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Abstract

:

Integrating tracking technology and molecular approaches provides a comprehensive picture of contemporary and evolutionary mechanisms promoting connectivity. We used mitochondrial DNA and double digest restriction-site associated DNA (ddRAD) sequencing combined with satellite telemetry to investigate the connectivity of geographically disparate breeding populations of a declining boreal shorebird, the lesser yellowlegs (Tringa flavipes). We were able to track 33 individuals on their round-trip migrations to Central and South America and back to the boreal wetlands of North America. Nearly all (93%) adults captured on the breeding grounds returned to within 5 km of the original capture site, with a median dispersal distance of 629 m. While our telemetry data revealed limited breeding dispersal in adults, genetic data uncovered significant interconnectedness across the species’ range. Very little genetic structure was estimated at ddRAD autosomal (ΦST = 0.001), Z-linked (ΦST = 0.001), and mtDNA loci (ΦST = 0.020), and maximum likelihood-based clustering methods placed all individuals in a single cluster regardless of capture location, indicating the species is panmictic. Our data indicate that large-scale juvenile dispersal is the main mechanism maintaining connectivity in this species, resulting in the absence of genomic structure.
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1. Introduction


For declining species, the existence of genetically distinct sub-populations with limited dispersal can be cause for concern because they may have lower genetic diversity and increased opportunities for inbreeding and, therefore, may be less able to adapt to environmental perturbations [1]. Furthermore, when small, genetically distinct sub-populations are exposed to a threat such as harvest or human disturbance, populations may be at greater risk of becoming extirpated [2,3,4]. In contrast, large, interbreeding populations with very little genetic structure are thought to be more resilient because localized stochastic events and declines may be buffered by immigration of individuals from other regions [5].



Molecular approaches such as DNA sequencing and the identification of thousands of single-nucleotide polymorphisms (SNPs) can help inform conservation and management of declining bird species. These molecular approaches complement traditional movement and banding data by providing information on natal dispersal and genomic connectivity (dispersal followed by successful reproduction) across a broader time frame while allowing for inferences on a population’s genetic diversity. For example, genomic data have been used to identify genetically distinct populations that display unique migratory strategies (e.g., Wilson’s warbler (Cardellina pusilla) [6], greater white-fronted goose (Anser albifrons) [7]). Genomic data can provide additional evidence if certain populations or lineages are evolutionarily and/or demographically independent, resulting in the delineation of conservation units [8,9,10,11].



The lesser yellowlegs (Tringa flavipes) is a declining shorebird species that breeds in the boreal biome of North America from Alaska, U.S.A., to Quebec, Canada, and spends the boreal winter in the southern United States and throughout much of Mexico, Central America, and South America [12]. The species has experienced a steep decline (~63%) throughout its range [13,14], and as a result, has been listed as threatened in Canada [15] and a species of high conservation concern in the United States [16]. Lesser yellowlegs migrate long distances, which exposes them to multiple and likely concomitant threats across the annual cycle [16]. Threats include unsustainable harvest in South America [17], habitat loss [18,19], pesticides [20], and wetland drying [21].



In the Atlantic Americas Flyway, between 110,000 and 243,000 shorebirds are harvested for sport and subsistence each year [22]. The lesser yellowlegs comprised the majority (53–67%) of the harvest in Barbados [23] and were frequently sold in markets in Guyana [24]. Collectively, harvest mortality in these and other Caribbean and South American countries is thought to be unsustainable [25]. Recent evidence based on satellite tracking data showed that individuals breeding in central and eastern Canada had substantially greater probabilities of occurring in the harvest zone during hunting season than individuals originating in western Canada and Alaska [26]. The migration tracking data also indicated that individuals from geographically disparate breeding locations used different flyways during migration but overlapped in the non-breeding area, resulting in weak migratory connectivity overall [27]. These conclusions indicate that breeding birds using the Atlantic Americas Flyway are disproportionately affected by harvest, but it is unknown whether these birds represent a genetically distinct breeding population segment warranting special attention.



Dispersal is one of the primary mechanisms by which genetic diversity is maintained in wild populations, and in most bird species, natal dispersal exceeds adult dispersal [28]. Nevertheless, there is a great deal of variation in adult breeding site fidelity among shorebird species due to the diversity of mating systems within this group. Socially monogamous species typically have higher fidelity than polygamous or polyandrous species [29,30]. High site fidelity in monogamous species is thought to facilitate mate reunion, territory formation, and nest initiation early in the breeding season [31]. Lesser yellowlegs are monogamous for the duration of the breeding season but have low pair retention rates in subsequent years [12].



