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Abstract

:

Reintroductions represent an opportunity to restore local biodiversity and reverse the effect of taxa extinction. However, they need feasibility and monitoring plans before and during their implementation to ensure concrete and lasting results. During the 20th century, the osprey (Pandion haliaetus) underwent a severe population decline in many European countries due to direct persecution and coast exploitation. In the 1960s–1970s, it was declared extinct as a breeder in Italy. In 2004, the Maremma Regional Park (Tuscany, central Italy) started a reintroduction project by capturing and releasing, from 2006 to 2010, 33 juvenile Corsican ospreys on the southern coast of Tuscany. The settlement of the first breeding pair in 2011 was the initial sign of the success of the reintroduction project, then further pairs settled from 2011 onward. A total of 81 feather or blood samples were collected for DNA extraction from both translocated (2006–2010) and newborn individuals (2011–2021). Individuals were analyzed at 16 microsatellite loci to verify any changes in genetic variability over time and to set out a protocol for the reconstruction of kinship for conservation and management purposes. We did not observe a reduction in genetic variability between the two sampling periods, although we found a slight sign of the founder effect in the reestablished population. A strong genetic differentiation was observed between this Mediterranean population and an injured osprey from a Northern European population, thus confirming the importance of considering the local genetic pool in any reintroduction project. Monogamous behavior was confirmed by family reconstruction, which allowed the identification of clear kinship relationships. Our findings indirectly inform on the genetic variability of the population during the 16-year period from the start of the project and provide useful insights for its long-term conservation.
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1. Introduction


Extinction is a natural process when viewed on a geological scale, but the increased human-mediated loss of species at presumed rates of extinction exceeding that by more than two orders of magnitude is a threat to biodiversity conservation [1]. At the same time, the dramatic decline in abundance and diversity and the concurrent increasing homogenization resulting in low levels of genetic differentiation are further influencing the biodiversity crisis at various levels, including population and individual levels within species [2]. When extinction interests only partially the whole distribution range of a species, a population restoration program [3] can help to reconstitute an extinct local population. Several alternative approaches have been used to achieve this goal for the conservation of target species [4]. Restoration techniques include the construction of artificial nests to promote birds’ settlement and reproduction, aiming at population increase [5], captive-breeding programs using eggs or specimens from donor populations [6], even possibly assisted by artificial incubators or insemination [7], followed by chick hand-rearing [8], control of predators and pathogens and enhancement of habitats, among others. In the framework of conservation translocation programs (e.g., reintroduction and restocking [9]), it is critical to provide individuals with similar genetic composition and evolutionary histories from non-threatened source populations to be released into the wild [9]. However, it is well known that reintroductions (the release of an organism into an area that was once part of its range, but from which it was extirpated [9,10]), even when correctly planned and carried out, can produce a reduction in genetic variability, due to the founder effect (e.g., [11,12]). By combining this outcome with the reduced number of individuals that usually characterize reintroduction projects, the main threat arising in this context is potentially restarting the vortex of the extinction process [13]. Genetic and demographic founder effects may thus have serious consequences for colonizing populations and their long-term establishment (e.g., [3,14,15]). To limit these risks, it is therefore important that the population resulting from a reintroduction program interconnects with other populations through the exchange of individuals and consequent gene flow, thus fostering genetic diversity and, in turn, the self-sustainability of the population in the long term. In any reintroduction project, standardized monitoring of the pre- and post-release phases is of fundamental importance, as well as that of the reproductive individuals of the new established population [16]. The implementation of extensive ecological and genetic monitoring programs is key to evaluating the effectiveness of the actions undertaken and correcting any errors in plan management and conservation strategies aimed at increasing the success of the project [6,16]. In this perspective, it has been proven that combining different and integrative tools can represent a more powerful approach than using a single technique [17]. While ringing and modern tracking techniques, such as satellite telemetry, represent critical tools for elucidating patterns of animal movements (e.g., [18]), video recordings allow monitoring the trend of a reintroduced population by describing the dynamics and estimating changes in population size (e.g., [19,20,21]). Moreover, the genetic characterization of individuals (e.g., microsatellite genotyping) can allow researchers to describe the genetic variability and identify any modifications, both increasing or decreasing, as well as record the presence of any genetic flow among populations [22,23]. For example, the trend of several reintroduction projects has been documented by using single nucleotide polymorphisms (SNPs) or microsatellite loci (STRs), allowing the description and the recording of the genetic variability in several taxa (e.g., [22,24,25]). Integrated long-term ecological and genetic monitoring programs thus offer a holistic approach to the management and conservation of target species (e.g., [21]).



Here, we focus on the osprey (Pandion haliaetus), an iconic raptor species of high conservation concern and subject of several long-term reintroduction programs across America and Europe [26]. During the 19th and early 20th centuries, the species suffered a severe population decline [26,27], which resulted in the extinction of breeding populations in several countries [28]. In Europe, it is included in Annex I of the European Directive (2009/147/EC) on the conservation of wild birds and it is hence considered a priority species for conservation along its whole distributional range. Direct management actions and both international and national law enforcement allowed a partial recovery of the species across Europe, although numbers remained lower than historical populations (e.g., [26,29]). Some populations, such as those of the Mediterranean basin, where the total population size is estimated at ca. 100 breeding pairs only [23,30], are still considered in danger. In addition, the osprey populations living in the Palearctic are not genetically homogeneous: past and recent population genetic studies found evident genetic structuration between northern (long-distance migratory) and southern (mostly sedentary or short-distance migratory) populations within the Western Palearctic [21,23,31,32]. Native birds from Corsica, the Balearics, northern Africa, and the Canary Islands are genetically different from ospreys breeding in Central and Northern Europe, and show distinct migratory strategies with respect to both temporal and spatial components of migration. They hence represent a separate management unit, characterized by wider gene exchanges among its populations than with those occurring in the rest of Europe (gene flow < 4%; [23]). These populations thus deserve attentive management and priority of conservation efforts, while maintaining their characteristics and evolutionary potential [32,33]. In the region, several reintroduction projects have been carried out in the last few decades (e.g., [34,35,36]). In Italy, osprey became extinct as a breeding species during the late 1960s–early 1970s, mainly due to direct persecution [37,38,39,40]. In 2004, a reintroduction project was developed in collaboration between the Maremma Regional Park (Italy) and the Natural Regional Park of Corsica (France) to restore a viable nesting osprey population in central Italy that would interconnect with the neighboring Corsican one to ultimately secure its future conservation [41]. From 2006 to 2010, a total of 33 Corsican osprey chicks were captured at their nest and translocated in the Maremma Regional Park, where, after a short period of permanence in hacking pens, were released into the wild [36]. During the project, several artificial nests were built within the park at key different sites in the extensive coastal wetland system of southern Tuscany and on the islands of the Tuscan Archipelago National Park, placed midway between Corsica and coastal Tuscany. After the first settlement of a breeding pair in one of the artificial nests in 2011, other nests were gradually occupied by adult ospreys in the following years (i.e., a total of seven to eight territorial pairs in 2022 [41]). Ecological studies showed that floating individuals tend to occupy vacant nests in the proximity of other breeding pairs, thus showing a “semi-coloniality” habit [29,42]. However, although the species can reach sexual maturity already at the age of 2 years, the recruitment in the breeding population can require more time, sometimes with first successful breeding attempts occurring after 3–5 years (e.g., [43]) and with an estimated mean generation time of 9.6 years [44]. For this reason, the settlement of the first breeding pair in the framework of a reintroduction project is an important milestone that can be interpreted as a chance for the success of the project itself [34]. However, in the early stages of a newly established population, genetic variability may be low, especially when it originates from a limited stock of translocated individuals. Furthermore, the phenomenon could be much more marked in monogamous species, where mates tend to be faithful to the same partner, year after year, further limiting any possible gene exchange.



