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Introduction

Species living in seasonal and stochastic environments have to cope with future uncertainty.

There is therefore strong selection for life cycles to coincide with the spatial and temporal heterogeneity of abiotic and/or biotic environmental factors [START_REF] Tauber | Seasonal Adaptations of Insects[END_REF][START_REF] Danks | Insect Dormancy: an Ecological Perspective[END_REF]. In animal species, diapause is a kind of dormancy shown to have a key role in the evolution of life histories by providing an adaptive response to changing environments [START_REF] Tauber | Seasonal Adaptations of Insects[END_REF][START_REF] Roff | The evolution of life histories: Theory and analysis[END_REF]. Diapause has been described as an integrated response to the predictability of environmental conditions, allowing survival under inappropriate portions of the year for growth and reproduction [START_REF] Philippi | Hedging one's evolutionary bets, revisited[END_REF], but many species experiencing spatial or interannual fluctuations of their environment extend diapause over more than one year [START_REF] Waldbauer | Phenological adaptation and the polymodal emergence patterns of insects[END_REF][START_REF] Hanski | Four kinds of extra long diapause in insects: a review of theory and observations[END_REF][START_REF] Philippi | Bet-hedging germination of desert annuals: beyond the first year[END_REF]. Such a prolonged diapause is viewed as being an alternative strategy to dispersal [START_REF] Hanski | Four kinds of extra long diapause in insects: a review of theory and observations[END_REF][START_REF] Hairston | Zooplankton egg banks as biotic reservoirs in changing environments[END_REF], which, despite its associated metabolic, survival and reproductive costs [START_REF] Soula | Variability in diapause duration in the chestnut weevil: mixed ESS genetic polymorphism or bet-hedging?[END_REF], is generally thought to generate a population buffer against environmental constraints acting against non-diapausing stages [START_REF] Hairston | Zooplankton egg banks as biotic reservoirs in changing environments[END_REF][START_REF] Corley | Prolonged diapause and the stability of host-parasitoid interactions[END_REF][START_REF] Widenfalk | Slow response to strong disturbance in an insect population with a temporal refuge[END_REF][START_REF] Corley | Delayed emergence and the success of parasitoids in biological control[END_REF] In insects, emergence from prolonged diapause may be concentrated to a single year associated with the appearance of a periodically produced food resource [START_REF] Annila | Diapause and population fluctuations in Megastigmus specularis Walley and Megastigmus spermotrophus Wachtl. (Hymenoptera, Torymidae)[END_REF][START_REF] Roques | New results and some thinkings about significance and induction of prolonged diapause in cone insects with particular references to the larch cone fly (Lasiomma melania) and to the Douglas-fir seed chalcid (Megastigmus spermotrophus)[END_REF]. But in most cases environmental conditions are less predictable and emergences in a cohort are spread over several years, with a higher proportion of individuals emerging after the minimum diapause duration (obligatory diapause) and decreasing proportions of individuals emerging over the succeeding years [START_REF] Danks | Insect Dormancy: an Ecological Perspective[END_REF][START_REF] Hanski | Four kinds of extra long diapause in insects: a review of theory and observations[END_REF][START_REF] Menu | Strategies of emergence in the chestnut weevil Curculio elephas (Coleoptera: Curculionidae)[END_REF][START_REF] Boyce | The diapause phenomenon in insects, with special reference to Rhagoletis complete Cress.(Diptera: Trypetidae)[END_REF].

