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Abstract

:

Striped bass is the subject of important commercial and sport fisheries in North America. The Roanoke River drainage—especially Smith Mountain Lake, Leesville Lake, and Kerr Reservoir—has popular recreational striped bass fisheries. After construction of five hydroelectric dams, populations became landlocked, declined, and have been supplemented by stocking. A key basis for responsibly augmenting populations is to characterize genetic variation and incorporate the findings into responsible hatchery and stocking practices. Genetic variation at 12 microsatellite DNA loci was evaluated among 837 striped bass representing 16 collections across the native range; populations from rivers in South Carolina, North Carolina, Chesapeake Bay, and Hudson River were screened to provide context for assessing genetic structure within the Roanoke system. Analysis of population genetic differentiation showed landlocked Roanoke River striped bass to be distinctive. Subject to genetic isolation, high M ratios, and relatively low Ne estimates suggest loss of genetic variation, and relatedness analysis showed heightened frequencies of related individuals. These insights into population genetics, demographics, and existing guidelines for broodstock acquisition and mating designs can inform genetically cognizant hatchery management and stocking for striped bass in the Roanoke River drainage. In particular, we recommend the use of larger numbers of breeders and factorial mating designs to increase the genetic diversity of propagated striped bass stocked within the Roanoke River drainage.
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1. Introduction


Striped bass (Morone saxatilis) is the object of important recreational and commercial fisheries throughout North America [1]. The native range of the species includes the Atlantic and Gulf of Mexico coasts of North America [2], and after it was introduced to the Pacific coast in California in the late 1870s, the species subsequently spread north to establish reproducing populations in Oregon [3,4]. Striped bass exhibits both anadromous and freshwater resident life-history strategies, and populations may exhibit multiple life-history strategies [5,6,7,8,9], which may be related to population size [10,11] and ontogenetic development [8,12]. Partial migration, where some individuals in a population are resident while others migrate [13], and contingent behaviors also are known. Because of habitat loss and fishing pressures, striped bass populations suffered significant declines, in different locations starting at different times from the 1950s to the 1980s [14]. To reverse these declines, several fisheries management agencies began striped bass stocking programs [15]. The success of these programs has been inconsistent, in part because of the species’ sensitivity to stress and environmental conditions and inability to complete their migratory life history in landlocked systems [16].



Striped bass is a widely sought gamefish in the Commonwealth of Virginia, where the Roanoke River drainage has highly popular striped bass fisheries [17]. While striped bass in the Roanoke River system historically occurred from the Blue Ridge Mountains to the Atlantic Ocean, construction of a series of five dams in the 1950s (Kerr, Roanoke Rapids) and 1960s (Smith Mountain, Leesville, Gaston, VA, USA) (Figure 1) blocked striped bass migration to and from the Atlantic Ocean and prevented striped bass from migrating among reaches within the Roanoke River. The respective aggregations of striped bass became isolated, and some declined. Faced with declining fisheries, managers initiated supplemental stocking. For example, after Kerr Reservoir was filled in 1952, the population initially had high abundance and supported a high level of harvest, but declines in natural recruitment led to the need for supplemental stocking [18]. The original Brookneal Hatchery was built in 1963 to propagate striped bass migrating upstream from Kerr Reservoir to spawn in the Roanoke River. Striped bass have been stocked into Kerr Reservoir sporadically since 1953, with regular annual stocking beginning in 2003 (Supplemental Table S1). Although a naturally reproducing population of striped bass was recognized by the late 1960s–early 1970s, recruitment and catch-per-unit-effort (CPUE) have proved highly variable. Captures of citation-sized striped bass (94 cm total length, 9.1 kg) in the Roanoke River basin have declined from 841 in the 1980s, to 69 in the 1990s, 32 in the 2000s, and only 12 in the 2010s (Dan Michaelson, Virginia Department of Game and Inland Fisheries, personal communication). The decline of the striped bass fishery could be due to the introduction of the competitor blue catfish Ictalurus furcatus to Kerr Reservoir in 1985, poor growth rate, inbreeding, poor water quality, intra-specific competition, and the introduction of parasites (Dan Michaelson, Virginia Department of Game and Inland Fisheries, unpublished data).