We genotyped 16 loci in individuals belonging to both the source population of the translocated birds (2006–2010) and those belonging to the newly established population (2011–2021) to: (i) assess the genetic variability and (ii) verify any modification of the genetic composition in the long term compared to the early stages of the reintroduction program to 2021. Moreover, notwithstanding the monogamy of the species, we obtained evidence from video camera recordings of cases of extra-copulation, a behavior that has been already described in the species [43,45], but never recorded in the early stage of a population settlement [43,45]. As we could not assess if this behavior resulted in genetically diverse brood composition, we carried out parentage tests (iii) to infer direct relationships among individuals as well as full relationships among individuals and enable the verification of any occurrence of chicks associated with non-mate individuals.




2. Materials and Methods


2.1. Sample Collection and Study Area


A total of 81 samples (74 feather and 7 blood samples) were collected in the study period. Sampling was carried out taking into account the two phases of the project: in the first phase, called “translocation” (which took place between 2006 and 2010), 33 individuals of Corsican origin were sampled to obtain genetic information on the founder stock that would contribute to the future breeding population. During this phase, thirteen different nests located along the west coast of Corsica were used to collect chicks for translocation (Table S1). Each year, depending on the active nests available, a total of 6–8 chicks were taken by selecting only one chick per nest and taking care to collect the biggest and oldest one of the clutches (i.e., while the younger chicks were left in the nest, where their chances of survival were increased in the absence of one sibling). Chicks were then transported by helicopters to the hacking pens located in Maremma Regional Park (42°39′55.47″ N, 11°1′33.70″ E), where they were kept for approximately three weeks until release. Two of these 33 individuals (a male ringed I1-E4647 in 2006 and a female ringed S5-E1146 in 2010) successively settled in different years in two different nests located in the study area (see below), leading to a series of breeding events, starting from 2011 and 2014, respectively. In the second phase, called “population after reproduction” (between 2011 and 2021), a total of 46 individuals out of the 56 that had hatched was captured at the nests and sampled to obtain information on the genetic composition of the reestablished new population and monitor any possible immigration of breeding individuals from other populations. Remarkably, this sample includes two individuals hatched in 2011 and 2016, settled and bred in two new different nests in Diaccia Botrona Natural Reserve and WWF Natural Reserve Orti-Bottagone Marsh in 2014 and 2019, respectively. In this second phase, an unringed adult female of unknown origin that settled in the area in 2015 (see [41]; for further details, see also Figure 1 and 2) was also captured, ringed and sampled for subsequent genetic analysis.



Furthermore, to test whether in the current Italian population there could be individuals of Central–Northern Europe origin [21,23], we included in the analyses the feather samples of an adult individual who was found injured in March 2019 on a shore of Elba Island (Tuscany). Following a short period in a recovery center, it was released, after being equipped with a GPS/GSM transmitter (model Duck-4, Ecotone, Gdynia, Poland), which allowed us later to identify both the breeding area (Latvia) and the wintering ground (Nigeria) (unpublished data).



All chicks were handled at an age of 5–8 weeks (38–60 days according to the bird’s growth rate), measured, and marked with both a metal and a colored ring. Capture, handling, and tagging procedures were carried out under the supervision of the Italian Institute for Environmental Protection and Research (ISPRA) in accordance with Law 157/1992 [Art.4(1) and Art 7(5)], which regulates research on wild bird species. Field work was also conducted with the permission of management bodies of the nature reserves involved: Maremma Regional Park, Tuscany Region, WWF Natural Reserves. Blood and feather samples for genetic analyses were collected from osprey chicks during ringing activities at nests. About 0.5 mL of blood was taken by venipuncture from the wing of each individual and stored in Eppendorf tubes containing a Longmire solution [46]. Feathers were conserved in 2.0 mL tubes in ethanol 95%. Bird handling (from capture to release) lasted a total of 30–40 min.



The study area was made up of four protected areas within an extensive coastal wetland system in southern Tuscany (central coastal Italy). The nest sites were located in: Maremma Regional Park (MRP−regional park; 1 breeding pair; NEST_1), Diaccia Botrona Natural Reserve (DBR−natural reserve; 2 breeding pairs; NEST_2 and NEST_3); Orbetello Lagoon (ORB−WWF natural reserve; 1 breeding pair; NEST_4), Orti-Bottagone Marsh (ORT−WWF natural reserve; 1 breeding pair; NEST_5) (Figure 1). The mean distance among nests sites is 32.7 km (range: 1.1−73.9 km). In these sites, ospreys reproduce in artificial nests built on three-pole structures equipped with video surveillance systems installed in the framework of the project. Internet protocol (IP) cameras with a 3X optical zoom, 2- and 4-megapixel sensors and full-HD resolution 1920 × 1080 were used. The camera registry program (CRP) was set on video mode recording nonstop 24 h/day. Cameras recorded in color during daylight hours and switched to black and white (using infrared vision) at night, allowing constant monitoring of the ospreys’ activity. The Tyrrhenian Sea, lagoons, rivers, saltwater marshes and channels characterizing the study area provide highly suitable fishing grounds for ospreys [41]. At these sites, population monitoring takes place routinely. Breeding events are kept under daily surveillance through nest video recordings, accompanied by weekly field surveys, allowing the recording of key breeding dates and parameters.




2.2. Criterion of the Marker Choice


We used a combined marker panel from two previous studies [23,47]. From the first one [47] we selected 12 markers (PHA04, PHA11, PHA12, PHA13, PHA14, PHA16, PHA27, PHA28, PHA29, PHA35, PHA36, PHA37) that have been described as successful, reliable, and polymorphic in the three tested populations (England, Scotland and Norway), assuming they will be polymorphic also in the southern Corsican population. Marker size was also used as a further criterion to allow for marker multiplexing. From the second study [23], we tested 17 markers from the first four multiplexes (Balbu11, Balbu15, Balbu18, Balbu40, Balbu12, Balbu25, Balbu30, Balbu35, Balbu37, Balbu14, Balbu21, Balbu23, Balbu28, Balbu29, Balbu31, Balbu10, Balbu17). A total of 11 out of 12 markers from the first study [47] were polymorphic (PHA35 was retained, although it was polymorphic only in the injured individual), while only 5 were retained from the second study [23] because of the lack of genetic variability inside the Corsican Italian population (see the following paragraph).




2.3. DNA Extraction and Amplification


According to the manufacturer’s instructions, DNA was isolated from feather or blood samples using the DNeasy Blood & Tissue Kit (Qiagen, Inc., Hilden, Germany) and amplified at 16 nuclear microsatellite loci, Balbu17, Balbu18, Balbu23, Balbu28, Balbu40 [23], PHA04, PHA11, PHA13, PHA14, PHA16, PHA27, PHA28, PHA29, PHA35, PHA36, PHA37 [47] in an 8 µL final volume reaction. Amplifications were carried out as follows: 1× reaction buffer, 0.02% BSA, 1.5 mM MgCl2, 0.125 mM of dNTPs, Hot Start Taq Polymerase 0.025U (Qiagen, Inc., Hilden, Germany), 0.125 mM primer (forward and reverse), 1 µL DNA template and nuclease-free water to reach the final volume. Details on multiplex PCR primer sets are reported in Table S2.



According to melting temperature and reference bibliography, molecular sexing DNA was performed by amplifying informative regions on ZZ/ZW chromosomes with the following thermal profile: 94 °C for 15′, followed by 35 cycles at 94 °C for 40″, 55 °C for 40″, ending with a final extension at 72 °C for 10′ [48].



Autosomal and sexual amplicons were separated through capillary electrophoresis in an ABI 3130xl genetic analyzer (Thermo Fisher Scientific, Waltham, MA, USA); alleles were scored in GeneMapper 4.0 using GeneScan 500 ROX size standard (Thermo Fisher Scientific, Waltham, MA, USA).