In this study, we evaluated the genetic distinctiveness and connectivity of populations across the breeding distribution of lesser yellowlegs using two approaches. First, we tagged birds on the breeding grounds using satellite transmitters and later tracked birds to their subsequent breeding destinations to quantify adult breeding site fidelity. Although moderate or high site fidelity may be observed among adult birds, high site fidelity by both sexes (>60%) may not equate to population structure (e.g., Barrow’s goldeneye (Bucephala islandica) [32]). Second, using samples collected across the breeding range, we used complementary molecular approaches, including double digest restriction-site associated DNA (ddRAD), which recovered autosomal and Z-linked loci, and mitochondrial DNA (mtDNA) control region sequence data, to assess the spatial variation in genetic diversity within lesser yellowlegs and to determine if significant population genetic structure exists and corresponds to movement data.




2. Materials and Methods


2.1. Breeding Site Fidelity via GPS


From May to August of 2018–2020, we captured and attached GPS tracking devices to 110 adult lesser yellowlegs at sites across the breeding range (U.S.A.—Alaska: Anchorage [including Joint Base Elmendorf-Richardson (JBER)], Kanuti National Wildlife Refuge; Canada—Northwest Territories: Yellowknife, Manitoba: Churchill, Ontario: James Bay, Quebec: Mingan; Figure 1). Birds were captured using audio lures and mist-nets, bow-nets, or whoosh nets. All birds were captured during the breeding season except at James Bay and Mingan, where trapping occurred post-breeding and potentially during migration. Tracking devices (Lotek Pinpoint Argos GPS-75, 4 g) were attached to birds via leg-loop harness [33]. Transmitters were programmed to transmit for approximately 1 year and record locations at 1- to 4-day intervals during southward migration and 4-day intervals during northward migration [27]. For birds that returned to breeding areas with active transmitters during the subsequent breeding season, the mean arrival date was calculated for each site and sex [34]. We did not use the locations of birds that stopped transmitting before this date because they were potentially in migratory status. Therefore, dispersal distances were calculated strictly for birds considered to be in breeding status. Transmitter schedules prevented us from determining exact nesting locations. For each bird that was transmitting during the breeding season, we calculated the geodesic distance between the initial capture location and the closest return location in ArcGIS (ArcMap version 10.5.1, [35]). For birds tagged during southbound migration in James Bay and Mingan, we measured the distance between the initial capture location and the closest return location during the subsequent breeding period (late May–early July; [12]). This location corresponded to where the bird was nesting or foraging during the breeding period.




2.2. Samples and DNA Extraction


We obtained blood samples from adult lesser yellowlegs captured during the breeding season from May 22 to July 7 or from juvenile or adult birds during southbound migration from July 18 to August 30 (2017–2019) (Figure 1, see Table 1 for sample size). Samples were stored in vials containing Longmire’s solution and frozen at the Alaska Department of Fish and Game, Anchorage office. To provide additional geographical representation, breeding season samples from Alberta were obtained through museum tissue loaned from the Royal Ontario Museum. Genomic DNA was extracted using a DNeasy Blood and Tissue kit following the manufacturer’s protocols (Qiagen, Valenica, CA, USA). Extractions were quantified using a High Sensitivity Quant-iT dsDNA Assay Kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA).




2.3. ddRAD Library Preparation and Read Assembly


Sample preparation for ddRAD sequencing and bioinformatic pipelines follows DaCosta and Sorenson ([36]; Python scripts available at http://github.com/BU-RAD-seq/ddRAD-seq-Pipeline, accessed on 15 August 2021). The genomic DNA (~1 µg) was digested with SbfI and EcoRI restriction enzymes. Sequencing adaptors containing unique dual indices were ligated to sticky ends, and fragments were size selected (size range 300–450 base pairs; bp) using double-sided SPRI beads (Beckman Coulter, Inc., Indianapolis, IN, USA). Size-selected fragments were amplified with 20 cycles using Phusion high-fidelity DNA polymerase (Thermo Scientific, Pittsburgh, PA, USA), and excess primers and dNTPs were removed with AMPure XP beads (Beckman Coulter, Inc.). Libraries were pooled in equimolar amounts based on fluorometry (High Sensitivity Quant-iT dsDNA Assay Kit). Single-end (150 bp) sequencing was completed on an Illumina HiSeq 4000 at the University of Oregon Core Genomics Facility. Raw reads are accessed on the National Center for Biotechnology Information (NCBI) Sequence Read Archive (BioProject PRJNA940525; biosample accessions: SAMN33686961-SAMN33687143).