Variability in diapause duration and its evolutionary insights have been documented in various model systems such as insects [START_REF] Hanski | Four kinds of extra long diapause in insects: a review of theory and observations[END_REF][START_REF] Menu | Strategies of emergence in the chestnut weevil Curculio elephas (Coleoptera: Curculionidae)[END_REF][START_REF] Menu | Bet-hedging diapause strategies in stochastic environments[END_REF][START_REF] Soula | Variability in diapause duration in the chestnut weevil: mixed ESS genetic polymorphism or bet-hedging?[END_REF][START_REF] Gourbière | Adaptive dynamics of dormancy duration variability: evolutionary tradeoff and priority effect lead to suboptimal adaptation[END_REF] and crustaceans [START_REF] Ellner | Role of overlapping generations in maintaining genetic variation in a fluctuating environment[END_REF][START_REF] Hairston | Zooplankton egg banks as biotic reservoirs in changing environments[END_REF][START_REF] Caceres | Incidence of diapause varies among populations of Daphnia pulicari[END_REF]. Such variation in the diapause trait has been mainly attributed to diversified bet-hedging [START_REF] Hopper | Risk-spreading and bet-hedging in insect population biology[END_REF][START_REF] Menu | Bet-hedging diapause strategies in stochastic environments[END_REF][START_REF] Gourbière | Adaptive dynamics of dormancy duration variability: evolutionary tradeoff and priority effect lead to suboptimal adaptation[END_REF], a riskspreading strategy maximising the mean geometric fitness by minimising the fitness variance at the cost of a lower arithmetic mean fitness [START_REF] Philippi | Hedging one's evolutionary bets, revisited[END_REF][START_REF] Roff | The evolution of life histories: Theory and analysis[END_REF][START_REF] Hopper | Risk-spreading and bet-hedging in insect population biology[END_REF]. The role of prolonged diapause as a demographic refuge in stochastic environments has been demonstrated empirically and theoretically when variability of diapause duration decreases population extinction risks due to unpredictable catastrophic events such as sudden limitation in food supplies or enhanced predation or pathogenic risks [START_REF] Tuljapurkar | Environmental uncertainty and variable diapause[END_REF][START_REF] Menu | Coin-flipping plasticity and prolonged diapause in insects: example of the chestnut weevil Curculio elephas (Coleoptera: Curculionidae)[END_REF][START_REF] Menu | Bet-hedging diapause strategies in stochastic environments[END_REF]Menu and Deshouant, 2002;[START_REF] Widenfalk | Slow response to strong disturbance in an insect population with a temporal refuge[END_REF]. Indeed, prolonged diapause has been shown to increase the mean population growth rate in a stochastic environment, which may even facilitate the spreading phase of invasive populations when stochasticity is high [START_REF] Madjhoub | Prolonged diapause: A trait increasing invasion speed?[END_REF]. Moreover, prolonged diapause is likely to contribute to the stability and persistence of coupled host-parasitoid interactions [START_REF] Ringel | The evolution of diapause in a coupled host-parasitoid system[END_REF][START_REF] Corley | Prolonged diapause and the stability of host-parasitoid interactions[END_REF]. From a population genetics standpoint, it is generally assumed that prolonged diapause may help promoting the maintenance of genetic diversity in a diapausing population, as late-emerging individuals probably do not experience similar demographic or selection events than early-emerging ones [START_REF] Ellner | The role of fluctuating selection and long-term diapause in microevolution of diapause timing in a freshwater copepod[END_REF]. However, to our knowledge, there is still a lack of studies assessing specifically the impact of prolonged diapause on temporal gene flow within natural populations. In this study, we will aim at determining whether prolonged diapause may constitute a genetic refuge for natural populations of a seed-specialized chalcid wasp, Megastigmus schimitscheki (Novitzky), facing interannual fluctuations in food resource supplies by its conifer host.

Cones and seeds of conifers are exploited by approximately 400 species of phytophagous worldwide, among which most spermatophages, i.e., insects developing entirely within seeds, can prolong diapause in the last larval instar for 1 to 5 years [START_REF] Turgeon | Insect fauna of coniferous seed cones: Diversity, Host plant interactions, and Management[END_REF]. Spermatophagous species of the Megastigmus genus are known to extend diapause in response to the dramatic annual variation in seed production characterizing most conifer species [START_REF] Turgeon | Insect fauna of coniferous seed cones: Diversity, Host plant interactions, and Management[END_REF][START_REF] Roux | Effect of temperature and photoperiod on diapause development in Douglas fir seed chalcid, Megastimus spermotrophus[END_REF]. In many conifer species, large seed crops are indeed more or less periodical and regionally synchronized, a phenomenon referred to as masting [START_REF] Kelly | The evolutionary ecology of mast seeding[END_REF]. M. schimitscheki is an obligate predator of true cedar seeds (Cedrus spp.). It was introduced in Southeastern France in the early 90s from cedar seeds from Cyprus (Auger-Rozenberg et al., 2012, submitted). Its native range is the Eastern Mediterranean region, where it develops on C. libani in the Near East (Turkey, Syria and Lebanon) and C. brevifolia in Cyprus [START_REF] Fabre | Competition between exotic and native insects for seed resources in trees of a Mediterranean forest ecosystem[END_REF]. Although those two cedar species were introduced in many Mediterranean countries as ornamental trees, French invasive populations of M. schimitscheki were observed to date solely in Southeastern France. M. schimitscheki progressively invaded most of the planted C. atlantica stands (Lander et al., 2012, submitted), even showing a competitive advantage over its direct and closely related resident competitor M. pinsapinis [START_REF] Boivin | Differences in life history strategies between an invasive and a competing resident seed predator[END_REF]Auger-Rozenberg and Roques, 2012). Adult wasps emerge from mature cedar cones in May when the seeds in young cones begin to develop [START_REF] Boivin | Differences in life history strategies between an invasive and a competing resident seed predator[END_REF]. Females lay their eggs directly inside cedar ovules by inserting their ovipositor through the young cone scales and the larval instars develop within the seed by consuming the female gametophyte and the seed embryo [START_REF] Rouault | Oviposition strategies of conifer seed chalcids in relation to host phenology[END_REF]. As a univoltine species, M. schimitscheki produces one larval cohort per year. The main host of M. schimitscheki in France, C. atlantica, is a masting species [START_REF] Kelly | The evolutionary ecology of mast seeding[END_REF], displaying highly variable interannual seed productions [START_REF] Krouchi | Year and tree effect on reproductive organisation of Cedrus atlantica in a natural forest[END_REF]. In French C. atlantica stands, years of large seed crops alternate with years of low or null seed crops, suggesting an impact of such variations in resource availability on the demography of its specialized predator M. schimitscheki.