2.4. Dataset Identification


Statistical analyses were conducted on three different data sets, including (1) the whole sample set (WSS, n = 81); (2) two populations, the first consisting of individuals released in the study area during the “translocation” phase from 2006 to 2010 (POP_1; n = 33) and the second being composed of individuals hatched in the study area during the “population after reproduction” phase from 2011 to 2021, the unringed adult female of unknown origin that settled in the area in 2015, and the two translocated individuals that, once adults, settled in the area and reproduced in 2011 and 2014 (POP_2; n = 49); (3) one population, including only the individuals hatched in the study area from 2011 to 2021 (POP_3; n = 46).




2.5. Genetic Variability


Genetic variability was computed in WSS (n = 81), POP_1 (n = 33), and POP_2 (n = 49). Allele number (Na), effective allele number (Ne), number of private alleles (Pa), observed and expected heterozygosity (Ho, He) were assessed using GenAlEx 6.41 [49], while the allelic richness (Ar) was computed using Fstat [50] based on a minimum sample size of 32 individuals. Significant differences between translocated and newborn individuals were computed using an ANOVA test in Past [51]. Hardy–Weinberg equilibrium (HWE) was tested in Genepop on the web software [52,53], using the probability test (Dememorization = 1000; Batches = 100; Iterations per batch = 1000). The significance of departure from HWE was checked by applying a Bonferroni correction for multiple comparisons.



We tested the presence of genetic drift due to the founder effect mediated by the reintroduction by using Bottleneck v.1.2.02 [54] in the whole dataset and in the two populations. Both infinite allele (IAM) and two-phase (TPM) mutation models were applied by using 1000 iterations. We did not use the strict stepwise mutation model (SMM) because only a few loci usually follow this model strictly [55]. Significance was computed by one- and two-tailed Wilcoxon tests (p < 0.05). TPM was computed firstly by using default parameters (70% SMM and 30% variance for TMP), then by setting SMM at 0.00 and variance at 35%, as suggested in the manual for STRs.



An additional computation between the translocated and re-established populations (POP_1 and POP_2) and the outgroup individual from Northern Europe was carried out to record private alleles distinguishing the Mediterranean and Northern European populations.




2.6. Analysis of the Genetic Structure


Fst and AMOVA tests were calculated in Genetix v. 4.05 [56] and in GenAlEx, respectively, to record any difference in the genetic composition between the translocated population (POP_1) and the population after the reintroduction (POP_2). A factorial correspondence analysis (FCA) was carried out in Genetix and visualized in an Excel graph to infer any genetic structure in the sampling.



A Bayesian clustering procedure was tested in Structure 2.3.4 [57,58] to identify any substructure or difference in the genetic composition between POP_1 and POP_2. Simulations were run by using a burn-in period of 40,000 replicates, followed by 400,000 Monte Carlo iterations, and assuming that the number of clusters K could range from 1 to 10. All simulations were independently replicated five times for each K, using the “admixture” and the “correlated” allele frequency models [59]. The optimal number of populations K was set at the value that maximized the increase in the posterior probability of the data LnP(D) according to the formula LnP(D)k–LnP(D)k–1 [60] that was computed and plotted in Structure Harvester [61]. Best cluster bar plots were visualized and printed by using Clumpak (https://clumpak.tau.ac.il, accessed from 15 November 2022 to 28 February 2023 [62]).



Finally, the Northern European osprey sample was included in the FCA to infer any structure between Northern and Southern populations or detect any migrants from other European populations.




2.7. Family Relationship Confirmation


Family reconstructions were conducted to verify the application of the marker panel to record parentage relationships in absence of field information. Individual relationships were tested using Colony 2.0 [63] by applying the non-inbreeding data and monogamy models and by setting the genotyping error rate value at 0.0001. Genotypes of all breeding pairs were not available, so, at first, we looked for the confirmation of the known family relationships between the translocated individuals (POP_1) and the newborn chicks (POP_2). To address all the family relationships, we included in POP_1 also the 3 adults from the POP_2: the two wild-born chicks that reproduced afterward and the unringed female from NEST_3 (n = 33 + 3). Then, we conducted a full sibling test only considering the newborn chicks (POP_3; n = 46). As two individuals were both chicks and reproductive individuals (Figure 2), we also conducted a new test after having removed their genotypes from the analysis (n = 44). The results obtained from this analysis were compared with known data for each nest and used to verify the reliability of the marker panel and also to record any modification in the monogamy behavior, as indicated from video camera surveillance.



Finally, Bayesian and multivariate analyses were computed on POP_2 to obtain information about the distribution of the genetic components between and within the nests.





3. Results


3.1. Genetic Variability in the Long Term


All 81 individuals were fully genotyped. Biomolecular sexing determined that 12 out of 33 translocated individuals and 33 out of the 46 post-translocation wild-born chicks were males, which is evidently a different sex ratio between the two project sampling phases. A strong departure from Hardy–Weinberg equilibrium was found in WSS and in POP_2, while no disequilibrium was recorded in POP_1. One (Balbu23) and three loci (PHA11, PHA13, PHA36) were in HW disequilibrium in POP1 and in POP_2, respectively, while Balbu23 showed a departure when considering the WSS. As the disequilibrium affected these loci differently in the different sample sets, they were retained in the following analyses.



Allele number was 3.4 ± 0.4 in the WSS, with no significant differences between the two periods (3.4 ± 0.4 in POP_1 and 3.0 ± 0.4 in POP_2); allelic richness was computed on a minimum sample size of 32 individuals and did not differ significantly in the two populations, resulting in 3.4 ± 0.4 and 3.0 ± 0.4. Detailed values on Na and Ar are listed for each locus in Table S3a. Neither observed nor expected heterozygosity was different between the two sample sets, and their values were Ho = 0.458 ± 0.068 in WSS, 0.451 ± 0.066 in POP_1, 0.462 ± 0.072 in POP_2 and He = 0.445 ± 0.058 in WSS, 0.444 ± 0.056 in POP_1, 0.433 ± 0.060 in POP_2. Detailed results are shown in Table 1. Five private alleles with a frequency ranging from 0.15 to 0.31 were found in POP_1 (Table S3b). When comparing the Northern European osprey individual with POP_1 and POP_2, it showed six alleles not recorded in the samples from the other two populations (Table S3c).



Significant sightings of genetic drift were identified from Bottleneck software in POP_2 and confirmed by both IAM and TMP models (Table S4).




3.2. Structure Analysis


Fst recorded a significant difference between POP_1 and POP_2 (Fst = 0.02102; P = 0.000), although AMOVA computation confirmed that almost the whole recorded variance (98%) was within individuals (Figure S1). By analyzing the FCA plot, the main variance was described by Axis 1 (14.63%), although no clear differentiation was found between POP_1 and POP_2 (Figure S2).



Best clustering was defined at K = 4 by delta K procedures and following the mean likelihood probability plot. Bar plots of clusters from K = 2 to K = 5 in Figure S3 evidence the lack of clear differentiation between POP_1 and POP_2, although this also manifested in the presence of different percentages in some genetic components (e.g., violet, orange, and green components that showed a different distribution in the bar plots of K = 3 and K = 4).



After adding the Northern Europe osprey genotype to the FCA plot (Figure S4), it was separated from the other samples, and the variance explained by Axis 1 (16.48%) was between the Northern individual and the other populations from this study.




3.3. Family Relationship Confirmation


Although we were able to confirm some association between adults and chicks, some attributions failed in the family reconstruction (Table S5). Conversely, the full-sibling analysis, conducted by considering only the relationships between chicks hatched post-translocation, allowed us to correctly assess which individuals were hatched in the same nest, except for individuals hatched in NEST_5, which were divided into two different clusters. However, when removing the individuals hatched in NEST_1 and NEST_3 that subsequently reproduced in NEST_2 and NEST_5, respectively, all the individuals were correctly assigned to single clusters with probability values ranging from 0.96 (NEST_2) to 1.00 (the remnant nests).