Libraries were demultiplexed at the core facility using bcl2fastq 2.20 software (Illumina, San Diego, CA, USA). After clustering of similar sequences into putative loci, genomic positions relative to the Calidris pugnax reference genome (GenBank assembly 1.0, GCA_001431845.1) were determined using blastn v.2, allowing clusters representing the same locus to be combined, thereby improving the detection of polymorphic insertions and deletions (indels). Generally, individual genotypes at each locus were scored as heterozygous when two distinct haplotypes (i.e., alleles) accounted for more than 29% of sequence reads for a given sample and as homozygous when >93% of reads were consistent with a single haplotype. Putative heterozygotes with only 20–29% of reads representing a second allele were also allowed if that allele was present in other individuals. If not, the genotype was flagged as ambiguous. When only 7–20% of reads represented a second allele or there was evidence of more than two alleles in a given sample, genotypes were also flagged as ambiguous. Loci with a median per-sample sequencing depth ≥10, <10% missing genotypes, and <10% flagged genotypes were retained for downstream analyses. Autosomal and Z chromosome-linked loci were identified as outlined in [37], with assignments based on differences in sequencing depth and homozygosity between males and females. Females have only one Z chromosome, and therefore, Z-linked markers are expected to appear homozygous and have half the sequencing depth as males.




2.4. mtDNA Sequencing


Lesser yellowlegs individuals were sequenced at the mtDNA control region. A 512-bp fragment was amplified using primer pairs LEYE_CR323L (5′-CACATATAACGTMCTAAACCC-3′) and LEYE_CR842H (5′-CAGTGTTGATATGATTCCCC-3′). PCR amplifications and post-sequencing processing followed Sonsthagen et al. [38], with one exception: excess dNTPs and primers were removed using ExoSAP-IT (ThermoFisher Scientific, Waltham, MA, USA). PCR products were cycle-sequenced at Functional Biosciences, Inc. (Madison, WI, USA). For quality control purposes, we amplified and sequenced 10% of the samples in duplicate. No inconsistencies in mtDNA sequences were observed between replicates. Sequence data are accessioned on GenBank (accession numbers: OQ680686-OQ680708).




2.5. Genomic Diversity and Divergence


Nucleotide diversity (π) and composite pairwise estimates of relative divergence (ΦST) among sample location pairs and overall were calculated for each ddRAD locus using a custom Python script (out2phistA.py; available at http://github.com/BU-RAD-seq/Out-Conversions, accessed on 15 August 2021).



Diversity indices (nucleotide π and haplotype h) and divergence (FST and ΦST) among location pairs and overall were calculated for mtDNA in Arlequin 2.0 [39]. We also tested the hypothesis of selective neutrality and the evidence of population expansion using Fu’s Fs [40] and Tajima’s D [41] as implemented in Arlequin. An unrooted network for mtDNA was constructed in Network 10 [42] using the reduced median method [43] to illustrate reticulations in the gene tree because of homoplasy or recombination.




2.6. Population Genetic Structure


We applied three complementary methods to assess genetic relationships among the sampled sites. We visualized major trends in the distribution of genetic variation using a nonparametric method, principal components analysis (PCA), using the R package ‘adegenet’ [44] on haplotypic data sets for both autosomal and Z-linked loci. Only male individuals (n = 99) were included in the analyses of Z-linked loci. We plotted individuals relative to the first two principal components to determine the degree to which genetically similar individuals cluster into distinct geographic groups. We tested for the presence of close familial relatives within each sampled site, as genetic similarities among family groups can generate a stronger signal than population-level signatures using COLONY v2.0.6.8 [45]. Each unique haplotype at a given locus was scored as an allele. Priors for allelic dropout and genotyping errors did not influence familial relationship estimates because of the large number of loci analyzed; that is, results were identical across a range of priors. For the PCA analysis, we retained one individual from each set of close familial relatives, resulting in the exclusion of five individuals (see Supplemental Table S1 for a summary of COLONY results). For other analyses, the exclusion of close relatives did not have an appreciable effect on results; all samples were included in the remaining analyses.



