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établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

make it a specialist in finding and feeding on larvae of benthic macroinvertebrates (Palmeirim 65 and Hoffmann 1983;Richard 1986). The Pyrenean desman is an endangered species. It is 66 currently classified as vulnerable on the IUCN Red List (Fernandes et al. 2008) and is legally 67 protected in the 4 countries encompassing its range (Andorra, France, Portugal, and Spain). It 68 has been undergoing habitat loss and fragmentation for decades, inevitably impacting its 69 distribution (Nores et al. 2007;Némoz and Bertrand 2008). demonstrated (Gillet et al. 2015b). We sought to determine the spatial distribution of genetic 89 diversity in desman populations and to quantify gene flow across the French Pyrenees. The 90 ultimate goal of this study was to enhance our general knowledge of this endangered and 91 elusive species to better inform its conservation.
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Material and methods

conditions for fecal samples, where PCRs were carried out in a 10-µl volume containing 0.15 107 of each 20-µM primer, 7.5 µl of Multiplex PCR kit (Qiagen Inc.), and 5 µl of DNA.

108 Amplified DNA was analyzed for length variations on an ABI 3700 sequencer using 109 GeneScan 500LIZ ® size standard, and alleles were scored with GENEMAPPER 4.0 (Applied 110 Biosystems, Foster City, California). Consensus genotypes were constructed for fecal samples 111 to prevent genotyping errors in our dataset. For this, we used a modified multitube PCR 112 approach (Taberlet et al. 1996) and repeated each PCR 4 times. Allele scores were accepted if 113 they appeared at least 3 times in 4 PCRs.

114

Statistical analyses.-Each replicate genotype was compared with the consensus 115 genotype to quantify the error rates. The consensus genotype construction and error rate 116 quantification-such as false alleles (FA) and allelic dropouts (ADO)-were both performed (http://www.ngcrawford.com/django/jost/) was used to estimate Dest statistics (Jost 2008) 140 using 1,000 bootstrap replicates.
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To assess the level of confidence of these analyses, new datasets were simulated with 186 each alternative scenario and the same procedure to estimate their respective posterior 

224

Population structure and genetic diversity.-After using the ΔK method on our 225 STRUCTURE results, the highest ΔK-value was found at K=3 (Fig. 2). The 1st cluster (C), GpyrGS18, and GpyrGS11 versus GpyrGS20) showed significant linkage disequilibrium for 236 the central cluster and 1 pair (GpyrGS33 versus GpyrGS82) for the eastern cluster after

Comment citer ce document : Gillet, F., Garrido, M. T. C., Blanc, F., Fournier-Chambrillon, C., Nemoz, M., Sourp, E., Vial-Novella, C., Zardoya, R., Aulagnier, S., Michaux, J. R. ( 2016). Evidence of fine-scale genetic structure for the endangered Pyrenean desman (Galemys pyrenaicus) in the French Pyrenees. Journal of Mammalogy, 98 (2), 523-532. DOI : 10.1093/jmammal/gyx002 11 Bonferroni correction. The inbreeding coefficient (F IS ) was significant for all 3 clusters (Table 238 2) and all pairwise F ST were significant (Table 3). Moreover, the results of the Wilcoxon test 239 under a 2-phase model (TPM) performed using the BOTTLENECK 1.2 software package 240 indicated that both the central and eastern clusters had undergone a recent bottleneck (P < 241 0.001).
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The high observed F IS -values, especially in the western cluster (Table 2), could also individuals admixed beyond K = 1), whereas that for cluster W supported the existence of 3 247 sub-clusters (Fig. 3). This sub-structuring could explain the higher inbreeding coefficient 248 (0.434) in the western cluster, even though these sub-clusters did not seem to exhibit any clear 249 geographical distribution (Fig. 3). of individuals was weakly correlated with the geographic distance between them (r 2 = 0.05).