In this study we will address three questions:

-What is the pattern of prolonged diapause of M. schimitscheki in southeastern France?

-Is there a genetic signature of environmental stochasticity in M. schimitscheki populations? -Does prolonged diapause disrupt or maintain gene flow within natural French M. schimitscheki populations?

For this purpose, the pattern of adult emergence was characterized over four consecutive years in M. schimitscheki populations sampled throughout the current distribution of the species in France.

Using microsatellite markers, a temporal population genetic approach was conducted on a natural French population of M. schimitscheki sampled during 10 consecutive years. This allowed us to test for the occurrence of bottlenecks in the population history, and to estimate gene flow between successive cohorts in the population and between individuals emerging from obligatory diapause and those emerging from prolonged diapause.

Material and methods

Wasp sampling

Cohorts of M. schimitscheki were sampled as diapausing larvae within C. atlantica cones.

Twenty five cedar stands were sampled throughout southeastern France from 1999 to 2008. In each stand, 30 to 50 cones were collected in the autumn before seasonal natural cone disarticulation. In the laboratory, cones were individually disarticulated. Once extracted from cones, seeds were sorted by densitometry in 95% alcohol (separation of healthy seeds from infested and empty ones).

Infested seeds were further selected using numerical X-ray radiography (Faxitron ® , 15-20 kV, 0.3-3 mA), grouped according to year and site of collection and stored under natural conditions. Adults emerging in the spring were identified, sexed and stored in pure ethanol à -20°C. Because M. schimitscheki produces one larval cohort per year [START_REF] Fabre | Competition between exotic and native insects for seed resources in trees of a Mediterranean forest ecosystem[END_REF][START_REF] Boivin | Differences in life history strategies between an invasive and a competing resident seed predator[END_REF], each wasp sample corresponded to a cohort of a given site at a given year.
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First adult emergences from a wasp cohort produced in spring of year n can only occur in spring of year n+2 because C. atlantica seeds are released from cones only in the autumn of n+1.

Adult emergences at n+2 thus related to obligatory diapause, and those occurring at further years related to prolonged diapause. Prolonged diapause was assessed in each of the 25 sampled populations by estimating proportions of adult emergence at n+2 and at further years until these proportions reached zero.

Genetic analyses DNA extraction and genotyping

Temporal gene flows among cohorts of M. schimitscheki were estimated within one of the 25 sampled natural populations, Ventouret 7 (44°08'29.41''N; 5°23'10.01''E, altitude: 1085 m), which was located near the introduction area of the wasp and which is thus one of the oldest French populations. Ten consecutive cohorts (1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008) were sampled at Ventouret 7 (Table 1) and a total of 491 wasp females were genotyped at 9 microsatellite loci (Table 2). For each cohort considered, we genotyped a sample of all individuals of the cohort, either individuals emerging in n+2, n+3, n+4 and n+5. For the DNA extraction each insect was placed in a 200µL tube with a solution of 10% chelex resin 100 and 6µL of 10mg/ml proteanase K [START_REF] Walsh | Chelex 100 as a medium for simple extraction of DNA for PCR-based typing from forensic material[END_REF]. A steel ball was added to each tube and the insects were macerated in the tubes using a Qiagen TissueLyser, run twice for 10 seconds at 20 hz. The tubes with the macerated insects were then incubated at 56°C for 2 hours. After the incubation the tubes were heated twice to 100°C for 15 minutes to stop the enzymatic reaction and then centrifuged at 4000rpm to pellet the resin from the chelex resin 100. 50µL of the supernatant containing the DNA were removed. The tubes were heated to 100°C for thirty minute in a thermocycler, centrifuged and diluted in 30μL H20 for the PCR reactions. PCRs were performed for nine microsatellite markers distributed into two multiplex MKA and MKB ( 

Genetic diversity, population bottleneck and temporal genetic differentiation analyses

File format conversions were all performed using PGDspider [START_REF] Lischer | PGDSpider: An automated data conversion tool for connecting population genetics and genomics programs[END_REF].

Genetic diversity was quantified by the average number of allele for loci (na), the effective number of allele (Ne), the average (Rs) allelic richness, the observed heterozygoty (Ho), the Hardy-Weinberg expected heterozygoty (He) [START_REF] Nei | Estimation of average heterozygosity and genetic distance from a small number of individuals[END_REF]). Wright's F-statistics were calculated according to [START_REF] Weir | Estimating F-Statistics for analysis of population structure[END_REF] and significant deviations from Hardy-Weinberg expectations (FIS) in each cohort were tested at a significant level of α = 0.5 using FSTAT v. 2.9. 3.2 (Goudet, 2002).