Two individuals (1-IBM-E2427 and 1-IBS-E2428) that were hatched in NEST_1 after the male of the breeding pair was replaced by another individual, were assigned to different genetic clusters than their half-siblings from the previous years (see Table 2), thus explaining the presence of six clusters with respect to the five nests.



The Bayesian analysis identified the best clusters at K = 3 and K = 4. A similar genetic composition was shared between NEST_1–2, and between NEST_3–5 (Figure 3); these similarities are expected because the male IAA-E1150 and the female IAE-E1053 that hatched in the NEST_1 and NEST_3 reproduced with the respective breeding mates in the NEST_2 and NEST_5, respectively.



The factorial analysis of correspondence (FCA) produced similar results to the main proximity in the plot of NEST_1–2 and NEST_3–5 (Figure 4).





4. Discussion


The multidisciplinary and integrated long-term monitoring approach of our osprey reintroduction project in central Italy proved to be essential to clarify the dynamics of the new population. It provided relevant insights from different disciplines and fields of competence. After recording the behavior of the breeding pairs in the nesting sites with video cameras, accompanied by field survey and satellite tracking, it was possible to obtain information about egg laying and chick fledging, and, remarkably, to achieve relevant information on the genetic pattern and family relationships of the reestablished population in the long term, ultimately obtaining a reliable evaluation on the success of the project.



4.1. Genetic Variability


We analyzed the DNA of 49 individuals from the reestablished population (POP_2) that included 46 individuals hatched from the reproductive pairs, an unringed adult female of unknown origin that settled in the area in 2015 and the two translocated individuals that, once adults, settled in the area and reproduced in 2011 and 2014, respectively. The levels of genetic variability from this sample set (POP_2) did not differ significantly from those recorded in the released populations (POP_1) made up of the 33 translocated young individuals. The values of allele number, allele richness and observed heterozygosity were slightly lower than those retrieved in a recent investigation carried out on Welsh ospreys (probably originating by a wider pool of mixed founding populations of Scottish and Northern European ancestry) by Skujina and colleagues [21] that used a combination of the panel markers from two former studies [23,47], but higher with respect to the values observed in Monti and colleagues [23], in which only a single primer panel was used. Since the comparable combination of the two marker sets used in Skujina et al. [21] and in the present study, the lower diversity levels in Italian populations found in this study can be considered a real biological difference and excludes this being merely a consequence of different marker choice.



A modification of genetic variability has been recorded in several raptor reintroduction projects as a consequence of the reintroduction programs ([64] in Gyps fulvus; [65] in Gypaetus barbatus; [66] in Falco naumanni; [67] in Falco punctatus). In 2011, Jamieson [12] conducted a study dealing with the reintroduction of four different monogamous bird species, focusing on the effects produced by a limited number of individuals released into the wild. The main derived issues described in that study regarded inbreeding and loss of genetic variability, which seemed worsened by the presence of a skewed sex ratio of founders (see also [68]). In our study, notwithstanding the deviated sex ratio in the released individual pool, we did not note a further reduction in genetic variability. This mitigated effect might be explained by the recorded natural integration of the reproductive stock with wild individuals coming from surrounding colonies (e.g., a non-translocated Corsican female (CAM-BS15574) who naturally set in the NEST_4, as well as other unringed adults of unknown origin that actively contributed to reproduction in other nests; Figure 2). Reintroduction programs with a high number of released animals seem to be less sensitive to changes in genetic variability ([69] in Falco femoralis septentrionalis). However, respecting the genetic origin and evolutionary history of the reestablished population it is also extremely (or even more) important, and the selection of the source populations is crucial to provide individuals for translocation that are genetically as close as possible to the original population. Post-release monitoring of the genetic variability allows to record and foresee any sights of inbreeding and reduced variability, informing on the need to release additional individuals [64].



Although we did not find significant differences in variability indices between the two project phases, we recorded a departure from Hardy–Weinberg equilibrium in POP_2. However, these effects could have been amplified by the absence of all the adults in the genetic analysis. Moreover, if considering the presence of private alleles found in POP_1, it can be assumed that the departure from Hardy–Weinberg equilibrium might be a biased consequence of a misrepresented population and uncomplete allele and genotype frequencies in the HWE computation, other than the consequences determined by the founder effect.




4.2. Genetic Structure


Although a slight sign of the founder effect was recorded in the reestablished population, the AMOVA identified that 98% of the variance was distributed within individuals, 2% among populations and 0% among individuals. However, Bayesian analysis also showed divergent genetic compositions in the two different time samplings. In Figure S3, it is evident from the bar plot that the main components are different before and after the first reproduction event. This result could be explained by the fact that only two of the translocated individuals were able to successfully reproduce in the study area and contribute to the genetic composition. At this point, it is not possible to affirm whether this success is attributed to a random chance or better adaptative genomic variants of these breeding individuals. The FCA plot referring to the POP_2 in the lowest part of the graph (Figure S4) and the color patterns in the Bayesian plot at K = 4 (Figure S3) also suggest a variation in the frequencies of genetic components with respect to POP_1. Again, this agrees with the contribution in the breeding pairs of new individuals different from the released stock, likely originating from the closest surrounding colonies.



Two studies [23,31] identified the presence of genetic differentiation between the Mediterranean and Central European osprey populations. When the osprey from Northern Europe was compared with genotypes from this study, both allele composition and the FCA plot confirmed a strong differentiation with respect to the Mediterranean samples. This aspect underlines the importance of considering the gene pool in any reintroduction project to hinder the release of genetically maladapted individuals in specific habitats and belonging to populations that have gone through different evolutionary histories (e.g., [70,71]). The lack of structure in this study between pre- and post-released populations accounts for the correctness in identifying the source of the population to be released [32]. Following the IUCN guidelines, the Corsican populations belonging to the Mediterranean clusters were used as a source, enhancing the chances of creating a new population adapted to the local climate, thus saving the genomic adaptive variants generated by the different evolutive lineages.



The lack of a genetic structure and gene differentiation accounts also for the presence of gene flow between restocked and neighboring populations, ensuring connectivity between colonies, and hampering inbreeding incidence in the newly reestablished population.




4.3. Family Relationships


Family relationships obtained in Colony matched the observations by video cameras and those recorded through sightings of the ringed birds. Interestingly, however, the low genetic variability did not allow for the assessment of the known direct relationships; the genetic protocol was able to identify the correct full sibling through the years without using preliminary information. This aspect is relevant when considering its application in the monitoring of wild populations or in the choice of source individuals for reintroduction. Genetic analysis and parentage analysis clearly identified the substitution of a male in a breeding pair after the departure of the previous one, showing the power of being also informative in the discovery of any potential entry of new breeders into the population or extra-copulation events.



Osprey is described as a strictly monogamous species; however, cases of extra-pair copulation events have also been recorded (e.g., [44,45]). In our study, video cameras recorded several extra-pair copulation attempts of at least a male and a female, but the genetic analysis excluded the occurrence of a successful extra-copulation event and confirmed the full-sibling relationships. The role of these behaviors, therefore, remains doubtful. A possible explanation could be that attempts of extra-pair mating potentially inform about the good quality of an individual as a partner, but do not necessarily result in a change of the partner, or even a mechanism of sperm competition as a part of sexual selection. A study in Sweden [45] identified a positive correlation between extra-copulation incidence and population density, and this matches with an observation in Minnesota [43], which ascertained 14 events of extra-pair copulation during the behavior recording of marked birds in 306 occupied nests. The presence of different mating behavior observed by video cameras in the absence of successful extra-copulation events in our study suggests continuing observations to verify any further occurrence in the presence of a future demographic increase.





5. Conclusions


This project represents one of the longest monitoring projects dealing with the conservation of the osprey in Europe carried out with an integrated approach.