297

The absence of significant signal among the 3 clusters suggests that their relationships (e.g., a 298 closer link between the cluster E and C as compared to the cluster W as suggested by the 299 DIYABC results) was not driven by geographic distance alone. values that were significantly higher than zero and ranged between 0.345 (between the W and 384 E cluster) and 0.203 (between the C and W clusters). This trend also was revealed using the 385 Dest index (Table 3).

386

Despite this apparent low gene flow between clusters, they were not geographically 387 separated and they overlapped in some areas (Fig. 2). Moreover, individual cluster approximate Bayesian computation (ABC) analysis. Prior parameters are defined in Table 1.
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Colors correspond to the colors in Fig. 2. 
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  Demographic history.-The evolutionary history of G. pyrenaicus in France was 154 investigated using approximate Bayesian computation as implemented in DIYABC 155 1.0.4.45beta software (Cornuet et al. 2010). This coalescent-based approach allows estimation 156 of the effective population size as well as the splitting time in generations for each tested 157 genetic cluster. A number of biogeographic scenarios were tested and compared to determine 158 whether the observed clusters originated from fragmentation of an ancestral common 159 population or if any cluster resulted from an admixture of the others. Specifically, the type 1 160 scenarios explored 2 consecutive divergences with a 1st divergence between 2 of the 3 161 populations, followed by divergence of the 3rd population from 1 of the 2 others (6 alternative 162 scenarios; Fig. 1). The type 2 scenarios displayed an admixture event between 2 populations, 163 leading to formation of the 3rd population (3 alternative scenarios; Fig. 1), while the type 3 164 scenario showed a radiation process, where the 3 populations would have split at the same was performed on the first 10 5 simulated datasets in the 1st run and on the first 2x10 5 datasets 175 in the 2nd run. Inspection of PCAs helped us choose the most adequate timeframe 176 corresponding to our data (maximum of 500 generations backwards in time). We used microsatellite mutation rates generally used for mammalian species (i.e., 10 -3 to 10 -5 ; Dallas 178 1992; Weber and Wong 1993; Ellegren 1995). Software default values were chosen for 179 admixture rates. To determine the most likely alternative scenarios, we used normalized 180 Euclidean distances between each simulated dataset and our observed dataset and 1% of the 181 closest simulated datasets were used to estimate the relative posterior probability (with 95% 182 confidence intervals) of each alternative scenario with a logistic regression (Cornuet et al. 183 2008). The most likely alternative scenario was that with the highest posterior probability 184 with a non-overlapping 95% confidence interval.
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 a Wahlund effect in the genetic clusters. To investigate this possibility, we conducted 244 an additional clustering analysis within each cluster, under the same conditions as previously 245 described. The analyses for clusters C and E did not give any evidence of substructure (all 246
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  Demographic history.-After using DIYABC software to investigate 10 distinct 251 demographic alternate scenarios, a 2nd analysis was performed on the 2 most probable 252 alternate scenarios (those with the highest posterior probabilities) obtained in the 1st run. 253 These 2 alternate scenarios (2 and 9, Fig. 4) exhibited 2 different evolutionary demographic 254 patterns. Alternate scenario 2 reflected the separation of cluster W from more eastern 255 Pyrenean desmans, followed by the separation of cluster C from cluster E. In contrast, 256 alternate scenario 9 reflected the origin of the central cluster following a merging event 257 between the other 2 clusters. The logistic regressions performed on 1% of the closest 258 simulated datasets revealed that the most likely of all of the tested alternate scenarios was 259 alternate scenario 2, with a PP of 0.582 and a confidence interval (95% CI) of 0.475-0.689. 260 However, the confidence intervals of alternate scenarios 2 and 9 overlapped (PP of 0.418 and alternate scenarios, 2 were well-supported and thus a 2nd run with these 2 alternate scenarios 280 was launched. Finally, the software unambiguously chose 1 alternate scenario from the 2, 281 with a PP of 0.585 (95% CI of 0.565 -0.605). This alternative scenario displayed the same 282 evolutionary demographic pattern as alternate scenario 2 from Fig. 4. The median times of 283 divergence among these clusters (populations N1, N2, and N3; Fig. 3) were quite similar to Comment citer ce document : Gillet, F., Garrido, M. T. C., Blanc, F., Fournier-Chambrillon, C., Nemoz, M., Sourp, E., Vial-Novella, C., Zardoya, R., Aulagnier, S., Michaux, J. R. (2016). Evidence of fine-scale genetic structure for the endangered Pyrenean desman (Galemys pyrenaicus) in the French Pyrenees. Journal of Mammalogy, 98 (2), 523-532. DOI : 10.1093/jmammal/gyx002 13 those found for the 3 main groups (100 and 200 years ago). The mean effective population 285 sizes were estimated at 185, 160, and 120 individuals for N1, N2, and N3, respectively. 286 We used MIGRATE 3.4.4 on the 3 main clusters to calculate the migration rate per 287 generation according to N e m = (M i j *Θ j )/4, with Θ C = 2.86, Θ E = 1.14, Θ W = 1.14 and M E C = 288 0.83, M W C = 0.46, M C E = 1.38, M W E = 0.39, M C W = 0.84, M E W = 0.87. The effective number 289 of migrants per generation among clusters was low, with less than 1 migrant per generation (1 290 year) with Nm E C = 0.59, Nm W C = 0.32, Nm C E = 0.39, Nm W E = 0.11, Nm C W = 0.24 and Nm E 291 W = 0.25. 292 Isolation by distance.-The IBD analyses indicated an absence of isolation by 293 distance among clusters and within clusters E and W. In contrast, a significant signal was 294 observed within cluster C (Mantel test P < 0.05), as indicated by the relatively low Dσ 2 value 295 (0.44). However, the slight regression slope indicated that the genetic distance between pairs 296