Historically, the hatcheries that supplied striped bass for stocking into the Roanoke River system used only a small number of broodstock, a practice that in general has been linked to a reduced genetic diversity and decreased effective breeding population sizes (   N e   ) [19,20]. In recent years, all individuals collected for broodstock, generally 4–6 females and 8–12 males, came from Kerr Reservoir (Virginia Department of Game and Inland Fisheries, unpublished documentation). Propagation of wild broodstock at the new Vic Thomas Hatchery in Brookneal, Virginia formerly was performed using strip-spawning and artificial fertilization, but more recently individual females have been held in tanks with multiple males and allowed to spawn volitionally. Most young are stocked into Smith Mountain Lake, Leesville Lake, and Kerr Reservoir, and any excess fry or fingerlings are stocked into the mainstem of the river. Striped bass from the lower Roanoke River, Albemarle Sound, or the Cape Fear River (all in North Carolina) have been stocked occasionally into Smith Mountain Lake, where they do not reproduce and from which there is no outmigration (Dan Michaelson and Scott Smith, Virginia Department of Game and Inland Fisheries, personal communication). Noting trends towards decreasing individual size and population demographic fluctuations, fishery managers are concerned that hatchery augmentation using few spawning individuals over a long period of time has led to inbreeding depression, especially for striped bass within Kerr Reservoir. This explanation has heretofore not been tested.



To inform management of Roanoke River striped bass fisheries, genetic data need to be compared to those of other populations across the species’ native range. While striped bass has been the subject of numerous molecular genetic studies to identify its population structure, most have focused on the coastal migratory stock [21], i.e., the anadromous populations that migrate between spawning sites in rivers and the Atlantic Ocean. The coastal migratory stock includes a contribution from the Roanoke River [22]. However, striped bass along the Atlantic Coast south of the Roanoke River to the St. Johns River, Florida are believed to be non-migratory [23]. Using mitochondrial DNA (mtDNA) markers, low levels of intraspecific sequence diversity proved unsuitable for assessing fine-scale genetic differentiation among many populations [24,25,26]. However, the use of nuclear DNA markers, especially microsatellite DNA, has proven useful for recognizing differentiated populations [21,27,28]. Gauthier et al. [27] showed that the Hudson River, Delaware River, pooled Chesapeake Bay collections, Roanoke River, and Santee-Cooper system supported genetically distinct populations. Screening striped bass populations in the southeastern United States, Anderson et al. [28] found strong genetic differentiation between the aggregated Santee-Cooper collection and the Roanoke River. Wirgin et al. [21] showed genetically distinct populations across the species’ distribution, including the Miramichi, Shubenacadie, Hudson, Delaware-Chesapeake, Roanoke, and Santee-Cooper rivers, which mostly corroborated the results of earlier studies using mitochondrial mtDNA markers [25,26]. The Santee-Cooper population was found to be highly distinct from that in the Roanoke River and all other populations coastwide, while populations nearer the center of the species’ distribution in the Roanoke River, tributaries of the Chesapeake Bay, Delaware River, and Hudson River showed much lower levels of genetic divergence. Screening 1256 single nucleotide polymorphism (SNP) loci, LeBlanc et al. [29] investigated the genetic structure of striped bass from 15 locations spanning the North American Atlantic coast from the Gulf of St. Lawrence (Canada) to the Cape Fear River, North Carolina (United States). While they found striking divergence among Canadian sites, which were isolated from each other and U.S. populations, the U.S. populations were much less differentiated. However, genetic differentiation between coastal and landlocked populations of striped bass has not been thoroughly assessed, notably that of populations in the Roanoke River.



Recognition of demographically and genetically distinct populations is critical for defining management units and for designing and implementing appropriate fisheries management practices. In some rivers, striped bass may exhibit multiple life histories [7]; hence, knowing the life history and genetic composition of striped bass in each particular river is useful for designing science-based fisheries management practices. Stocked landlocked populations of striped bass often are derived from various source populations, which can determine the overall genetic differentiation of spawning groups even within a river or reservoir [30]. Even low levels of genetic differentiation can distinguish migratory and non-migratory populations [27].



Fisheries management programs involving stocking should augment populations in a genetically cognizant manner; a key prerequisite is to characterize genetic variation and to incorporate the findings into responsible hatchery and stocking practices [31,32]. As noted above, microsatellite DNA markers provide a useful measure of population genetic diversity, structuring, and individual relatedness [33]. Against this background, the goals of this study were to: (1) Assess the position of the Roanoke River striped bass population within the genetic structure of the species along the U.S. Atlantic coast; (2) assess whether random genetic drift and inbreeding were apparent within striped bass populations in the Roanoke River system; and (3) frame recommendations for management of striped bass in the Roanoke River basin.