The first successful breeding event was recorded 5 years after release started, mostly due to the average age at the first known successful nest which, in this species, is ca. 4.39 years for males and 3.64 years for females [43]. These times are in line with those of other projects: in the Twin Cities project (Minneapolis–Saint Paul Minnesota, USA), 143 birds were released between 1984 and 1995 and the first breeding success took place after 4 years [72]; in the Pocono project (north-eastern Pennsylvania, USA), 111 birds were released from 1980 to 1986 and the first breeding success took place after 6 years [73]; at Rutland Water Natural Reserve (Rutland, England;), 64 birds were released from 1996 to 2001 and the first breeding success took place after 5 years [74]. The notable feature of this project is to have taken into strict account the phylogenetic histories of the species, by referring to a source population whose genetic pattern and migratory strategies are most likely better representative of the extinct genetic pool of the osprey populations in central Italy [32].



The video camera monitoring carried out over the long period allowed us to describe breeding and mate behavior in the period starting from osprey releasing into the wild to the first nest settlement until now, in which five nests have been occupied and 56 chick births have been recorded, of whom 46 have been also genotyped.



The monitoring of the genetic variability in the long term has been possible by carrying out an annual sampling of the new chicks and the optimization of a marker panel able to maximize the genetic variability in the two osprey populations. This panel has been demonstrated to be useful also in describing the genetic variability of Northern osprey populations [21,23,47], so it could be considered for future genetic monitoring of other European populations and for evaluating connectivity or differences in the genetic variability.



Mating habits have been demonstrated to be driven by MHC genes [75,76,77], although some studies were not able to clearly describe this association [78,79]. The analysis of these genes could verify the presence of any association and, eventually, explain the mating behavior in the populations. Moreover, as osprey is described also as a migrant species, the analysis of the gene responsible for migrating behavior over the long distance (gene clock [80,81]) could contribute also to investigating individual migrating habits with respect to the origin population and other Northern populations. The analysis along the period of the project would also permit verification of any modified variability at these genes so as to explain any mutated behavior due to the reintroduction or in response to climate changes.



Integrated information and monitoring approaches can be crucial for the management of remnant populations or for the reconstitution of extinct populations so as to recreate interconnected viable populations, mainly in the Mediterranean basin, where past anthropogenic factors have caused the important demographic decline of the species.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/d15050622/s1. Table S1: Nest and collection year of 33 osprey chicks collected from 13 nests located along the west coast of Corsica in the period 2006–2010 (translocation phase); Table S2: Multiplex PCR primer sets; Table S3: Details on number of alleles (Na), allele richness (Ar) and private alleles (Pa) in the sampling periods (a, b, c); Table S4: Results from Bottleneck; Table S5: Family relationships among translocated, adult and newborn individuals. Figure S1: AMOVA; Figure S2: Plot of the factorial correspondence analysis (FCA); Figure S3: Results from the Bayesian analysis conducted in POP_1 and POP_2. Figure S4: Plot of the factorial correspondence analysis (FCA) of the comparison between the osprey individual from Northern Europe and the samples included in POP_1 and POP_2.





Author Contributions


Conceptualization, N.M., C.M., F.M. and A.S.; methodology, N.M. and C.M.; software, N.M. and C.M.; validation, N.M., C.M. and F.M.; formal analysis, N.M. and C.M.; investigation, A.S., L.S., F.P. and G.S.; data curation, C.M.; writing—original draft preparation, N.M., C.M. and F.M.; writing—review and editing, A.S., L.S., F.P. and F.M.; visualization, L.S., F.P., A.S. and G.S.; supervision, N.M., F.M. and A.S.; project administration, A.S. and N.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was conducted pursuing the aims foreseen by the agreement between ISPRA and the Tuscan Archipelago National Park.




Institutional Review Board Statement


Captures were carried out by the Italian Institute for Environmental Protection and Research (ISPRA) under the authorization of Law 157/1992 [Art. 4 (1) and Art. 7 (5)] and under authorization 2502 05 May 2016 and 4254 27 March 2018 issued by the Tuscan Region Administration.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available, due to need to previously inform the regional park and reserves about their use.




Acknowledgments


We want to thank the Tuscan Archipelago National Park, which participated in funding this project, and the Maremma Regional Park, the Diaccia Botrona Natural Reserve, the WWF Orbetello LagoonNatural Reserve and the WWF Orti-Bottagone Marsh Natural Reserve, under the Tuscany Region administration. We thank Vincenzo Rizzo Pinna for the constant and valuable work with the video surveillance system at osprey nests. For their help in fieldwork activities, we are also thankful to Guido Alari and Alessandro Troisi from “Progetto Falco pescatore.” Renato Ceccherelli and the staff of the Centro Recupero Uccelli Marini e Acquatici (CRUMA-LIPU) provided important assistance in the recovery of debilitated or injured ospreys and their release. We also thank three anonymous referees for their helpful comments on an early version of the manuscript.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study, collection, analyses, or interpretation of data, writing of the manuscript, or decision to publish the results, but participated in project activities and monitoring.




References


	



Pereira, H.M.; Leadley, P.W.; Proença, V.; Alkemade, R.; Scharlemann, J.P.; Fernandez-Manjarrés, J.F.; Araújo, M.B.; Balvanera, P.; Biggs, R.; Cheung, W.W. Scenarios for global biodiversity in the 21st century. Science 2010, 330, 1496–1501. [Google Scholar] [CrossRef] [PubMed]

	



IPBES. Global Assessment Report on Biodiversity and Ecosystem Services of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services; IPBES Secretariat: Bonn, Germany, 2019. [Google Scholar]

	



Seddon, P.J. From reintroduction to assisted colonization: Moving along the conservation translocation spectrum. Restor. Ecol. 2010, 18, 796–802. [Google Scholar] [CrossRef]

	



Jones, C.G. Conservation management of endangered birds. Bird Ecol. Conserv. Handb. Tech. 2004, 1, 269–302. [Google Scholar]

	



Ivanovski, V. Construction of artificial nests as conservation measure for rare birds of prey. Buteo 2000, 11, 131–138. [Google Scholar]

	



Ewen, J.G.; Armstrong, D.P.; Parker, K.A.; Seddon, P.J. Reintroduction Biology: Integrating Science and Management; John Wiley & Sons: Hoboken, NJ, USA, 2012. [Google Scholar]

	



Blanco, J.M.; Wildt, D.E.; Höfle, U.; Voelker, W.; Donoghue, A.M. Implementing artificial insemination as an effective tool for ex situ conservation of endangered avian species. Theriogenology 2009, 71, 200–213. [Google Scholar] [CrossRef]

	



Kuehler, C.; Lieberman, A.; Harrity, P.; Kuhn, M.; Kuhn, J.; McIlraith, B.; Turner, J. Restoration techniques for Hawaiian forest birds: Collection of eggs, artificial incubation and hand-rearing of chicks, and release to the wild. Stud. Avian Biol. 2001, 22, 354–358. [Google Scholar]

	



IUCN/SSC. Guidelines for Reintroductions and Other Conservation Translocations; International Union for Conservation of Nature/Species Survival Commission: Gland, Switzerland, 2013. [Google Scholar]

	



IUCN. IUCN Position Statement on the Translocation of Living Organisms: Introductions, Re-Introductions, and Restocking; IUCN: Gland, Switzerland, 1987. [Google Scholar]

	



Sarrazin, F.; Barbault, R. Reintroduction: Challenges and lessons for basic ecology. Trends Ecol. Evol. 1996, 11, 474–478. [Google Scholar] [CrossRef]

	



Jamieson, I.G. Founder effects, inbreeding, and loss of genetic diversity in four avian reintroduction programs. Conserv. Biol. 2011, 25, 115–123. [Google Scholar] [CrossRef]

	



