevant for both applied and theoretical purposes. From the manager’s point of view, the survival of some individuals would implicate a re-evaluation of the fieldwork and the eradication protocol, whereas a new invasion would indicate that the unit to eradicate (Robertson & Gemmell 2004; Abdelkrim et al. in press) has been inadequately defined (i.e. migration occurs with the neighbouring islands). This point of view thus would implicate the need to redefine the eradication unit and/or to reinforce survey of boat landing on the island. Potentially, the detection of a new invasion would give an indication of high invasion speed. The rat populations on Fajou before and after the first eradication attempt are significantly differentiated (FST = 0.037, P < 0.001). Nevertheless, more than 83% of the alleles present in the population after the first eradication attempt were also present in the population before. Only one allele is exclusively present in the population after the eradication attempt, whereas three alleles are present only before the eradication attempt. These alleles were all present at low frequencies. The population after the eradication attempt thus appears to be a subsample of the population present on the island before the eradication attempt. Therefore, the results support the hypothesis that some individuals survived the eradication and founded a new population. Given the high inter-island level of divergence, one would expect the appearance of many new allelic states in the case of a new colonization subsequent to the eradication mission of 2001, even with a low number of founders. The genetic differentiation observed between the population prior to and after the eradication campaign can be explained by the sampling effect leading to a genetic bottleneck and resulting in significant changes in allelic frequencies. Moreover, following the first eradication attempt and the resulting reduction in population size, a weak but significant genetic structure appeared at the island scale on Fajou. This genetic structure observed between different locations on the same island may be attributed to local reproduction of isolated cores of survivors and subsequent local founder effects during population recovery. On the contrary, the absence of population structure between the different parts of the island before eradication may be © 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 2923–2931



explained by the high population density and substantial gene flow throughout the island.



The eradication failure on Fajou: an experimental bottleneck Methods of bottleneck detection have recently been widely investigated theoretically (Cornuet & Luikart 1996; Luikart & Cornuet 1998; Luikart et al. 1998, 1999; Garza & Williamson 2001). Nevertheless, few studies have offered the opportunity to test their accuracy with a natural population that has experienced a very recent and well-documented bottleneck (Le Page et al. 2000). The unexpected eradication failure on Fajou does, however, accidentally provide such an opportunity. All three methods allowed us to detect a bottleneck but in the case of the M ratio method, the population was already showing a significant departure from the demographic equilibrium before the eradication attempt. Thus, in our case, the M ratio is not relevant since the remaining signature of an earlier event is masking the recent reduction of population size. On the contrary, the heterozygote excess and the modeshift indicator indicate a significant reduction of population size after the eradication campaign, whereas genetic frequencies do not differ from equilibrium values before. This result is obtained for a wide range of mutation parameters (data not shown). Thus, with only eight loci and a mean number of alleles per locus less than three, the recent bottleneck experienced by the rat population on Fajou is efficiently detected.



Temporal sensitivity of bottleneck detection It has been suggested that the different methods classically used to detect bottlenecks, relying on different statistics, exhibit different timescales for the detection. The M ratio method is expected to detect older events than the others because of the longer time needed for the M statistics (i.e. the ratio of the number of alleles to allele size range) to reach equilibrium (Garza & Williamson 2001). Our results are in accordance with this expectation since this method detected a significant reduction in population size for all the populations studied, even from Guadeloupe. Ranging from 0.517 to 0.625, these values are in the range of those observed for the data sets known to have experienced a reduction in population size analysed by Garza & Williamson (2001). On the contrary, the other methods used (i.e. the heterozygosity excess and the mode-shift indicator) do not detect bottleneck events for the populations of Guadeloupe. This could thus correspond to the signature of an old founder effect, probably corresponding to the initial introduction of the rat in the Guadeloupe Archipelago. No bottleneck is detected on Fajou before the first eradication attempt using the heterozygosity excess and



2930 J . A B D E L K R I M , M . P A S C A L and S . S A M A D I the mode-shift methods. Fajou is very close to Guadeloupe and has probably been visited by humans for a long time. Thus, the genetic signature of an initial bottleneck could have disappeared because of time and/or subsequent introductions. On the contrary, all the methods successfully detected a bottlenecked population on Petite-Terre. This island is geographically distant from Guadeloupe and has been less exposed to human activities, with permanent settlements only from the 19th century. The detection of a bottleneck on this island is thus in accordance with a very recent introduction of rats. Our results suggest that even when genetic diversity and numbers of loci are low, one could reasonably expect to detect and to distinguish between potentially old and more recent reduction in population size and founder effects. Thus, the combination of the spatial distribution of genetic diversity with such methods of detection of historical variation of population size allows a better understanding of the colonization process. Finally, if this knowledge is directly relevant to evolutionary biology, such molecular monitoring during an eradication campaign is also an appreciable tool for the management of invasive species, for example by allowing the distinction between an eradication failure and a recolonization.
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