2. Results


2.1. Assessment of U.S. Atlantic Coast Populations


A first set of analyses considered population genetic structure of striped bass from the Hudson River (New York), tributaries of the Chesapeake Bay (Maryland and Virginia), the Roanoke River basin of Virginia, and a suite of southeastern U.S. rivers in North Carolina and South Carolina (Table 1, Figure 2). All 12 microsatellite loci screened (Table 2) were polymorphic (Table 3, Supplemental Table S2) and provided no evidence of linkage disequilibrium or pervasive departures from Hardy-Weinberg equilibrium. However, microsatellite loci MSM 1144, 1243, 1094, and 1139 showed evidence of segregation of null alleles, and data from two loci with null alleles above a frequency of 0.1 were removed from further analysis. Mean numbers of alleles per locus were lowest in southeastern populations although sample sizes were small, higher in the Roanoke River drainage, and highest in the Chesapeake Bay and Hudson River systems. Expected and observed heterozygosities were comparable among all systems. M-ratios (i.e., the number of alleles observed as a fraction of those possible within the range of allele sizes within the population [34]) ranged from 0.06 for the Hudson River population to 0.29 for the Roanoke Rapids population, all below the criterion value of 0.68 [34] indicative of genetically bottlenecked populations.



To detect any signature of hierarchical genetic structuring among our collections, we examined the geographic distributions of multilocus genotypic clusters using Discriminant Analysis of Principal Components (DAPC) [35] for different levels of K (Figure 3), including the value that minimized the Bayesian information content (BIC). At K = 8, differentiation was evident among the five southeastern (shown in red and pale blue), Roanoke basin (pale green, orange, pale blue), Chesapeake Bay (green, pink, red, pale blue), and Hudson River (pink, red, pale blue) collections. Some clusters were shared among collections, especially among the anadromous populations. The lowest BIC value was observed for K = 11 (Supplemental Figure S1). The southeastern collections (purple, pale blue clusters) appeared distinct. The Roanoke basin showed several clusters (green and yellow). Differentiation was apparent among the respective Chesapeake Bay collections (pink, brown, and blue), with some clusters shared with the Hudson River collection.



Hierarchical structuring among populations range-wide was investigated further using the Bayesian clustering algorithm STRUCTURE [38] by viewing results for multiple values of K [39]. We used two commonly applied approaches to identify well-supported numbers of multilocus genotypic clusters in the data. Using the mean LnP(D|K) method [36]—i.e., the highest likelihood of the data given the number of clusters—as the critical metric showed the best-supported value to be K = 14 clusters across the range [38]. The Evanno et al. [39] K metric (Supplemental Figure S2) best supported K = 3 [40]. STRUCTURE bar-plot outputs for different values of K (Figure 4) supported different insights into differentiation among clusters. At K = 2, differentiation was apparent between landlocked collections (1–6) in the southeast and (13–16) in the upper Roanoke basin (colored orange) versus anadromous populations (colored blue). Interestingly, the lower Roanoke River population (collection 6) showed a signature of mixing of landlocked and anadromous ancestry. At K = 3, the James and Chickahominy rivers within the Chesapeake Bay region were distinguished as a genetically distinct assemblage, most similar to the Lake Marion and Lake Moultrie populations in South Carolina. Major similarities between the respective landlocked and respective anadromous populations across the range were apparent. At K = 9, the Roanoke River drainage showed genetic structuring, and two of the Chesapeake Bay (James and Chickahominy rivers) and the Cooper River populations (Lakes Marion and Moultrie) were distinctive from other groupings. At K = 14, the Cape Fear/Neuse/Tar, Roanoke basin, and Hudson assemblages were further divided. At K = 16, STRUCTURE output largely showed differentiation among sampling locations across the range, including structuring within the Roanoke River basin. The James/Chickahominy (Virginia) and Lake Marion/Lake Moultrie (South Carolina) clusters were well differentiated from other clusters across the range. There also was an indication of different genetic structuring within the northern Chesapeake Bay region and the Hudson River anadromous populations and the southeastern anadromous populations, although they still showed some degree of genetic similarity.



Against the background of the DAPC and STRUCTURE results, for analysis of molecular variance (AMOVA) we divided the striped bass populations into geographically defined groups to quantify hierarchical population structure. First dividing populations into four groups (Hudson River, Chesapeake Bay, inland Roanoke River, and southeastern rivers}, AMOVA results (Table 4A) showed that 85.6% of genetic variation across the entire range of populations was within individuals, 9.5% among individuals within populations, 2.8% among populations within the four major groups, and 2.1% among the major groups of populations. Repeating the analysis with five groups (Hudson River, Chesapeake Bay, inland Roanoke River, Tar/Neuse/Cape Fear rivers, and Santee-Cooper basin, Table 4B) had the effect of slightly increasing variation among groups while slightly decreasing other components of variance. All components of variance were significantly different from zero.