Frankham, R. Conservation genetics. Encycl. Ecol. 2018, 1, 382–390. [Google Scholar]

	



Szűcs, M.; Melbourne, B.A.; Tuff, T.; Hufbauer, R.A. The roles of demography and genetics in the early stages of colonization. Proc. R. Soc. B Biol. Sci. 2014, 281, 20141073. [Google Scholar] [CrossRef]

	



Szűcs, M.; Melbourne, B.A.; Tuff, T.; Weiss-Lehman, C.; Hufbauer, R.A. Genetic and demographic founder effects have long-term fitness consequences for colonising populations. Ecol. Lett. 2017, 20, 436–444. [Google Scholar] [CrossRef] [PubMed]

	



Sutherland, W.J.; Armstrong, D.; Butchart, S.H.M.; Earnhardt, J.M.; Ewen, J.; Jamieson, I.; Jones, C.G.; Lee, R.; Newbery, P.; Nichols, J.D. Standards for documenting and monitoring bird reintroduction projects. Conserv. Lett. 2010, 3, 229–235. [Google Scholar] [CrossRef]

	



Coiffait, L.; Redfern, C.P.; Bevan, R.M.; Newton, J.; Wolff, K. The use of intrinsic markers to study bird migration. Ringing Migr. 2009, 24, 169–174. [Google Scholar] [CrossRef]

	



Newton, I. The Migration Ecology of Birds; Elsevier: Amsterdam, The Netherlands, 2010. [Google Scholar]

	



Margalida, A.; Ecolan, S.; Boudet, J.; Bertran, J.; Martinez, J.M.; Heredia, R. A solar-powered transmitting video camera for monitoring cliff-nesting raptors. J. Field Ornithol. 2006, 77, 7–12. [Google Scholar] [CrossRef]

	



Ribic, C.A. Video Surveillance of Nesting Birds; University of California Press: Berkeley, CA, USA, 2012. [Google Scholar]

	



Skujina, I.; Ougham, H.; Evans, E.; Monti, F.; Kalvāns, A.; Cross, T.; Macarie, N.A.; Hegarty, M.; Shaw, P.W.; McKeown, N.J. Ecological and Genetic Monitoring of a Recently Established Osprey (Pandion haliaetus) Population in Wales. J. Raptor Res. 2021, 55, 635–643. [Google Scholar] [CrossRef]

	



Kaiser, S.A.; Taylor, S.A.; Chen, N.; Sillett, T.S.; Bondra, E.R.; Webster, M.S. A comparative assessment of SNP and microsatellite markers for assigning parentage in a socially monogamous bird. Mol. Ecol. Resour. 2017, 17, 183–193. [Google Scholar] [CrossRef]

	



Monti, F.; Delfour, F.; Arnal, V.; Zenboudji, S.; Duriez, O.; Montgelard, C. Genetic connectivity among osprey populations and consequences for conservation: Philopatry versus dispersal as key factors. Conserv. Genet. 2018, 19, 839–851. [Google Scholar] [CrossRef]

	



Vignal, A.; Milan, D.; SanCristobal, M.; Eggen, A. A review on SNP and other types of molecular markers and their use in animal genetics. Genet. Sel. Evol. 2002, 34, 275–305. [Google Scholar] [CrossRef]

	



Uller, T.; Olsson, M. Multiple paternity in reptiles: Patterns and processes. Mol. Ecol. 2008, 17, 2566–2580. [Google Scholar] [CrossRef]

	



Poole, A.F. Ospreys: The Revival of a Global Raptor; JHU Press: Baltimore, MD, USA, 2019. [Google Scholar]

	



Lohmus, A. Habitat selection in a recovering Osprey Pandion haliaetus population. Ibis 2001, 143, 651–657. [Google Scholar] [CrossRef]

	



Schmidt-Rothmund, D.; Dennis, R.; Saurola, P. The Osprey in the Western Palearctic: Breeding population size and trends in the early 21st century. J. Raptor Res. 2014, 48, 375–386. [Google Scholar] [CrossRef]

	



Bretagnolle, V.; Mougeot, F.; Thibault, J.-C. Density dependence in a recovering osprey population: Demographic and behavioural processes. J. Anim. Ecol. 2008, 77, 998–1007. [Google Scholar] [CrossRef] [PubMed]

	



Garrido, J.; Numa, C.; Barrios, V.; Qninba, A.; Riad, A.; Haitham, O.; Benmammar Hasnaoui, H.; Buirzayqah, S.; Onrubia, A.; Fellous-Djardini, A. The Conservation Status and Distribution of the Breeding Birds of Prey of North Africa; IUCN: Gland, Switzerland, 2021; xvi + 102p. [Google Scholar]

	



Helbig, A.; Schmidt, D.; Seibold, I. Mitochondrial DNA sequences reveal differentiation between Nearctic and Palearctic Osprey (Pandion haliaetus) populations. Biol Cons Fauna 1998, 102, 224. [Google Scholar]

	



Monti, F.; Montgelard, C.; Robert, A.; Sforzi, A.; Triay, R.; Sarrazin, F.; Duriez, O. Evolutionary risks of osprey translocations. Science 2022, 376, 468–469. [Google Scholar] [CrossRef]

	



Dennis, R. In Plan for the Recovery and Conservation of Ospreys (Pandion haliaetus) in Europe and the Mediterranean Region. In Proceedings of the Convention on the Conservation of European Wildlife and Natural Habitats. Standing Committee, 36th Meeting Strasbourg, Strasbourg, France, 15–18 November 2016. [Google Scholar]

	



Muriel, R.; Ferrer, M.; Casado, E.; Calabuig, C.P. First successful breeding of reintroduced ospreys Pandion haliaetus in mainland Spain. Ardeola Int. J. Ornithol. 2010, 57, 175–180. [Google Scholar]

	



Palma, L.; Beja, P. Reintroduction of the osprey (Pandion haliaetus) in Portugal. Annu. Rep. 2011, 27, 21–31. [Google Scholar]

	



Monti, F.; Dominici, J.M.; Choquet, R.; Duriez, O.; Sammuri, G.; Sforzi, A. The Osprey reintroduction in Central Italy: Dispersal, survival and first breeding data. Bird Study 2014, 61, 465–473. [Google Scholar] [CrossRef]

	



Bulgarini, F.; Calvario, E.; Fraticelli, F.; Petretti, F.; Sarrocco, S. Libro Rosso degli Animali d’Italia: Vertebrati; WWF Italia: Rome, Italy, 1998. [Google Scholar]

	



Brichetti, P.; Fracasso, G. The Birds of Italy: Anatidae-Alcidae; Edizioni Belvedere: Vicenza, Italy, 2018. [Google Scholar]

	



Melotti, P.; Spagnesi, M. Analisi Delle Riprese Di Falco Pescatore (Pandion h. haliaetus L.) Avvenute in Italia nel Periodo 1939–1977; Istituto Nazionale Di Biologia Della Selvaggina Alessandro Ghigi: Bologna, Italy, 1979. [Google Scholar]

	



Pezzo, F. Falco Pescatore. In Atlante degli Uccelli Nidificanti in Italia; Histotia Naturae, Lardelli, R., Bogliani, G., Brichetti, P., Caprio, E., Selada, C., Conca, G., Fraticelli, F., Gustin, M., Janni, O., Pedrini, P., et al., Eds.; Edizioni Belvedere: Latina, Italy, 2022; pp. 266–267. [Google Scholar]

	



Sforzi, A.; Sammuri, G.; Monti, F. From a regional reintroduction project to a country-wide conservation approach: Scaling up results to promote osprey conservation in Italy. Avocetta J. Ornithol. 2019, 43, 81–85. [Google Scholar]

	



Poole, A.F. Ospreys: A Natural and Unnatural History; Cambridge University Press: Cambridge, UK, 1989; Volume 246. [Google Scholar]

	