  generated new insight into the genetic structure of Pyrenean desman 303 populations in the French Pyrenees. The large area sampled, covering the entire current 304 distributional area of the Pyrenean desman on the French side of the Pyrenees, and the use of 305 24 highly variable microsatellite markers provided a more fine-scale view of genetic structure 306 than previously available.Comment citer ce document : Gillet, F., Garrido, M. T. C., Blanc, F., Fournier-Chambrillon, C., Nemoz, M., Sourp, E., Vial-Novella, C., Zardoya, R., Aulagnier, S., Michaux, J. R.(2016). Evidence of fine-scale genetic structure for the endangered Pyrenean desman (Galemys pyrenaicus) in the French Pyrenees. Journal of Mammalogy, 98 (2), 523-532. DOI : 10.1093/jmammal/gyx002 14 Population structure and evolutionary history of the French Pyrenean desman.-The 308 results showed evidence of 3 genetically and geographically distinct clusters (Fig. 2) situated 309 in the eastern (E), central (C), and western (W) French Pyrenees. In addition, sub-structuring 310 seemed to emerge within cluster W, where 3 sub-clusters were detected. These sub-clusters 311 did not exhibit any clear geographical distribution but this may be the result of low sampling 312 within each sub-cluster (6-10 individuals). More extensive sampling in this area is needed to 313 better define this substructure. 314 The existence of eastern, central, and western genetic clusters was not evident in the 315 study of Igea et al. (2013), which suggested the existence of a single Pyrenean population that 316 would have recently colonized the Pyrenean region from a putative refuge situated in the 317 Basque Mountains after a severe bottleneck event. This hypothesis was deduced from the very 318 low levels of genetic diversity found in both mitochondrial and nuclear (intron) marker 319 sequences in this region. Our microsatellite markers, characterized by higher mutation rates 320 than mitochondrial or nuclear intronic sequences (Schlötterer 2000), allowed us to detect finer 321 genetic structure in the Pyrenean desman. Therefore, according to their different evolutionary 322 rates, both mitochondrial and nuclear markers gave complementary information concerning 323 the evolutionary history of the desman in this region. The species probably colonized the 324 Pyrenean region after the last ice age, and subsequent diversification led to the 3 genetic 325 clusters, presently distributed throughout the French Pyrenean region. The only other 326 vertebrate species having a similar reported genetic structure across the French Pyrenees is the 327 rock ptarmigan (Lagopus muta-Bech et al. 2009). However, in contrast to the Pyrenean 328 desman, the genetic structure of this bird species was associated with a significant isolation-329 by-distance effect, likely the result of short dispersal distances, and high natal and breeding 330 philopatry combined with severe habitat fragmentation. Comment citer ce document : Gillet, F., Garrido, M. T. C., Blanc, F., Fournier-Chambrillon, C., Nemoz, M., Sourp, E., Vial-Novella, C., Zardoya, R., Aulagnier, S., Michaux, J. R. (2016). Evidence of fine-scale genetic structure for the endangered Pyrenean desman (Galemys pyrenaicus) in the French Pyrenees. Journal of Mammalogy, 98 (2), 523-532. DOI : 10.1093/jmammal/gyx002 15 As no isolation by distance was detected, the structure supported by our study is likely 332 the result of concomitant environmental and anthropogenic factors. The DIYABC analysis 333 proposed that about 80 years ago clusters C and E diverged from an ancestral population, 334 which itself had diverged from the W cluster approximately 230 years ago, or that cluster C 335 was a result of an admixture event between clusters E and W that occurred about 60-80 years 336 ago, after clusters E and W diverged about 230-240 years ago. However, these estimations 337 might be underestimated given that the software algorithm does not assume migration within 338 scenario events. Moreover, these estimations were performed while considering a minimum 339 generation time of 1 year even though this information is unknown for the Pyrenean desman 340 and could be higher. Indeed, as G. pyrenaicus belongs to the family Talpidae, if we 341 extrapolate the generation time of the Pyrenean desman from that of the European mole342 (Talpa europea-1.72 years, Niethammer 1990), the estimated divergence times become 400 343 years ago for the separation of the E and W clusters and 100-140 years ago for the divergence 344 of C and E (or the admixture of E and W in the 2nd alternative scenario). 