The overall departure of observed genotype frequencies from Hardy-Weinberg equilibrium (HWE) expectations    F  IT     was 0.14, the localized departure    F  IS     was 0.10, between sites within major groups    F  SC     was 0.03, and between major groups FCT was 0.02 (Table 5), indicating that most of the departure from HWE was within populations. Heterozygote deficiency tests showed that there was a high level of homozygosity across loci within populations of striped bass across the range. The overall average    F  IS     for the entire range of striped bass was 0.08, for the southeastern grouping of populations 0.06, for the Chesapeake Bay system 0.06, for the Roanoke basin 0.122, indicating larger local departures from Hardy-Weinberg equilibrium in the Roanoke system than elsewhere. The individual populations with the highest FIS metrics were Lake Moultrie, South Carolina (0.21), Staunton River, Virginia (0.18), Kerr Reservoir, Virginia (0.14), and Hudson River, New York (0.14). Maximum likelihood estimations of inter-individual relatedness within populations [Harris 2019 = 37] showed that approximately 15% of each regional population was made up of half-siblings, higher than might be expected within such large populations.



Metrics of pairwise interpopulation differentiation (Table 6) reflected significant geographic discontinuities. FST values among Roanoke River collections averaged 0.026, a low value as would be expected within a watershed. Mean FST among populations in southeastern rivers was 0.058 and among Chesapeake Bay populations 0.054. The Hudson River collection was more similar to the lower Roanoke River (FST = 0.022) and to southeastern (mean FST = 0.042) than to landlocked Roanoke (mean FST = 0.055) or Chesapeake Bay (mean FST = 0.051) collections. Although low, most FST values were significantly greater than zero.




2.2. Assessment of Roanoke River Genetic Population Structure


The focus of this study was collections within the Roanoke River basin, particularly the genetic structuring among reservoir collections. Null alleles were detected to be segregating at microsatellite loci MSM 1243, 1094, 1208, and 1067; loci with null alleles more frequent than 0.1 were MSM 1243, 1094, and 1067, and their data were removed from the analyses.



Genetic structuring among Roanoke River basin collections was apparent in the DAPC results (Figure 5). While the respective clusters were dispersed throughout the basin at K = 6, cluster 2 (shown in pale green) tended to be distributed toward the upper basin and cluster 5 (purple) toward the lower basin. The lowest BIC value was observed at K = 8 (Supplementary Figure S3). Much the same spatial pattern was observed, with some clusters (e.g., 5, shown in orange) occurring more frequently upstream, others (3 and 7, green and grey) downstream, and yet others (1 and 4, pale blue and red) well dispersed throughout the basin. That there would be six to eight differentiated populations within the Roanoke basin is not tenable; rather, these clusters may represent subpopulations, cohorts, or groups of stocked hatchery-propagated fish. Downstream clusters may represent anadromous striped bass or their descendants.



Using STRUCTURE, the best-supported number of multilocus genotypic clusters in the data was K = 2 using the Evanno et al. [41] (Supplemental Figure S3) and K = 10 using the mean LnP(D|K) metric [38]. STRUCTURE results (Figure 6) for K = 2 separated clusters from various locations within the drainage without a well-defined geographic break. Results for K = 3 showed some differentiation between the far ends of the basin and structuring within reservoirs. K = 4 showed small amounts of population genetic differentiation above and below Kerr Reservoir. K = 6 further separated populations above Kerr Reservoir and showed the presence of some level of structuring. At K = 10, all collections were comprised of multiple clusters.



For AMOVA analyses, we divided Roanoke River collections into two groups, based on their position above or below the Roanoke Rapids dam that blocks upstream migration of anadromous striped bass. Results (Table 7) showed 82.3% of genetic variation of striped bass in the Roanoke River was within individuals, 12.6% among individuals within populations, 1.7% among populations within groups, and 3.38% between the upstream and downstream groups. All components of variance except for FCT, pertaining to variation between the landlocked and non-landlocked populations, were significantly different from zero. The overall departure from HWE    F  IT     was 0.18, the localized departure    F  IS     was 0.13, that between sites within groups    F  SC     was 0.02, and that between groups FCT was 0.03 (Table 5).



The respective Ne estimates for Roanoke River striped bass collections (Table 8) ranged from the low tens to over 100; in most cases, estimates made using either the linkage disequilibrium and maximum likelihood methods fell within the 95% confidence interval for the other method. However, for the lower Roanoke River, the larger estimate was made using the linkage disequilibrium method, and for Smith Mountain Lake and Kerr Reservoir the larger estimates were made using maximum likelihood.