Linkage disequilibrium (LD) describes the relationship between two alleles at two loci in a population and exists when the probability to observe a pair of alleles on a chromosome is not equal to the product of probabilities to observe these alleles individually. It was tested in each population for all pairs of loci with 10 000 permutations with a significant level of α = 0.1 using ARLEQUIN v. 3.5.1.2 (Excoffier and[START_REF] Excoffier | Arlequin suite ver 3.5: A new series of programs to perform population genetics analyses under Linux and Windows[END_REF].

The existence of a genetic signature of environmental stochasticity in each cohort was tested with the program BOTTLENECK v. 1.2.02 [START_REF] Cornuet | Description and power analysis of two tests for detecting recent population bottlenecks from allele frequency data[END_REF]Piry et al., 1999). The theoretical prediction is that a population bottleneck generates a faster reduction in allelic diversity compared to heterozygosity, which in turn generates an excess of heterozygotes in the postbottleneck population. Because the number of our loci is lower than ten, we used the sign test in the software BOTTLENECK v 1.2.02. We used the two-phase mutation model (TPM) for microsatellite loci because it provides a better fit to observed allele frequency data than the infinite alleles model (IAM) [START_REF] Di Rienzo | Mutational processes of simple-sequence repeat loci in human populations[END_REF]. We defined 90% of mutations as following a stepwise mutation model and 10% as multistep with a variance (σ²g) = 12 for the geometric distribution of number of repeat units per multi-step [START_REF] Garza | Detection of reduction in population size using data from microsatellite loci[END_REF].

Gene flows were estimated using Wright's F-statistics according to [START_REF] Weir | Estimating F-Statistics for analysis of population structure[END_REF] tested for significant overall and pairwise genetic differentiation (Fst), using permutation tests (10 000 permutations with a significant level of α = 0.5) implemented in GENETIX v. 4.05.2 (Belkhir et al., 1996(Belkhir et al., -2004)).

We did a test to assign individuals to clusters based on their multilocus genotypes using a Bayesian inference method implemented in STRUCTURE v. 2.3.3 [START_REF] Pritchard | Inference of population structure using multilocus genotype data[END_REF] under admixture model. We used 50000 burn-in followed by 500000 MCMC simulation steps with a model allowing admixture. To assess the consistency of results, we performed 25 independent runs.

All value significances were corrected according to the Bonferroni correction with the program R v. 2.14.1 (R Development Core Team, 2011).

Results
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Emergences of M. schimitscheki spread over a maximum of five years, i.e. adult emergences from cohorts produced at year n (collected at n+1) were recorded at n+2, n+3, n+4 and n+5, suggesting that a proportion of each cohort could prolong diapause over 3, 4 or 5 years. The pattern of adult emergence from n+2 to n+5 was relatively well conserved between the different collected cohorts, but showing a clear bimodal pattern as adults mostly emerged at n+2 and n+4 (80% +2.75, and 17% + 2.59, respectively), while much proportions of individuals emerged at both n+3 and n+5

(1.5% + 0.43 and 1.5% + 0.36, respectively)(Figure 1). Adult emergences at n+2 and n+4 could even reach similar proportions in some cohorts, such as in 2000 (52% + 7.4 and 46% + 7.2, respectively) 

Genetic diversity

The population that was chosen for the temporal population genetic analysis, Ventouret 7, displayed the typical bimodal pattern of adult emergence, as mean emergence proportions reached 74% (SE= 5.6) and 19% (SE = 3.9) at n+2 and n+4 (respectively).

All loci were polymorphic in all sampled cohorts (1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008) The number of alleles per loci ranged from 2 (loci alpha and MS3-98) to 6 (loci MS2-162).

The effective number of alleles ranged from 1.66 (loci alpha) to 3.86 (loci MS1-110). The observed heterozygosities ranged from 0.29 (loci MW-34) to 0.92 (loci MS1-110 and MS1-43) with a mean equal to 0.61. The expected heterozygosities ranged from 0.40 (loci alpha) to 0.74 (loci MS1-110).

Allelic richness per locus ranged from 1.96 (loci alpha) to 4.07 (loci MS1-110). All microsatellite loci showed no deviation from Hardy-Weinberg equilibrium resulting in non-significant FIS values.

Four loci, MS2-162, MS3-105, MS3-91 and MS3-99 had one (MS3-99) to three (MS3-91) rare alleles (Annexe 2).

Linkage disequilibrium was significant (p = 0.01) for loci MS1-110 and MS3-91 in each cohort. The locus MS1-110 was thus removed from analyses to avoid bias associated with redundant genetic information between both markers.

Population bottleneck

There was statistical support for genetic bottlenecks in cohorts produced in 1999 (P=0.006), 2001 (P=0.007), 2003 (P=0.007) and 2006 (P=0.007).