Maximum likelihood estimates of population assignments for each individual were obtained using the parametric method implemented in ADMIXTURE [46,47] based on the autosomal ddRAD data set. Rare SNPs observed in only one individual were excluded from the analysis without a priori assignment of individuals to populations. The SNP data set was formatted in PLINK [48] following Alexander et al. [49]. We ran 100 iterations per analysis for each K (K = 1–10) and tested for optimal values of K using a 10-fold cross-validation (CV) procedure and quasi-Newton algorithm. The optimum K was based on the average of CV-errors across the 100 analyses per K. Additional Ks were explored to assess further population structure resolution that is consistent with the biology of this species [50]. CLUMPP v.1.1 [51] was used to determine the robustness of assignments of individuals to clusters at each K using the Large Greedy algorithm and 1000 random permutations to estimate final admixture populations for each K with per-sample assignment probabilities based on the 100 replicates.



We used fineRADstructure [52] to infer population structure based on shared co-ancestry (first coalescence) based on the autosomal data set using a haplotype-based approach (i.e., all SNPs were retained). FineRADstructure focuses on the most recent coalescence events, which provide information on recent sample relatedness, which in turn can be informative for evaluations of contemporary gene flow. Samples were assigned to populations using 1,000,000 iterations sampled every 1000 steps with a burn-in of 100,000. We used 10,000 iterations of the tree-building algorithm to assess relationships among clusters.




2.7. Spatial Genetic Structure


We used the program EEMS [53] to estimate rates of gene flow (m) and genetic diversity (q) relative to geographic distance across the landscape based on the autosomal ddRAD data set. EEMS uses a stepping-stone model to assess regions where genetic dissimilarity decays more quickly or slowly than expected under a model of isolation by distance based on individual gene flow rates. A migration (gene flow) surface is interpolated from these gene flow rates across the landscape to identify barriers or corridors to movement. Based on preliminary runs, we adjusted parameters so that the accepted proposal variances were between 10% and 40%. We ran three independent analyses using 1,000,000 burn-in steps followed by 5,000,000 Markov chain Monte Carlo (MCMC) iterations that sampled every 1000 steps for each deme (100, 250, and 500). We checked convergence and visualized gene flow and diversity surfaces using the ‘rEEMSplots’ package in R [53]. Only sites sampled during the breeding period (Anchorage, Kanuti, Alberta, Yellowknife, and Churchill) were included in the analysis, with the addition of Mingan, which comprised individuals that originated from unsampled breeding locations (e.g., northern Quebec, Canada).





3. Results


3.1. Breeding Site Fidelity via GPS


Of the 110 lesser yellowlegs fitted with tracking devices, 33 birds were still transmitting the following breeding season. Of 27 birds captured on the breeding grounds and still transmitting the following breeding season, the median dispersal distance between capture and return locations was 629 m (range: 88–423,143 m; Figure 2, Table 2). All but two birds (93%) returned to within 5 km of their capture location. One female from Anchorage returned to a location 17 km from the original capture location. The remaining bird (a male) from Churchill returned to a location 423 km from where it was captured the year before. This bird was captured while foraging on the shoreline of Hudson Bay one day after the mean arrival date; therefore, it is possible that it was still migrating to the breeding area. Predictably, birds (n = 7) captured during southbound migration in James Bay and Mingan returned to breeding locations north or northwest of the capture location, with a median distance of 414 km (range: 236–1850 km; Figure 2, Table 2).




3.2. Read Assembly and Loci Identification


We obtained 222,985,791 raw sequencing reads (median = 1,185,836 reads per individual, range 487,543–2,506,696) with a maximum read length of 150 bp. After initial exploration of genotyping results, two sample pairs were deemed to be of close familial relationship (e.g., siblings) based on preliminary PCAs and fine-RAD structure results and field notes (location, date, and age of individuals sampled). In both instances, the sample pairs were hatch-year-aged birds captured at the James Bay site. A single individual from each pair with a close familial relationship was removed from subsequent analyses. A total of 6097 putative single-copy loci met the depth/genotype threshold and passed automated checks for alignment quality or passed thresholds after manual edits that yielded 35,254 SNPs or insertions/deletions. Of those, 5816 loci were assigned to the autosomal gene and 281 were assigned to the Z chromosome. The final data sets comprised loci with a median sequencing depth of 67 reads per locus per individual, and on average 99.1% (a minimum of 80.0%) of alleles per individual per locus were scored.