The respective methods for assessing relatedness presented somewhat different findings (Table 9), with lower frequencies of relatives estimated using the sibship assignment method. Using sibship assignment, frequencies of full-sibs were on the order of 1%, and of half-sibs 1–6%, with highest frequencies in the Staunton River. Using maximum likelihood, frequencies of full-sibs was less than 1% in the lower Roanoke River to nearly 4% in Smith Mountain Lake. Frequencies of half-sibs ranged from 8–13%. Low frequencies of parent-offspring relations were inferred, on the order of 1%.



FIS values (Table 10) suggested high levels of inbreeding. FIS being a measure of total departure of local populations from Hardy Weinberg equilibrium expectations, any departures because of inbreeding would be conflated with the effects of segregation of null alleles, and hence FIS metrics likely present inflated estimates of inbreeding. Using Chybicki and Burczyk’s [46] algorithm accounting for segregation of null alleles and any genotyping failures, estimated inbreeding coefficients for most populations were low. Estimated inbreeding was lowest in the lower Roanoke River, which is open to in-migration of unrelated individuals, and Smith Mountain Lake, which has received stocking from outside the basin. The mean inbreeding coefficient F for Kerr Reservoir, 0.03, was rather low. The highest estimated level of inbreeding was for the Roanoke Rapids Reservoir, with a mean F of 0.13.





3. Discussion


The major goal of this study was to conduct a baseline genetic assessment of striped bass collections in the Roanoke River drainage to inform genetically cognizant management of its fisheries. We sought to gain an understanding of how Virginia populations fit within the regional population genetic structure; assess ancestry, genetically effective breeding size and the extent of inbreeding of striped bass populations in the Roanoke basin; and formulate genetically cognizant recommendations for management of Roanoke River basin striped bass populations.



3.1. Range-Wide Genetic Differentiation of Striped Bass


Contemporary patterns of genetic differentiation among striped bass populations result from the natural history of the species. Pleistocene glaciation [49] affected the genetic structure of fish populations along the Atlantic Coast, creating population genetic differentiation between refuge populations in the south and populations further north founded by later recolonization events [50,51,52]. Southeastern U.S. striped bass populations have a relatively high level of genetic differentiation because of their long history, small effective population sizes, and some degree of isolation. However, with the mouths of the rivers in relative proximity, southeastern populations have been subject not only to random genetic drift, but also to straying of migrants among rivers, with a dynamic equilibrium between these counteracting processes. With the retreat of the glaciers and recolonization of newly available ecosystems, populations in the northeastern U.S. tend to show less genetic differentiation from one another. Among the populations in our data set, the Hudson River population is geographically separated from the other populations analyzed, although it maintains a genetic signature of shared post-Pleistocene natural history with other anadromous populations of striped bass, including the population in the Rappahannock River. Analysis of microsatellite [21] and SNP [29] data showed considerable genetic differentiation among striped bass populations in eastern Canada from one another and from more southerly coastal populations, perhaps because of smaller population sizes and random genetic drift. Landlocked populations in the Roanoke River system have been subjected to isolation and random genetic drift, and apparently also to the impacts of stocking.



The genetic differentiation that we observed among striped bass populations corroborates and builds upon the findings of past studies [21,27,28,29] regarding large-scale population genetic structuring of striped bass. As shown by our DAPC and STRUCTURE results, striped bass show population genetic differentiation within and among anadromous and landlocked collections. Geographic patterns of genotypic clustering at different levels of K reflected hierarchical levels of population genetic structuring. Viewing and reporting plots for multiple values of K is important for achieving insights into different levels of structure [39]; indeed, it is unrealistic to expect that there is one “true” K value that best models a particular data set [53]. A different, more meaningful question would be how many clusters are useful to describe the data [54]. Past stock-assessment studies have not always differentiated lower Roanoke River and Chesapeake Bay individuals [55,56], a result convergent with ours for the lower Roanoke River collection. We, however, inferred genetic differentiation between the anadromous (southeastern, Chesapeake Bay, and Hudson River systems) and landlocked, Roanoke River populations. In past studies, Gauthier et al. [27] and Wirgin et al. [21] found very small, but significant differences among a subset of collections from different rivers within the Chesapeake Bay. We observed distinct clusters of striped bass between the James and Chickahominy rivers of the Chesapeake Bay. In addition to the differentiation within the Chesapeake Bay, there was clustering of the coastal populations (southeastern, Rappahannock, and Hudson rivers). Lakes Marion and Moultrie, South Carolina showed divergence from more northerly coastal populations from the Neuse River, North Carolina to the Hudson River, New York populations. At high levels of K, we saw further genetic structuring within the coastal rivers, including the Neuse, Roanoke and Hudson rivers.