Temporal genetic differentiation between cohorts produced in even years and in odd years

The clear bimodal pattern of adult emergence found in M. schimitscheki suggested that a very large proportion (>95%) of individuals of a cohort produced at year n will emerge only at year n+2 and n+4, while individuals issued form a cohort produced at n+1 will mainly emerge at n+3 and n+5. Consequently, in an even year, one could expect the frequency of individuals emerging from a cohort produced in an even year to be much higher than that of individuals produced in an odd year. Such a phenomenon could lead to gene flow disruption between cohorts produced in even years and those produced in odd years. We explored such a hypothesis by testing for genetic differentiation between pooled 'even' genetic data (from cohorts 2000, 2002, 2004, 2006 and 2008 cohorts) and pooled 'odd' genetic data (from 1999, 2001, 2003, 2005 and 2007 cohorts). There was a very low and non significant Fst value (0.2%) between these two groups, suggesting continuous gene flow between M. schimitscheki cohorts produced in even and odd years.

Temporal genetic differentiation between successive cohorts

The individuals that were genotyped in the cohort produced in 2000 were excluded from these analyses due to insufficient sample size (N=5). Cohorts produced in 2001, 2002, 2003, 2006 and 2007 showed low (FST 1.3%-2%) but significant differentiation from one or several other cohorts (Table 4). Cohorts produced in 1999 and 2004 showed low (FST 1.3%-2.3%) but significant differentiation from all other cohorts, in exception of those produced in 2005 and 2008, which were not statistically differentiated from all other cohorts (Table 3). In order to assess the potential for prolonged diapause to promote genetic diversity in a context of recurrent genetic population bottlenecks, we estimated levels of genetic differentiation between three groups of individuals:

-adult wasps emerging in 2008 from the cohort produced in 2006 (referred to as '2-year diapause wasps'),

-adult wasps emerging in 2008 from the cohort produced in 2004 (referred to as '4-year prolonged diapause wasps'),

-adult wasps emerging from the cohort produced in 2008 (referred to as 'progeny wasps')

One should thus note that both 2-year diapause and 4-year prolonged diapause wasps constitute the most likely parental generation of the progeny cohort, which allows estimating the potential contribution of wasps emerging from prolonged diapause to the genetic pool of the population in

2008.

There was statistical support for genetic differentiation between 2-year diapause wasps and 4-year prolonged diapause wasps (FST = 0.09, P=0.02), but not between 2-year diapause and progeny wasps (FST= 0.03, P=0.13) nor between 4-year prolonged diapause and progeny wasps progeny wasp (FST = 0.04, P=0.06).

Assignment tests were performed on individuals of these 3 groups considered above with STRUCTURE to test for the possible contribution of emigrants to the genetic diversity of progeny wasps. STRUCTURE revealed K = 2 genetically distinct clusters using the admixture model of structuration. However the three groups show high proportions of individuals assigned to both clusters, suggesting that progeny wasps mainly result from admixture between both 2-year diapause and 4-year prolonged diapause wasps rather than emigrants originating from peripherical populations. 

Discussion

Prolonged diapause of M. schimitscheki

In most species in which diapause can be prolonged, the majority of individuals emerge during the first season, while frequencies of emergences during further years continuously decrease over time [START_REF] Danks | Insect Dormancy: an Ecological Perspective[END_REF]. For example, in the sawfly Gilpinia hercyniae, 50% of individuals generally emerge during the first year, 18% after four years and 0.04% after 6 years [START_REF] Prebble | The diapause and related phenomena in Gilpinia polytomum (Hartig), I-V. Can[END_REF]. Or in the chestnut weevil Curculio elephas, 61, 35 and 4% of individuals emerge after one, two and three winter diapauses, respectively [START_REF] Menu | Strategies of emergence in the chestnut weevil Curculio elephas (Coleoptera: Curculionidae)[END_REF]. In this study, we provide a particularly atypical example of prolonged diapause in insects, showing an unexpected bimodal pattern of adult emergence. Indeed, prolonged diapause in M. schimitscheki cohort spreads over five years with two significant emergence peaks occurring after 2 (80 %) and 4 years (17%) after egg-laying, while emergences after 3 and 5 years remain relate to an extremely small fraction of a cohort. In the seedspecialized Megastigmus species, prolonged diapause is viewed as one adaptation for coping with the spatial and temporal heterogeneity of food supplies and for reducing competition for a limited resource [START_REF] Turgeon | Insect fauna of coniferous seed cones: Diversity, Host plant interactions, and Management[END_REF][START_REF] Roux | Effect of temperature and photoperiod on diapause development in Douglas fir seed chalcid, Megastimus spermotrophus[END_REF]. This is particularly true for Megastigmus species exploiting coniferous hosts [START_REF] Roques | New results and some thinkings about significance and induction of prolonged diapause in cone insects with particular references to the larch cone fly (Lasiomma melania) and to the Douglas-fir seed chalcid (Megastigmus spermotrophus)[END_REF][START_REF] Turgeon | Insect fauna of coniferous seed cones: Diversity, Host plant interactions, and Management[END_REF], for which intervals between mast years may vary between 2 and 10 years, characterizing moderate, light or no cone crops [START_REF] Young | Seeds of Woody Plant in North America[END_REF]. Years of high levels of seed production is thought to generate a satiety phenomenon in predators, allowing greater proportion of seeds to escape predation. In contrast, during the years of low levels of seed production, predators cannot maintain high population densities, which may dramatically impact their demography [START_REF] Janzen | Seed Predation by Animals Annu[END_REF][START_REF] Kelly | Mast Seeding in Perennial Plants: Why, How, Where?[END_REF]. As considered as a dispersal factor in time, prolonged diapause in M. schimitscheki may limit the impact of C. atlantica masting on its demography and then may reduce the effectiveness of the predator satiation strategy.