We detected six pairs or trios of close familial relatives, including full siblings and parent-offspring relationships, in the Alaska-sampled populations of JBER, Anchorage, and Kanuti, as well as the non-breeding sampling locations of James Bay and Mingan (Supplemental Table S1). The Anchorage and JBER sampling locations included two pairs of full siblings as well as one parent-offspring pair. The parent in the parent-offspring pair (JBER location) was also a full sibling to the Anchorage individual in one of the full sibling pairs. In James Bay, we observed two pairs of full siblings. Lastly, a male from Mingan was inferred to be the parent of an individual breeding 5000 km away in Kanuti.




3.3. Genomic Diversity and Divergence


Genomic diversity was relatively uniform across autosomal and Z-linked ddRAD loci and populations, though Alberta exhibited lower levels of π (15.9 and 23.7% less) than other sites (Table 1). Alberta also had the highest proportion of loci with no variation at both autosomal (28.9%) and Z-linked (45.7%) loci, followed by Mingan (19.7 and 37.8%, respectively). Among the remaining sites, the proportion of non-variable loci ranged from 4.9–13.4% at autosomal and 10.8–24.8% at Z-linked loci, with James Bay having the lowest and Kanuti having the highest proportion of loci at both marker types. We note that Alberta (n = 4) and Mingan (n = 5) have low sample sizes.



Divergence among sampled sites was subtle (overall ΦSTAutosomal = 0.001; ΦSTZ-linked = 0.001), with pairwise estimates from −0.006 to 0.008 and −0.016 to 0.007 for autosomal and Z-linked loci, respectively (Supplemental Table S2). Some of the highest degrees of divergence were estimated between Alberta and Mingan and other sampled locations, and this is reflected in the number of loci with elevated ΦSTZ-linked (>0.1; n = 285–714 autosomal; n = 23–41 Z-linked). Comparisons among locations with larger sample sizes only had a small proportion of loci with elevated divergence (<2%, n = 4–109 autosomal; <4%, n = 1–11 Z-linked).



We recovered 19 unique mtDNA haplotypes characterized by 16 variable sites. The diversity metrics (number of haplotypes, haplotype richness, π, and h) were generally similar across sampled locations (Table 1), though Anchorage, Churchill, and James Bay exhibited lower levels than other sampled sites. Fs and D were negative for all locations and significantly negative for all except JBER, Alberta, and Mingan (Table 1), indicative of historical population expansion. A single haplotype group was observed, with one high-frequency haplotype that comprised individuals from all sampled locations and contained >78% of sampled individuals (Figure 3). The remaining haplotypes were of low frequency and represented by <3.3% of sampled individuals (n = 1–2) with private haplotypes (only observed at a single location). Population divergence was uncovered, albeit at low levels. The overall estimate was significant when a nucleotide substitution model was applied to the dataset (FST = 0.013, p = 0.159; ΦST = 0.020, p = 0.046). Estimates for the pairwise comparisons ranged from −0.175–0.221 for FST and −0.119–0.127 for ΦST; two comparisons between JBER and Churchill and JBER and James Bay were significant at ΦST (0.052 and 0.065, respectively; Supplemental Table S2).




3.4. Population Genetic Structure


The limited structure was recovered across sampled sites and analyses. No discernible clusters were uncovered when samples were plotted relative to the first two principal component axes based on autosomal or Z-linked loci (Figure 1). Structure was not uncovered based on the maximum likelihood approach as implemented in ADMIXTURE (Supplemental Figure S1). Further, nearly all (n = 164/181; 91%) individuals clustered together in a single group based on recent genetic ancestry in the fineRADstructure analysis (Supplemental Figure S2). The remaining recovered clusters comprised two to three individuals with relatively greater co-ancestry, reflecting kin associations confirmed with COLONY analysis. Most of these clusters comprised individuals sampled at geographically close sites (Anchorage and JBER or within James Bay) with one exception: one member of a pair of lesser yellowlegs with high co-ancestry values was captured at the farthest west site, Kanuti, and the other member was captured at the farthest east site, Mingan.




3.5. Spatial Genetic Structure


The EEMS analysis did not detect any regions where genetic dissimilarity decayed more quickly or slowly than expected under a model of isolation by distance across all demes analyzed (Supplemental Figure S3). Genetic diversity, however, was high at breeding sites, with lower than expected diversity from birds sampled at Mingan based on an isolation-by-distance model of genetic dissimilarity (Supplemental Figure S3).