3.2. Genetic Structure of Striped Bass Within the Roanoke River Basin


We observed larger ranges of microsatellite allele sizes than did previous studies [28,36,57]. This is likely because we focused on striped bass populations in the Roanoke River basin, which are in the middle of the Atlantic Coast range and therefore well placed to exchange alleles with more southerly and northerly populations and examined variation at different collections of microsatellite loci. Further, more southerly populations being small and to varying degrees isolated, rare alleles would tend to become lost to drift, while more northerly populations were subject to founder effects when refuge populations recolonized the deglaciated region.



There are no archived scales or other tissues from Roanoke River striped bass, which limited our ability to distinguish natural population genetic structure from the impacts of stocking. It is unknown how many striped bass populations inhabited the Roanoke basin in pre-Columbian times. However, recent isolation of striped bass above the fall line, i.e., above the break between the flat coastal plain and the hilly Piedmont regions, by dams and heightened random genetic drift imposed by demographic decline, followed by stocking large numbers of hatchery-propagated fish derived from few pairings of breeders [20] have affected differentiation among aggregations.



Both DAPC and STRUCTURE results show multiple clusters that mix broadly through the entire Roanoke River basin. At higher levels of K, there is more differentiation both within and among sampling locations. This pattern suggests mixtures of naturally spawned and multiple cohorts of hatchery-derived fish, distinct cohorts because hatchery broodstock were collected anew each year and not reused. Hatchery-derived fish have been most heavily stocked into Smith Mountain Lake, Staunton River, and Kerr Reservoir. Kerr Reservoir has multiple genetic clusters (Figure 3 and Figure 5). Neal [58] assessed the extent of natural reproduction and the ability of the Roanoke River to transport eggs and developing larvae following spawning. Whitehurst [59] determined that both the Roanoke and Dan rivers had conditions conducive to striped bass reproduction and recruitment, although the Roanoke River was more conducive. Hence, striped bass spawning in those tributaries may be components of the Kerr Reservoir population. Conditions are supportive of survival of eggs and drifting larvae in some, but not all years, supporting episodic recruitment (Dan Michaelson and Scott Smith, Virginia Department of Game and Inland Fisheries, personal communications). Natural reproduction of striped bass in the Roanoke River, notably in Kerr Reservoir, contribute an estimated 10–25% of the Kerr Reservoir population (Dan Michaelson and Scott Smith, VDGIF, personal communication).



We obtained rather low estimates of Ne, with each collection in the Roanoke basin having low tens to over 100 effective breeding individuals. Kerr Reservoir, the main source of broodstock collection for the entire system, is estimated to have an Ne of ~75–125. (Table 8). Low ratios of Ne/N are not unusual for fishes [60], especially for long-lived, iteroparous anadromous species such as striped bass. Low estimated number of breeding individuals within a population is associated with an increased potential for genetic drift and ultimately to an elevated risk for inbreeding. Inbreeding was non-zero in landlocked Roanoke River collections (Table 10), and highest in the Roanoke Rapids Lake sample. Roanoke Rapids is the smallest and shallowest reservoir in the system; annual mortality rates are thought to be relatively high, and thus there are not many cohorts present in any given year. The fin clips for the Roanoke Rapids Lake sample likely were age−2 and −3 fish. The hatchery reportedly produces fingerlings stocked into Roanoke Rapids Lake from only one tank of broodfish normally containing one female and three males (Kirk Rundle, North Carolina Wildlife Resources Commission, personal communication).




3.3. Recommendations for Genetically Cognizant Management of Roanoke River Striped Bass


The application of population genetics to fisheries management can inform definition of biologically based management units (MUs). Management units are populations that are demographically independent of one another [61]; that is, their population dynamics depend mostly on local birth and death rates, and not on genetically effective migration from other spawning assemblages. Identification of MUs is useful for deciding upon short-term management actions, such as managing habitat, setting harvest rates, and monitoring population status. MUs generally do not show long-term independent evolution or strong adaptive variation from one another. Offering an operational molecular genetics-based definition, Moritz [62] suggested that MUs are populations that have substantially divergent allele frequencies at many loci.



Our findings support recommendations for enhancing management of striped bass. Chesapeake Bay and Roanoke River assemblages of striped bass populations should be managed separately. Results of cluster/assignment tests and significance of FST values indicate that these populations are genetically distinct. Because Chesapeake Bay populations are anadromous and Roanoke Basin populations above Roanoke Rapids Dam are landlocked, they may be adaptively differentiated, a possibility that should be examined using genomic approaches suitable for assessing adaptive genetic variation. Clearly, they are demographically independent. Within the fisheries management context, the implication is that there should be no transfers of fish between the respective watersheds.