Interestingly, such a bimodal emergence pattern and very low proportions of individuals emerging after 3 and 5 years of prolonged diapause (a total of 5%) did not result in any gene flow disruption between cohorts produced in even and odd years (FST = 0.002). This suggests that even such low proportions of 3-and 5-year individuals may contribute to the maintenance of sufficient gene flow gene fluxes between successive 'even' and 'odd' cohorts of M. schimitscheki. However, we cannot exclude the hypothesis of annual contributions of emigrants to the observed genetic diversity, which could counterbalance temporal genetic structuration in the Ventouret 7 population.

Additionally, one could also suggests that French populations of M. schimitscheki are too recent (Auger-Rozenberg et al., 2012, submitted) to show any significant within population genetic differentiation.

Evidence of recurrent population bottlenecks in M. schimitscheki

Bottlenecks in population size cause a loss of alleles at a faster rate than a loss of gene diversity, generating excesses in heterozygote or deficiencies in rare alleles [START_REF] Nei | The bottleneck effect and genetic variability in populations[END_REF].

Bottlenecks can be detected in a population with no known history of population reduction if sample is too small [START_REF] Leberg | Estimating allelic richness: Effects of sample size and bottlenecks[END_REF], or when a population is subjected to a strong reduction of its effective size, for example in exotic species during an introduction event [START_REF] Puillandre | Genetic bottleneck in invasive species: the potato tuber moth adds to the list[END_REF], but also in species facing significant variations in resource supplies. Population effective size of seed predators can be severely hampered in years of low seed production due to a drastic reduction in resource availability and to enhanced competition [START_REF] Brown | Life history evolution of seed-bank annuals in response to seed predation[END_REF]. The Ventouret 7 population of M. schimitscheki displayed four significant bottlenecks in population size (1999, 2001, 2003 and 2006), suggesting that its demography was significantly impacted by one or several environmental factors during the present 10-year study period. Although this was not formally tested in this study, one of the best environmental candidates may be the periodical low levels of seed production by C. atlantica [START_REF] Krouchi | Year and tree effect on reproductive organisation of Cedrus atlantica in a natural forest[END_REF], which is likely to periodically drive M. schimitscheki to particularly low population levels. But while population bottlenecks generate an erosion of genetic diversity that could lead to genetic differentiation [START_REF] Côté | Microsatellite DNA evidence for genetic drift and philopatry in Svalbard reindeer[END_REF], there was no clear evidence of such an impact in the studied M. schimitscheki population.

Prolonged diapause as a genetic refuge for M. schimitscheki populations

In the natural population of M. schimitscheki that was studied here, temporal genetic differentiation between successive cohorts was low (FST <0.05), despite significant recurrent bottlenecks in population size. Such a lack of clear temporal genetic differentiation suggests that this population did not experience significant genetic erosion during a period in which its demography may have been significantly affected by drastic reduction in food supplies. The guarantee of survival of the species vulnerable to changes in the environment, conversely, the loss of genetic variability could render population more vulnerable to extinction in case of habitat perturbation [START_REF] Allphin | Genetic diversity and gene flow in the endangered Dwarf Bear Poppy, Arctomecon Humilis (Papaveraceae)[END_REF]. However, one could also expect emigrants from neighboring populations to contribute to genetic diversity of the cohort produced in 2008. Structure assignment tests did not support such a hypothesis, but both small sample size in the cohort of 2008 (N=10) and the absence of genetic data obtained from surrounding populations may mitigate these results. But both the geographical position of the studied population within the distribution area of the species in France and the unidirectional pattern of dispersal of M. schimitscheki make the contribution of emigrants less plausible (Lander et al., 2012 submited). In this context, theoretical population genetic models manipulating both genetic diversity evolution and migration rates would constitute critical tools to formally test for the role of both prolonged diapause and emigration on the maintenance of genetic diversity in a stochastic environment.