4. Discussion


4.1. Key Findings


Inferences of population distinctiveness in lesser yellowlegs differed between approaches. Lesser yellowlegs exhibited high breeding site fidelity (93%) based on GPS tracking data. Adults carrying GPS transmitters returned to the same breeding areas in subsequent years, with transmitting locations a median distance of only 246–777 m from their original capture location, although few birds (7%, n = 2/27) dispersed over greater distances (17–423 km). The high breeding site fidelity observed based on telemetry data is indicative of distinct breeding populations. Conversely, genomic diversity does not appear to be structured across the breeding range of lesser yellowlegs. At ddRAD autosomal, Z-linked, and mtDNA loci, little genetic structure was uncovered. Populations were only weakly diverged at ddRAD loci (ΦST < 0.007; Supplemental Table S3), and only two comparisons were significant based on mtDNA sequence divergence (ΦST < 0.065, n = 56 comparisons; Supplemental Table S2). Further, non-parametric and maximum likelihood-based clustering methods placed all individuals into a single cluster regardless of sample location, and no barriers to dispersal were uncovered. Furthermore, the parent/offspring relationship between one bird sampled in Mingan, Quebec, and another sampled approximately 5000 km away in Kanuti, Alaska, supports the hypothesis of long-distance dispersal of juveniles. The coalescent-based approach and COLONY analysis, however, also identified high co-ancestry (siblings and parent-offspring relationships) among birds sampled from the same geographic region. Combined, these findings highlight that dispersal decisions vary at the individual level and the degree of philopatry can be quite variable within species as it is strongly influenced by ecological factors ([54]; also see “mechanisms” section below). The lack of partitions in genomic diversity indicates that lesser yellowlegs breeding areas are connected through a network of gene flow. Given the high return rate observed at breeding areas for adult lesser yellowlegs, we hypothesize that the absence of genomic structure among sampled sites is attributable to juvenile dispersal as the main mechanism promoting genomic connectivity in this species.



Although the two approaches applied here appear to provide conflicting results regarding the distinctiveness of populations, telemetry- and genomics-based methods are measuring different aspects of connectivity (genomic vs. migratory). Specifically, in our study, movement data provided a direct measure of the dispersal of breeding adults. Genomic data provide an indirect measure of natal and breeding dispersal and subsequent successful reproduction. Movement- and genomic-based methods are therefore complementary and allow for greater inference regarding mechanisms promoting or restricting dispersal among areas. Through the evaluation of results from both approaches, we were able to identify the cohort likely promoting gene flow in lesser yellowlegs as juvenile birds. If only a single approach had been applied, we could have overestimated the amount of structure present in lesser yellowlegs. This study adds to the growing body of literature highlighting the importance of employing multiple approaches that assess natal and breeding dispersal for evaluations of population distinctiveness (e.g., [7,32,55]).




4.2. Mechanisms


The observed lack of genetic structure in lesser yellowlegs is akin to that found in reed warblers (Acrocephalus scirpaceus) and mallards (Anas platyrhynchos), which have widespread distributions and gene flow across populations [5,56]. Natal dispersal is likely contributing to significant gene flow in lesser yellowlegs. Migratory birds often have greater breeding site fidelity than natal philopatry [28,54]. Dispersal in juveniles typically exceeds adult dispersal except for species occurring in highly isolated environments (e.g., islands; [57]). For monogamous species, returning to familiar breeding areas facilitates reunion with mates and defense of territories [58]. Juveniles, conversely, do not have established territories or mates. Dispersal among breeding areas may provide a mechanism to avoid mating with close relatives. As a result, the benefits of returning to natal nesting areas are somewhat lower for this age group, especially if breeding habitat is widespread [31]. Instead, juveniles are thought to “follow the leader” from wintering areas to breeding grounds that support high densities of conspecifics [58], although see [59]. Juvenile lesser yellowlegs have been reported to return to natal sites at a rate of 19% (4/21 birds; [12]), and this taken together with typically low juvenile shorebird survival rates [60,61] indicates that relatively infrequent long-distance natal dispersal events are maintaining gene flow. Alternatively, the absence of genomic structure at the three marker types assayed herein may be attributable to incomplete lineage sorting post-divergence [62]. Given (a) the concordant signal in patterns of genomic variation across three marker types with differing modes of inheritance and effective population sizes, (b) the detection of close-familial relationships between individuals sampled at distant sites, and (c) the high adult return rates, juvenile dispersal is likely a more parsimonious hypothesis regarding differences in patterns of structure between genomic and direct observations of movement than incomplete lineage sorting in lesser yellowlegs.