Roanoke River striped bass comprises two demographically independent MUs, an anadromous one below the Roanoke Rapids Dam and a landlocked one in the watershed above it. Whether, and to what degree the respective populations exchanged migrants before the dam was built is unknown. Above the dam, while each reservoir’s fishery may be managed within its own unique demographic context, fish can justifiably be transferred among them.



While propagation of fishes in hatcheries and stocking into the wild might demographically boost a targeted stock, that benefit must be weighed against associated genetic hazards [63], including loss of within-population genetic variation due to genetic drift caused by propagation of too few spawners, which can then lead to increased variance of reproductive success for hatchery broodstock relative to wild spawners. Noting the high homozygosities and low Nes estimated for Roanoke River striped bass collections, we infer that loss of within-population genetic variation due to use of too few spawners and subsequent Ryman and Laikre [20] effect may have been realized in these Roanoke basin collections.



Just as ill-conceived propagation and stocking practices may promote realization of genetic hazards, genetically cognizant practices may address them. Guidelines promoting genetically cognizant supplementation of targeted populations [32] can be applied to supplementation of Roanoke River striped bass. The donor source should be of Roanoke River origin, collected and spawned in larger numbers than practiced historically. Given that striped bass is reasonably long-lived, each generation should be made up of several year-classes. Collections of at least 25 males and 25 females should provide a reasonable approximation of allele frequencies in the target population, without loss of rare alleles that may have adaptive value [64,65]. Broodstock should be marked, released, and not reused in subsequent years. In recent years, striped bass in both Virginia and North Carolina hatcheries have been allowed to spawn volitionally in large tanks. However, molecular marker-based studies of volitionally mass-spawning of fishes in hatcheries has shown highly skewed parental contributions to the resulting progenies, for example in white sea bass Atractoscion nobilis [66], Japanese flounder Paralichthyes olivaceous [67,68], gilthead sea bream Sparus aurata [69], Asian sea bass Lates calcarifer [70,71], and Atlantic cod Gadus morhua [72]. Darden et al. [73] used microsatellite markers to estimate contribution of different fish sizes, propagation designs, and release strategies for striped bass in lakes Marion and Moultrie in South Carolina. They found that volitional spawning of a single female with three males often led to a disproportionately high contribution from one male. In response, mating protocols were changed so that eggs stripped from each female were divided into three aliquots, each fertilized by the milt of one male, potentially increasing the effective population size of the progeny group. Hence, managers of hatcheries producing striped bass for stocking into the Roanoke system should utilize a mating scheme that maximizes Ne, by splitting egg lots for each female and fertilizing each aliquot with the milt of a different male in a hierarchical or diallel design. Because the Roanoke River was free-flowing as recently as 1953 and the spawning assemblages had been connected by gene flow, realization of outbreeding depression is not a likely hazard [74]. Hence, fish from all Roanoke River broodstock may be out-planted anywhere within the landlocked portion of the watershed. Fisheries biologists and culturists should design the broodstock collection, propagation, and stocking plans following further details provided by Miller and Kapuscinski [32].



Management recommendations similar to these are currently being implemented for stocking of striped bass populations in North Carolina. With baseline genetic analysis having been accomplished for populations in the lower Roanoke River system, parentage analysis has been applied for assessing the impacts of hatchery-based population augmentation [75,76]. Such an approach could be applied to the landlocked portions of the Roanoke River in Virginia to quantify the contribution from stocking of hatchery propagated individuals. Steele et al. [77] described SNP-based monitoring of the contributions of hatchery stocks of coho and Chinook salmon, Oncorhynchus kisutch and O. tshawytscha, respectively, using family printing [78], i.e., they traced the parentage of fish caught in the fishery to particular parental pairs spawned in hatcheries across the Columbia River basin. Such genetic marker-based management designs could be applied to strengthen management of striped bass in the Roanoke River system.



Among explanations offered for the decline of the striped bass fishery in Kerr Reservoir was inbreeding depression. Although critical levels of inbreeding have not been established for striped bass, the levels of inbreeding depression that we estimated, with the exception of Roanoke Rapids Reservoir, do not seem high enough to explain the poor fishery performance. Hence, ecological explanations for the decline of the fishery—such as the establishment of invasive, competing catfishes and aging, less productive reservoirs—seem more tenable.





4. Materials and Methods


4.1. Sampling and Study Area


The focal study area was the Roanoke River basin in south-central Virginia (Figure 1). Roanoke-drainage striped bass were sampled by Virginia Department of Game and Inland Fisheries (VDGIF) personnel, including aggregations isolated by dams, i.e., from Smith Mountain Lake, Staunton (=Roanoke) River, Kerr Reservoir, Leesville Lake, and Lake Gaston and from the Roanoke River below Kerr Reservoir. Samples collected from the James River and Rappahannock River by VDGIF were used as a regional outgroup. Other outgroup samples from various locations in North and South Carolina were provided by Tanya Darden and Daniel Farrae (South Carolina Department of Natural Resources) and from the Hudson River, New York by author Isaac Wirgin (New York University) (Table 2, Figure 1).