Conclusion

Natural populations of M. schimitscheki are facing periodical variations in resource supplies that may lead to recurrent significant reductions in effective population size. Erosion of genetic diversity resulting from such recurrent bottlenecks may be compensated by prolonged diapause.

However the contribution of migrants cannot be completely excluded. This study showed that prolonged diapause may constitute a genetic refuge for insect populations living in stochastic environment.

Annexes

Annexe 1: Genetic population variability. N = cohort size; P = number of polymorphic loci; na = average number of allele; ne = average effective number of allele; Rs = average allelic richness; Ho = observed heterozygoty; He = expected heterozygoty; FIS = inbreeding coefficient. *p-value < 5%. 

Abstract

Many species experiencing spatial or interannual fluctuations of their environment extend diapause, a kind of dormancy, over more than one year. Such a prolonged diapause has been shown to act as a demographic refuge in stochastic environments, but to date there is still lacking evidence of its potential role from a population genetic standpoint. In this study, we investigated how prolonged diapause may disrupt or promote gene flow within natural populations of an invasive seedspecialized chalcid wasp, Megastigmus schimitscheki which periodically face drastic fluctuations in food supplies by its obligate host Cedrus atlantica. We first characterized the pattern of prolonged diapause of M. schimitscheki by following adult emergence over five consecutive years from 25 field-collected larval cohorts. Prolonged diapause results in an atypical bimodal pattern of adult emergence, with two main emergence peaks after two (80%) and four (17%) years of diapause.

Using nine polymorphic microsatellite markers, estimations of temporal gene flow within a natural wasp population sampled for 10 consecutive years (1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008) suggested that such a bimodal pattern did not disrupt gene flow between cohorts produced even and odd years (FST = 0.002). However, there was significant evidence of recurrent bottlenecks in population size (in 1999, 2001, 2003 and 2006), probably resulting from years of low seed production in C. atlantica. Despite the occurrence of significant bottlenecks in the history of natural populations of M. schimitscheki, we however showed that individuals emerging from prolonged diapause may restore genetic diversity in further cohorts. To our knowledge, this is the first demonstration that prolonged diapause may constitute a genetic refuge in a stochastic environment.

Keywords: life-history trait, bottleneck, genetic refuge, Megastigmus schimitscheki, microsatellites.

Résumé

De nombreuses espèces soumises à des fluctuations spatiales ou interannuelles de leur environnement prolongent leur diapause, une forme de dormance, sur plus d'un an. Des études ont montrées que la diapause prolongée agit comme un refuge démographique dans les environnements stochastiques, mais à ce jour, nous ne connaissons pas son rôle potentiel dans la génétique des populations. Dans cette étude, nous avons étudié la façon dont la diapause prolongée pourrait diminuer ou favoriser les flux de gènes au sein d'une population naturelle d'un hyménoptère chalcidien séminiphage, Megastigmus schimitscheki, périodiquement soumis à des fluctuations drastiques de la ressource produite par son hôte Cedrus atlantica. Dans un premier temps, nous avons caractérisé le pattern de diapause prolongée de M. schimitscheki en suivant, au cours de cinq années consécutives, l'émergence d'adultes issus de 25 cohortes larvaires. Le pattern de diapause prolongée est bimodal, avec deux principaux pics d'émergences après deux ans (80%) et quatre ans (17%) de diapause. Les flux de gènes temporels ont été estimés au sein d'une population naturelle échantillonnée sur 10 années consécutives (1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008). Les résultats obtenus à l'aide de neuf marqueurs microsatellites polymorphes, ont montré que la forme bimodale du pattern n'est pas une barrière aux flux de gènes entre les cohortes produites une année paire et celles produites une année impaire (FST = 0,002). Cependant, nous avons observés des goulots d'étranglements pour quatre cohortes (1999, 2001, 2003 et 2006), résultant probablement de plusieurs années de faibles productions de graines par C. atlantica. Malgré des diminutions récurrentes de la taille efficace des populations naturelles de M. schimitscheki, nous avons montré que les individus émergeant de diapause prolongée pourraient restaurer la diversité génétique des cohortes futures. À notre connaissance, nous apportons la première démonstration que la diapause prolongée peut constituer un refuge génétique dans un environnement stochastique.

Mots clefs : traits d'histoire de vie, goulot d'étranglement, refuge génétique, Megastigmus schimitscheki, microsatellites.