Englund, J.V.; Greene, V.L. Two-year-old nesting behavior and extra-pair copulation in a reintroduced Osprey population. J. Raptor Res. 2008, 42, 119–124. [Google Scholar] [CrossRef]

	



Wahl, R.; Barbraud, C. The demography of a newly established Osprey Pandion haliaetus population in France. Ibis 2014, 156, 84–96. [Google Scholar] [CrossRef]

	



Widén, P.; Richardson, M. Copulation behavior in the Osprey in relation to breeding density. Condor 2000, 102, 349–354. [Google Scholar] [CrossRef]

	



Longmire, J.; Maltbie, M.; Baker, R. Use of “LysisBuffer” in DNA Isolation and Its Implication for Museum Collections; Museum of Texas Tech University: Lubbock, TX, USA, 1997. [Google Scholar]

	



Dawson, D.A.; Kleven, O.; Dos Remedios, N.; Horsburgh, G.J.; Kroglund, R.T.; Santos, T.; Hewitt, C.R. A multiplex microsatellite set for non-invasive genotyping and sexing of the osprey (Pandion haliaetus). Conserv. Genet. Resour. 2015, 7, 887–894. [Google Scholar] [CrossRef] [PubMed]

	



Mucci, N.; Mengoni, C.; Randi, E. Discrimination of PCR products by colour and size improves the accuracy of sex-typing in avian species. Conserv. Genet. Resour. 2016, 9, 73–77. [Google Scholar] [CrossRef]

	



Peakall, R.; Smouse, P.E. GenAlEx 6.5: Genetic analysis in Excel. Population genetic software for teaching and research—An update. Bioinformatics 2012, 28, 2537–2539. [Google Scholar] [CrossRef] [PubMed]

	



Goudet, J. FSTAT, a Program to Estimate and Test Gene Diversities and Fixation Indices, version 2.9.3; ScienceOpen: Burlington, MA, USA, 2001. [Google Scholar]

	



Hammer, Ø.; Harper, D.; Ryan, P. PAST-palaeontological statistics, ver. 1.89. Palaeontol. Electron. 2001, 4, 1–9. [Google Scholar]

	



Raymond, M.; Rousset, F. GENEPOP (version 1.2): Population genetics software for exact tests and ecumenicism. J. Hered. 1995, 86, 248–249. [Google Scholar] [CrossRef]

	



Rousset, F. genepop’007: A complete re-implementation of the genepop software for Windows and Linux. Mol. Ecol. Resour. 2008, 8, 103–106. [Google Scholar] [CrossRef]

	



Cornuet, J.M.; Luikart, G. Description and Power Analysis of Two Tests for Detecting Recent Population Bottlenecks from Allele Frequency Data. Genetics 1996, 144, 2001–2014. [Google Scholar] [CrossRef]

	



Piry, S.; Luikart, G.; Cornuet, J.M. Computer note. Bottleneck: A computer program for detecting recent reductions in the effective size using allele frequency data. J. Hered. 1999, 90, 502–503. [Google Scholar] [CrossRef]

	



Belkhir, K. GENETIX, Logiciel Sous WindowsTM Pour La Génétique des Populations. 1999. Available online: http://www.univmontp2.fr/~genetix (accessed on 28 February 2023).

	



Pritchard, J.; Stephens, M.; Donnelly, P. Inference of population structure using multilocus genotype data. Genetics 2000, 155, 945–959. [Google Scholar] [CrossRef]

	



Pritchard, J.K.; Wen, X.; Falush, D. Documentation for Structure Software; Version 2.3; University of Chicago: Chicago, IL, USA, 2010; pp. 1–37. [Google Scholar]

	



Falush, D.; Stephens, M.; Pritchard, J. Inference of population structure using multilocus genotype data: Linked loci and correlated allele frequencies. Genetics 2003, 164, 1567–1587. [Google Scholar] [CrossRef] [PubMed]

	



Garnier, S.; Alibert, P.; Audiot, P.; Prieur, B.; Rasplus, J.-Y. Isolation by distance and sharp discontinuities in gene frequencies: Implications for the phylogeography of an alpine insect species, Carabus solieri. Mol. Ecol. 2004, 13, 1883–1897. [Google Scholar] [CrossRef] [PubMed]

	



Earl, D.A.; Vonholdt, B.M. STRUCTURE HARVESTER: A website and program for visualizing. Conserv. Genet. Resour. 2012, 4, 359–361. [Google Scholar] [CrossRef]

	



Kopelman, N.M.; Mayzel, J.; Jakobsson, M.; Rosenberg, N.A.; Mayrose, I. Clumpak: A program for identifying clustering modes and packaging population structure inferences across K. Mol. Ecol. Resour. 2015, 15, 1179–1191. [Google Scholar] [CrossRef]

	



Jones, O.R.; Wang, J. COLONY: A program for parentage and sibship inference from multilocus genotype data. Mol. Ecol. Resour. 2010, 10, 551–555. [Google Scholar] [CrossRef]

	



Le Gouar, P.; Rigal, F.; Boisselier-Dubayle, M.; Sarrazin, F.; Arthur, C.; Choisy, J.; Hatzofe, O.; Henriquet, S.; Lécuyer, P.; Tessier, C. Genetic variation in a network of natural and reintroduced populations of Griffon vulture (Gyps fulvus) in Europe. Conserv. Genet. 2008, 9, 349–359. [Google Scholar] [CrossRef]

	



Loercher, F.; Keller, L.F.; Hegglin, D. Low genetic diversity of the reintroduced bearded vulture (Gypaetus barbatus) population in the Alps calls for further releases. In Proceedings of the 5th Symposium for Research in Protected Areas, Mittersill, Austria, 10–12 June 2013. [Google Scholar]

	



Alcaide, M.; Negro, J.J.; Serrano, D.; Antolín, J.L.; Casado, S.; Pomarol, M. Captive breeding and reintroduction of the lesser kestrel Falco naumanni: A genetic analysis using microsatellites. Conserv. Genet. 2010, 11, 331–338. [Google Scholar] [CrossRef]

	



Ewing, S.R.; Nager, R.G.; Nicoll, M.A.C.; Aumjaud, A.; Jones, C.G.; Keller, L.F. Inbreeding and loss of genetic variation in a reintroduced population of Mauritius Kestrel. Conserv. Biol. 2008, 22, 395–404. [Google Scholar] [CrossRef]

	



Morandini, V.; Dietz, S.; Newton, I.; Ferrer, M. The role of age of first breeding in modeling raptor reintroductions. Ecol. Evol. 2019, 9, 2978–2985. [Google Scholar] [CrossRef]

	



Johnson, J.A.; Stock, A.; Juergens, P.; Mutch, B.; McClure, C.J. Temporal genetic diversity and effective population size of the reintroduced aplomado falcon (Falco femoralis) population in coastal south texas. J. Raptor Res. 2021, 55, 169–180. [Google Scholar] [CrossRef]

	



Jacobsen, F.; Nesje, M.; Bachmann, L.; Lifjeld, J.T. Significant genetic admixture after reintroduction of peregrine falcon (Falco peregrinus) in Southern Scandinavia. Conserv. Genet. 2008, 9, 581–591. [Google Scholar] [CrossRef]

	



Champagnon, J.; Elmberg, J.; Guillemain, M.; Gauthier-Clerc, M.; Lebreton, J.-D. Conspecifics can be aliens too: A review of effects of restocking practices in vertebrates. J. Nat. Conserv. 2012, 20, 231–241. [Google Scholar] [CrossRef]

	



Englund, J.V. An urban Osprey population established by translocation. J. Raptor Res. 2002, 36, 91–96. [Google Scholar]

	



Rymon, L.M. The Restoration of Ospreys Pandion haliaetus to Breeding Status in Pennsylvania by Hacking (1980–1986). In Raptors in the Modern World; World Working Group on Birds of Prey (WWGBP): Berlin, Germany; London, UK; Paris, France, 1989; pp. 359–362. [Google Scholar]