4.3. Comparisons with Boreal Avifauna


Presently, species nesting in the boreal biome have varied patterns of spatial genomic diversity ([63,64]; see [65] for a review). During the Pleistocene, much of the Boreal was covered in glacial ice sheets, and North American bird species breeding in boreal forests and wetlands occupied refugia north and (or) south of the ice sheets where populations diverged in allopatry [62]. Persistence in multiple glacial refugia leaves predictable patterns of genetic diversity that were not observed in lesser yellowlegs. Lesser yellowlegs are weakly structured across their range, and the mtDNA haplotype network has a star-like pattern, consistent with expansion from a single glacial refugium post-Pleistocene [62]. When we compare the pattern of structure among other boreal species at sites that occur within the lesser yellowlegs distribution, we see a similar absence of genetically distinct haplotype groups (e.g., boreal chickadee (Poecile hudsonicus), golden-crowned kinglet (Regulus satrapa), Swainson’s thrush (Catharus ustulatus), yellow-rumped warbler (Setophaga coronata), and blackpoll warbler (Setophaga striata), see Table 1 and Figure 1 in [65]). Species with more complex patterns of spatial genetic structure (e.g., rusty blackbird (Euphagus carolinus) [64], Canada jay (Perisoreus canadensis), yellow-bellied flycatcher (Empidonax flaviventris) [65]) have breeding distributions that expand to areas that often harbor unique genomic diversity (e.g., Newfoundland, southwestern United States). Comparisons of genomic diversity among species in locations shared with lesser yellowlegs yields a similar pattern—weak spatial genomic structuring across the central and western boreal.




4.4. Conservation Implications


Genetic diversity is fundamental to the ability of a species to adapt to changing environments, climate change, and other natural or anthropogenic stressors (e.g., disease, pollution). Panmictic species with moderate to high immigration likely have the advantage of being partially buffered from localized population declines and resulting declines in genetic diversity (see [66]). However, such species may also have the disadvantage of the cascading effects of threats on the entire population (e.g., disease and harvest [5]).



The boreal biome in North America is composed of a mixture of wetland complexes and forests that is projected to contract at its southern edge [67] along with substantial decreases in population size and ranges of bird species [68,69,70]. Under different climate-scenario models, the lesser yellowlegs’ vulnerability to climate change has been categorized as high [69].



Lesser yellowlegs have a broad distribution, covering much of the Western Hemisphere throughout their annual cycle, breeding across most of the continental boreal biome, and migrating south to nonbreeding grounds in South America. As a potential consequence of weak migratory connectivity, most of our sampling sites had higher than expected genetic diversity (EEMS analysis, Supplementary Figure S3). This may provide lesser yellowlegs with a degree of adaptive capacity to climate change and other anthropogenic activities that continue to alter the landscape. Moreover, current research has shown that populations in central and eastern Canada are disproportionately affected by harvest [26]. Nevertheless, our results demonstrate that these birds do not represent a genetically distinct population segment. The observed weak migratory connectivity suggests that eastern Canadian populations may benefit from dispersing first-year breeders from western populations. Conversely, western populations are not completely isolated from the threat of harvest because individuals hatched in this region may use the Atlantic Americas Flyway during southbound migration as adults, where exposure to harvest is highest [26]. Thus the vulnerability to stressors of a population can be positively or negatively affected by connectivity [71].



The synchronized migration schedules and/or cultural transmission of migratory behaviors among juveniles from similar geographic areas are thought to promote localized adaptation and genetic structure in some species of migratory birds [6,7]. This does not appear to be the case for lesser yellowlegs, even though migration and breeding schedules differ between eastern and western populations [34]. Genomic connectivity through natal dispersal is likely facilitated by the amount of geographical and temporal overlap during migration and the boreal winter [27]. However, genomic connectivity could be disrupted as breeding and boreal wintering areas continue to become fragmented [72,73,74,75]. Future efforts to identify and conserve important areas where individuals from multiple breeding populations converge during the non-breeding period would likely have a high conservation benefit for the species.









Supplementary Materials
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Figure 1. Map and scatter plot of lesser yellowlegs sample site locations. The scatter plots are of the first two principal components plotted for haplotypic data, with the proportion of variance explained, from 5816 autosomal and 281 Z-linked loci (males only). Sites on the map denoted with circles are areas where birds were sampled during the breeding season, and sites denoted with squares are for birds that were sampled during non-breeding. The area shaded in gray represents an approximate distribution during the breeding season. 