345 Human population growth over the last century, and therefore the increased human 346 impact on nature, inevitably led to riverine habitat loss and fragmentation of species' 347 populations inhabiting mountain streams. The construction and functioning of hydroelectric 348 power plants is an example of the human impact on rivers. These can lead to physical and 349 biotic modifications and alter both hydrologic and thermal regimes, thus impacting resources 350 such as benthic macroinvertebrate larvae (Queiroz et al. 1992; Céréghino and Lavandier 351 1997). Although little information is available on the Pyrenean desman, these detrimental 352 effects have been studied and highlighted by various authors for other mammals and birds 353 (Nilsson and Dynesius 1994; D'Amico et al. 2000). Furthermore, the development of such 354 infrastructures dates back to the beginning of the 20 th century in the French Pyrenees, and The very high inbreeding coefficient in the western cluster could also be explained by 373 a Wahlund effect as 3 sub-clusters were found in this population. As for the 3 main 374 populations, the impact of both anthropogenic and climatic factors (notably during the Little 375 Ice Age) along with watershed structure could jointly explain differentiation of the 3 sub-376 clusters. This sub-structure in the western population also could be due to the fact that this 377 region is characterized by a smaller proportion of favorable habitats compared to the more 378 eastern portion of the distribution (Charbonnel 2015). However, the effective population sizes Comment citer ce document : Gillet, F., Garrido, M. T. C., Blanc, F., Fournier-Chambrillon, C., Nemoz, M., Sourp, E., Vial-Novella, C., Zardoya, R., Aulagnier, S., Michaux, J. R. (2016). Evidence of fine-scale genetic structure for the endangered Pyrenean desman (Galemys pyrenaicus) in the French Pyrenees. Journal of Mammalogy, 98 (2), 523-532. DOI : 10.1093/jmammal/gyx002 17 estimated by ABC were inconsistent with this favorable habitat gradient, with a higher value 380 in the western than in the eastern population. The sub-structure of the western population 381 could have biased the effective population size estimation. 382 Gene flow seemed limited among the 3 main clusters, as indicated by pairwise F ST 383
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  assignments from the Bayesian analysis clearly showed that some individuals shared alleles 389 from different clusters and have admixed genomes. This pattern was observed particularly 390 between the E and C clusters (Fig.2), where migrations seemed to have occurred every 2 or 3 391 generations. Although this result has been viewed as a recent expansion process in other 392 species such as the European otter (Lutra lutra-Janssens et al. 2008; Pigneur et al. 2014), 393 the general regression of the range of the Pyrenean desman over the last 3 decades did not 394 allow us to retain this hypothesis. However, this overlapping of clusters could confirm that the 395 genetics of the Pyrenean desman were not markedly impacted by the river networks (Igea et 396 al. 2013) and that its dispersal could be complex, as pointed out by Stone (1987a, b) and 397 Melero et al. (2012, 2014). Our estimates of migration rate also tended to confirm recent but 398 limited gene flow among clusters. 