Figure 1 :

 1 Figure 1 : Mean adult emergence percentage of a cohort of M. schimitscheki produced at year n

Figure 2 :

 2 Figure 2 : Assignment of individuals in more probable clusters of progeny wasps and 2year diapause wasps, and 4-year prolonged diapause wasps under admixture model. Color red and green represent cluster 1 and 2, each bar represents an individual.

  potential contribution of prolonged diapause to the restoration of genetic diversity after a population bottleneck, i.e. what we call here a genetic refuge, was assessed by estimating the level of genetic differentiation: (i) between 4-year and 2-year diapausing individuals emerging the same year (2008), with the 2-year ones having experienced a population bottleneck, and (ii) between these 2year and 4-year emerging individuals and the cohort produced in 2008. The existence of a significant genetic differentiation (FST = 0.09) in the first case but not in the second one may provide a strong support for a significant contribution of 4-year diapausing individuals to the genetic pool of the cohort produced in 2008, which may have counterbalanced the population bottleneck detected in the 2-year diapausing parental cohort. Conservation of genetic diversity is a

Table 1 : Number of individuals genotyped per cohort
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	COHORTS	SAMPLE SIZE
	1999	33
	2000	5
	2001	23
	2002	29
	2003	50
	2004	91
	2005	90
	2006	50
	2007	50
	2008	10

Table 2

 2 dNTP mix), and 0.02μL of each primer forward and reverse of 2μM. The PCR program was 95°C 15min, 94°C 30s, 57°C 90s, 72°C 90s for 30 cycles, final elongation at 72°C for 10min and 4°C for 1 min to stop Taq polymerase in an Eppendorf thermocycler.

) with the Qiagen® multiplex PCR kit as follow for each sample : 2μL diluted DNA, 1μL Q-solution(5x), 1.8μL RNAse-free water, 5μL QIAGEN Multiplex PCR Master mix 2x (6mM MgCl 2 , HotStarTaq ® DNA polymerase,

Table 2 : sequences of the primers used for the amplification reaction
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						DYE		SIZE
	MULTIPLEX	LOCUS	REFERENCE	PRIMER SEQUENCE (5'-3')	FORWARD	REPEAT	RANGE
					PRIMER		(BP)
			Boivin et al.,	F : GACTGCAAGCTCGACTCACAC		Fam	(CA)18	93 -
		MS1-alpha	2003	R : TTTCTCCTCGACGCTGAT			
	MKA	MS2-162	2003 Boivin et al.,	R : TCTGCAGCACGATGTAAACG F : GCAGACCGGCGAATAAATAA		Fam	(AG)5TG(AG)35	122 -
	Multiplex	MW-34 MS1-110	Carcreff et al., 1998 2006 Boivin et al.,	F : CCCCGCCTCTACCAAATC R : TTGAAATTGCTCGGACCG R : AGTCGGCGTTATCGGTTATT F : TCAGCCCGACTTCGTCCTT		Tamra Hex	(AG)17(G)10 (AG)51	144 -208 -
		MS3-105	Fallour-Rubio,	F : ATGGTCGAGCCCGCTAC		Fam	(TC)17(ACTC)5	260 -
			2007	R:GAGGGAGAGACAGACGGCAAAT			
	Multiplex MKB	MS3-99 MS1-43 MS3-98 MS3-91	Fallour-Rubio, 2007 Boivin et al., 2003 Fallour-Rubio, 2007 2007 Fallour-Rubio,	F : ATTGACTTTGCTCTCCGTCTC R : CCAAGTTAGCGCTTCAC F : GCAAGCCCTTCGCACAAC R:GCGCTTCACCGACCTCC F:GAGAGAGTCGCGTACGTGTAG R :TAACGGGTGCTCGAATCAAC R:CACGTTGCGGACAGAGAGCGA F:CGACACTTATACACCGGCATT		Tamra Hex Fam Tamra	(CT)52 (AC)15 (GA)28 (TC)41	99 -121 122 -203 -211 -
	Electrophoresis of PCR products was performed on ABI 3730XL sequencer as follows: 2μL of PCR
	product for each individual was diluted (3μL PCR product + 50μL H 2	O), combined with 8μL of
	GeneScan500 Size Standard (10μL GS500 (-250Liz) + 900μL Formamide), denatured at 95°C for 3
	minutes and then injected into the sequencer. The microsatellite profiles were analysed in
	GeneMapper® software version 4.1.			

of adult emergence in a cohort of Megastigmus schimitscheki produced at year n Year of emergence Mean emergence percentage

  

	of Ventouret 7. The mean number of
	alleles per cohort ranged from 2.56 (in 2000) to 3.56 (in 2004 and 2007). Mean numbers of
	effective allele ranged from 1.81 (in 2000) to 2.49 (in 2003). Observed heterozygosities ranged
	from 0.55 (in 2006) to 0.69 (in 2008) whereas expected heterozygosities ranged from 0.45 (in 2000)

to 0.60

(in 2003, 2004 and 2007)

. The test for an excess of heterozygotes with inbreeding coefficient (FIS) was significant for cohorts produced in

2000, 2003, 2007 and 2008 (p = 0.05)

. The mean of allelic richness was low, with values ranging from 2.56 (in 2000) to 2.86 (in 2007) (Annexe 1).

Mean pattern

Table 3 : Pairwise genetic differentiation between cohorts
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. *p-value < 5%; **p-value < 1%.
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