Figure 1. Map and scatter plot of lesser yellowlegs sample site locations. The scatter plots are of the first two principal components plotted for haplotypic data, with the proportion of variance explained, from 5816 autosomal and 281 Z-linked loci (males only). Sites on the map denoted with circles are areas where birds were sampled during the breeding season, and sites denoted with squares are for birds that were sampled during non-breeding. The area shaded in gray represents an approximate distribution during the breeding season.



[image: Diversity 15 00595 g001]







[image: Diversity 15 00595 g002 550] 





Figure 2. Southbound and northbound migrations of adult lesser yellowlegs that were tagged across their breeding range in 2018–2020. Only birds (n = 33) with functioning transmitters during the breeding season following capture are shown. Capture locations are denoted by circles (breeding areas) or squares (post-breeding migratory stopovers). Arrows indicate the direction of travel (southbound or northbound migration). 
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Figure 3. Unrooted network illustrating relationships among mitochondrial DNA (mtDNA) control region haplotypes assayed from lesser yellowlegs residing in Alaska and Canada. The size of the circle is proportional to the number of individuals representing that haplotype. 
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Table 1. Indices of genetic diversity: nucleotide (π) and haplotype (h) diversity, number of haplotypes (H), haplotypic richness (HR), tests of selective neutrality (Fs and D), and sample size (n) based on autosomal (A) and Z-linked double digest restriction-associated DNA (ddRAD) and mitochondrial DNA (mtDNA) control region loci for lesser yellowlegs sampled across breeding (B) and non-breeding (NB) sample sites in Alaska and Canada. The single standard deviation is in parentheses. Significant metrics are in bold text. HR is based on a minimum sample size of 4 individuals. JBER is Joint Base Elmendorf-Richardson.
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B

	
0.0061

	
0.0037

	
20

	
4

	
2.7

	
0.0015

(0.0013)

	
0.500

(0.122)

	
−1.0

	
−0.7

	
20




	
Yellowknife

	
B

	
0.0061

	
0.0037

	
18

	
6

	
2.9

	
0.0010

(0.0010)

	
0.468

(0.140)

	
−4.5

	
−2.0

	
19




	
Alberta

	
B

	
0.0053

	
0.0029

	
3

	
3

	
3.0

	
0.0020

(0.0019)

	
0.833

(0.222)

	
−0.9

	
−0.7

	
4




	
Churchill

	
B

	
0.0062

	
0.0038

	
37

	
4

	
1.9

	
0.0007

(0.0008)

	
0.252

(0.092)

	
−1.7

	
−1.5

	
37




	
James Bay

	
NB

	
0.0062

	
0.0038

	
66

	
10

	
2.4

	
0.0008

(0.0008)

	
0.331

(0.075)

	
−11.1

	
−2.0

	
66




	
Mingan

	
NB

	
0.0057

	
0.0036

	
5

	
3

	
2.6

	
0.0016

(0.0016)

	
0.700

(0.218)

	
−0.8

	
−1.0

	
5




	
Overall

	
–

	
0.0063

	
0.0038

	
181

	
19

	
–

	
–

	
–

	
–

	
–

	
183
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Table 2. Distance between capture location on the breeding grounds and the closest known return location (based on GPS transmitters) during the subsequent breeding season for adult lesser yellowlegs in Anchorage (including Joint Base Elmendorf-Richardson, JBER), Kanuti, Yellowknife, and Churchill. All birds were captured during the breeding period except for those from James Bay and Mingan.
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	Deployment Location
	Location Type
	Minimum Distance (m)
	Maximum Distance (m)
	Median Distance (m)
	n





	Anchorage
	Breeding area
	200.2
	17,821.8
	776.9
	11



	Kanuti
	Breeding area
	341.1
	1101.6
	753.5
	3



	Yellowknife
	Breeding area
	88.6
	405.5
	246.1
	5



	Churchill
	Breeding area
	212.5
	423,143.6
	547.1
	8



	All breeding
	Breeding area
	88.6
	423,143.6
	629.2
	27



	James Bay
	Migratory stopover
	235,722.2
	235,722.2
	235,722.2
	1



	Mingan
	Migratory stopover
	297,447.0
	1,849,575.8
	489,060.1
	5



	All non-breeding
	Migratory stopover
	235,722.21
	1,849,575.80
	413,628.23
	6
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