399 Future studies will be needed to place the patterns found here in a broader spatial 400 framework that includes the entire Pyrenean distribution of this species. For example, it is 401 possible that some individuals included in our study were migrants or descendants of migrants 402 from the Spanish side of the Pyrenees, particularly the 2 green-colored individuals in the Comment citer ce document : Gillet, F., Garrido, M. T. C., Blanc, F., Fournier-Chambrillon, C., Nemoz, M., Sourp, E., Vial-Novella, C., Zardoya, R., Aulagnier, S., Michaux, J. R. (2016). Evidence of fine-scale genetic structure for the endangered Pyrenean desman (Galemys pyrenaicus) in the French Pyrenees. Journal of Mammalogy, 98 (2), 523-532. DOI : 10.1093/jmammal/gyx002 18 central cluster shown in Fig. 2, which could have passed through the Val d'Aran. This may 404 suggest that Pyrenean desmans could cross the mountains from one side to the other. In 405 addition, contact zones between both sides of the Pyrenees have been identified for 406 Corthippus grasshoppers (Buño et al. 1994), Phylloscopus birds (Helbig et al. 2001), and 407 viviparous lizards (Zootoca vivipara-Milá et al. 2013). These contact zones, which are 408 situated across the central high Pyrenees and across the southwestern Pyrenees, could also 409 exist for the Pyrenean desman. Igea et al. (2013) suggested genetic homogeneity across the 410 distribution of Pyrenean desman using relatively slowly evolving mitochondrial and nuclear 411 markers, but further analysis of Spanish and French samples using hypervariable markers is 412 needed to gain further insight concerning the broader-scale genetic structure of the Pyrenean 413 desman. 414 Implications for conservation of the Pyrenean desman in the French Pyrenees.-415 Classified as "Vulnerable" on the IUCN Red List (Fernandes et al. 2008), the Pyrenean 416 desman is legally protected in France and is the focus of a LIFE + project 417 (LIFE13NAT/FR/000092) under a National Action Plan (Némoz and Bertrand 2008). This 418 species has been undergoing habitat loss and fragmentation for decades, particularly in France 419 where its range still requires further investigation (Némoz and Bertrand 2008). 420 The low level of genetic diversity observed in the different French Pyrenean desman 421 clusters as well as the heterozygote deficiency highlighted by the high inbreeding coefficient 422 (F IS ) values, and relatively low effective population sizes within clusters, could increase the 423 risk of extinction for this species in the future (Frankham 2005). 424 A lack of genetic diversity within the 3 main populations would lead to increased risk 425 of inbreeding depression. Greater connectivity throughout the Pyrenees should therefore be 426 fostered to facilitate individual dispersal and gene flow among the 3 main populations. ThisComment citer ce document : Gillet, F., Garrido, M. T. C., Blanc, F., Fournier-Chambrillon, C., Nemoz, M., Sourp, E., Vial-Novella, C., Zardoya, R., Aulagnier, S., Michaux, J. R. (2016
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  Isolation by distance (IBD) analyses among and within clusters defined with 142 STRUCTURE 2.3.1 were performed with GENEPOP 4.1.2. The signal strength was estimated 143 by calculating Dσ 2 (i.e., product of the population density and axial mean square parent-144 offspring distance as defined by Rousset (1997)), according to b = 1/(4πDσ 2 ). The value 145 obtained (Dσ 2 ) was inversely correlated with the IBD strength. The logarithm of the 146 Euclidean distance on GPS coordinates was used to calculate the geographic distance and âr
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	148	statistics were used to represent the genetic distance between pairs of individuals (Rousset
	149	2000). A Mantel's test with 10,000 permutations was used to test the significance of the
	150	correlation.
		Finally, we used BOTTLENECK 1.2 (Cornuet and Luikart 1996) to perform a
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  Gillet, F., Garrido, M. T. C., Blanc, F., Fournier-Chambrillon, C., Nemoz, M., Sourp, E., Vial-Novella, C., Zardoya, R., Aulagnier, S., Michaux, J. R. (2016). Evidence of fine-scale genetic structure for the endangered Pyrenean desman (Galemys pyrenaicus) in the French Pyrenees. It is important to note that the results of the genotyping of 216 fecal samples were highly dependent on the freshness and size of the feces at the time of The percentage of detected individuals also was dependent on the 221 threshold rule of the conservative multitube approach that we used, i.e., allele scores were 222 accepted if they appeared at least 3 times in 4 PCRs. This step was nonetheless necessary to