	



Dennis, R.; Dixon, H. The experimental reintroduction of Ospreys Pandion haliaetus from Scotland to England. Vogelwelt 2001, 122, 147–154. [Google Scholar]

	



Zelano, B.; Edwards, S.V. An MHC component to kin recognition and mate choice in birds: Predictions, progress, and prospects. Am. Nat. 2002, 160, S225–S237. [Google Scholar] [CrossRef]

	



Griggio, M.; Biard, C.; Penn, D.J.; Hoi, H. Female house sparrows “count on” male genes: Experimental evidence for MHC-dependent mate preference in birds. BMC Evol. Biol. 2011, 11, 44. [Google Scholar] [CrossRef]

	



Strandh, M.; Westerdahl, H.; Pontarp, M.; Canbäck, B.; Dubois, M.-P.; Miquel, C.; Taberlet, P.; Bonadonna, F. Major histocompatibility complex class II compatibility, but not class I, predicts mate choice in a bird with highly developed olfaction. Proc. R. Soc. B Biol. Sci. 2012, 279, 4457–4463. [Google Scholar] [CrossRef]

	



Westerdahl, H. No evidence of an MHC-based female mating preference in great reed warblers. Mol. Ecol. 2004, 13, 2465–2470. [Google Scholar] [CrossRef]

	



Stervander, M.; Dierickx, E.G.; Thorley, J.; Brooke, M.d.L.; Westerdahl, H. High MHC gene copy number maintains diversity despite homozygosity in a Critically Endangered single-island endemic bird, but no evidence of MHC-based mate choice. Mol. Ecol. 2020, 29, 3578–3592. [Google Scholar] [CrossRef]

	



Bazzi, G.; Cecere, J.G.; Caprioli, M.; Gatti, E.; Gianfranceschi, L.; Podofillini, S.; Possenti, C.D.; Ambrosini, R.; Saino, N.; Spina, F. Clock gene polymorphism, migratory behaviour and geographic distribution: A comparative study of trans-Saharan migratory birds. Mol. Ecol. 2016, 25, 6077–6091. [Google Scholar] [CrossRef]

	



Bossu, C.M.; Heath, J.A.; Kaltenecker, G.S.; Helm, B.; Ruegg, K.C. Clock-linked genes underlie seasonal migratory timing in a diurnal raptor. Proc. R. Soc. B 2022, 289, 20212507. [Google Scholar] [CrossRef] [PubMed]








[image: Diversity 15 00622 g001 550] 





Figure 1. Geographical representation of the study area where osprey samples were collected. The four protected areas within the extensive coastal wetland system in southern Tuscany (central coastal Italy) and hosting the five osprey nest sites were: Maremma Regional Park (MRP−NEST_1, in blue), Diaccia Botrona Natural Reserve (DBR−NEST_2 and NEST_3, in orange and grey, respectively), Orbetello Lagoon (ORB−NEST_4, in yellow) and Orti-Bottagone Marsh (ORT−NEST_5, in green). The numerical values for latitude and longitude in decimal number format are: ° for degrees, ′ for minutes and ″ for seconds. 
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Figure 2. Graphic scheme of nests and reproductive events between 2011 and 2021. BELLOQ is the unringed male that in 2020 replaced I1-E4647 in NEST_1 and the father of solely the two chicks hatched in 2020 in NEST_1 (1-IBM-E2427 and 1-IBS-E2428). Two individuals hatched in 2011 and in 2016 in NEST_1 and NEST_3 (indicated by *), upon reaching sexual maturity, reproduced in the NEST_2 and NEST_5 (see notes below), respectively. In black are the ospreys sampled, while in red are reported other individuals of the population that have not been sampled for this study. Blue and pink squares indicate male and female birds, respectively. ** = individuals translocated during 2006–2010 that became successful breeders; ° = non-translocated Corsican adult female (ringed in Corsica as a pullus) that naturally settled in NEST_4 in 2018; n.a. = two individuals hatched in NEST_3 in 2021 but not ringed/sampled. \ = indicates unsuccessful breeding events (e.g., eggs did not hatch or pullus died before fledging). 
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Figure 3. Results from the Bayesian analysis conducted in POP_2. Following the delta K procedure, the best clusters were described at K = 3 and K = 4. Genetic components reflect what is known about the two chicks hatched in NEST_1 after the male replacement, IAA-E1150 that originated in NEST_1 and reproduced in NEST_2, and IAE-E1053 that was hatched in NEST_3 and reproduced in NEST_5. (a) Bar plots at K = 3, K = 4 and K = 5; (b) delta K and (c) mean likelihood curve to identify the best K. 
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Figure 4. Results from the factorial correspondence analysis conducted in POP_2. In the plot, the proximity of NEST_1 with NEST_2 and of NEST_3 with NEST_5 is evident. 
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Table 1. Variability indices in the two sampling periods (Na = number of alleles; Ar = Allelic richness; Ho = observed heterozygosity, He = expected heterozygosity; P(HWE) = significance of departure from HWE).
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	Pop
	Na
	Ar
	Ho
	He
	P (HWE)





	POP_1 (n = 33)
	3.4 ± 0.4
	3.4 ± 0.4
	0.451 ± 0.066
	0.444 ± 0.056
	-



	POP_2 (n = 49)
	3.0 ± 0.4
	3.0 ± 0.4
	0.462 ± 0.072
	0.433 ± 0.060
	<1.33 × 10−10



	WSS (n = 81)
	3.4 ± 0.4
	3.4 ± 0.4
	0.458 ± 0.068
	0.445 ± 0.058
	<1.61 × 10−7
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Table 2. Family group reconstructions using the software colony. Full-sibling relationships were found within and between the nests. The two individuals listed in cluster n. 6 were hatched in NEST_1 in 2020. After that, the male was replaced by another individual in the breeding pair. In this analysis, we removed the two chicks that had hatched in 2011 and 2016 in the framework of the reintroduction project and that successively reproduced in 2014 and 2019 (see the text and Figure 2 for further details).
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	Family Cluster 1 Prob (inc) 1.00

NEST_1
	Family Cluster 2 Prob (inc) 0.96

NEST_2
	Family Cluster 3 Prob (inc) 1.00

NEST_3
	Family Cluster 4 Prob (inc) 1.00

NEST_4
	Family Cluster 5 Prob (inc) 1.00

NEST_5
	Family Cluster 6 Prob (inc) 1.00

NEST_1





	1-B7-E3270
	2-IAD-E1051
	3-E4739
	4-ICE-E4742
	5-IBB-E4750
	1-IBS-E2428



	1-IAP-E1055
	2-E4738
	3-E4740
	4-ICV-E4743
	5-IBC-E2421
	1-IBM-E2427



	1-IAT-E1056
	2-E4737
	3-IAH-E1054
	4-ICI-E4744
	5-IBD-E2422
	



	1-IAZ-E1057
	2-A7-E4736
	3-IBE-E1058
	4-ICT-E4748
	5-IFJ-E2439
	



	1-IBA-E1066
	2-IAK-E1060
	3-IBI-E1059
	4-ICZ-E4749
	5-IFH-E2438
	



	
	2-IAV-E1061
	3-IAM-E1063
	4-IBV-E2429
	
	



	
	2-IAO-E1064
	3-IAB-E1062
	4-IFC-E2434
	
	



	
	2-IAS-E1065
	3-IDA-E4745
	4-IFF-E2437
	
	



	
	2-IAU-E4747
	3-IDB-E4746
	4-IFD-E2436
	
	



	
	2-IBZ-E2426
	3-IBK-E2425
	
	
	



	
	
	3-IBH-E2424
	
	
	



	
	
	3-IFA-E2431
	
	
	



	
	
	3-IFB-E2432
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