	190 214	error was estimated for 10,000 simulated datasets generated under the best-supported significant bias in our dataset that could be attributed to null alleles. Therefore, the total
	191 215	alternative scenario. The type-II error was estimated by simulating 10,000 datasets generated number of individuals used in our analyses was 108 (38 tissue samples and 70 individuals
	192	for each alternative scenario and counting decisions in favor of the selected alternative identified from fecal samples).
	193	scenario.
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	197	to search through genealogies and obtain estimates of theta (Θ) and M by employing a
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	209	Results
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		errors could be found in our data (all loci <0.001). MICRO-CHECKER did not detect any
		9 10
		Comment citer ce document :
		Gillet, F., Garrido, M. T. C., Blanc, F., Fournier-Chambrillon, C., Nemoz, M., Sourp, E.,
		Vial-Novella, C., Zardoya, R., Aulagnier, S., Michaux, J. R. (2016). Evidence of fine-scale genetic
		structure for the endangered Pyrenean desman (Galemys pyrenaicus) in the French Pyrenees.
		Journal of Mammalogy, 98 (2), 523-532. DOI : 10.1093/jmammal/gyx002 Journal of Mammalogy, 98 (2), 523-532. DOI : 10.1093/jmammal/gyx002

187 probabilities was applied, and the proportion of times the right alternative scenario had the 188 highest posterior probability was measured. According to Cornuet et al. (2010), the type-I Comment citer ce document : 217 collection as feces of Pyrenean desmans are generally small (10 to 15 mm long and 4 to 8 mm 218 wide, Bertrand 1993) and their DNA content rapidly degrades due to contact with water and 219 UV radiation (Lindahl 1993). In our study, only 20% of the collected feces could be attributed 220 to distinct individuals. 223 ensure reliable results
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which appeared to have the largest geographic distribution (Fig. 2), mainly included samples The mean H O ranged from 0.19 in the eastern cluster to 0.23 in the central cluster, 231 while the mean H E ranged from 0.26 in the eastern cluster to 0.37 in the western cluster (see 232 Supplementary Data S1, S2, S3). The mean allelic richness ranged from 1.4 to 1.8 (Table 2).
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