4.2. Molecular Methods


DNA was isolated from fin clips using the DNEasy Blood and Tissue Kit (Qiagen, Germantown, MD). Twelve microsatellite DNA loci were amplified using published primer-pair sets [36,37], (Table 2). Methods followed those of Couch et al. [36], Fountain et al. [57], and Anderson et al. [28]. DNA samples provided by the South Carolina Division of Natural Resources (Neuse River, Cape Fear River, Santee-Cooper system, Ashepoo-Combahee-Edisto system, and Roanoke River below Roanoke Rapids Lake) were used to standardize allele calls to those of Anderson et al. [28].



The PCR reactions were grouped into three multiplex suites—suite 1 (MSM 1144, 1095, 1096, and 1243), suite 2 (MSM 1094, 1526, 1208, and 1067), and suite 3 (MSM 1168, 1139, 1592, and 1357)—with primer ratios following those of Fountain et al. [57]. Reactions were performed in a T-100 thermal cycler (Bio-Rad Laboratories, Hercules, CA, USA) as a multiplex standard PCR reaction as in Couch et al. [36]. Reaction master mixes included 0.2 mM dNTPs, 5X Promega reaction buffer, 0.03 U/µL Taq polymerase (Promega Corporation, Madison, WI), and 1.0 mM     MgCl  2    for suites 1 and 3 and 1.5 mM     MgCl  2      for suite 2. Template DNA concentrations ranged from 50 ng/µL–300 ng/µL. Cycling parameters were an initial denaturation at 95 °C for 15 min; 35 cycles of 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s; and a final extension for 10 min at 72 °C [Couch et al., 2006 = 49]. The amplified DNA fragments were subjected to electrophoresis through a 2% ethidium bromide TBE agarose gel to ascertain amplification. Amplification fragment sizes were estimated using an ABI 3730xl DNA sequencing instrument at the Cornell University Institute of Biotechnology (Ithaca, NY, USA).



Microsatellite fragment sizes were scored using GeneMarker (SoftGenetics, College Park, PA, USA) and reevaluated by an independent worker. Entire multiplex sets including samples that did not amplify or genotypes that were unclear were reanalyzed up to three separate times to produce as large and reliable a dataset as possible. Genotypes then were scored blind with regard to results of earlier runs. All inconsistent results were removed from the dataset. Genotyping error rates were thereby near zero.




4.3. Data Analysis


MicroChecker [79] was applied to assess the possibilities of artifacts of PCR amplification, including segregation of null alleles and estimation of their frequencies. Arlequin v 3.5.2.2 [80] was used to assess Hardy-Weinberg and linkage disequilibria.



Two contrasting methods were used to recognize clustering of individual multilocus genotypes and to assign individuals to their most likely source cluster. To visualizing genetic clustering using a method not depending upon Hardy-Weinberg equilibrium (HWE), we applied discriminant analysis of principal components [35] using adaegenet 2.1.3 [81]. STRUCTURE v 2.3.4 [38], an algorithm maximizing conformance to HWE within clusters and contrast among clusters, also was applied. STRUCTURE analyses were run both with and without data for loci with null alleles with frequencies over the threshold of 0.1 to assess the impact of inclusion or exclusion of those data. Preliminary data analyses were run iteratively, first with data including all loci with null alleles, next removing all data from loci with null alleles, and last with removal of data only for loci with null alleles above a threshold frequency of 0.1. These analyses included all 837 individuals from all 16 collections and 459 individuals from the six Roanoke River system sites. Since there were no major differences among results among approaches removing data from all loci with null alleles or from those with frequencies above a threshold of 0.1, we retained data for loci with null alleles below the frequency threshold of 0.1, allowing analysis with data for the largest number of loci. STRUCTURE runs had a burn-in period of 100,000 and an MCMC replication number of 100,000 iterations. The ancestry model assumed admixture with correlated allele frequencies in order to compute the probability of the data given a particular value of K. Results were uploaded into Structure Harvester [82] to visualize the best-supported number of clusters across the collection of samples at issue using the Evanno et al. [41] criterion. STRUCTURE plots from these analyses were visualized using CLUMPAK [83].



Arlequin was used to perform analysis of molecular variance (AMOVA) and quantify population differentiation as    F  ST    . AMOVA was applied to partition population differentiation into its underlying components, i.e., within-individuals, among individuals within populations or groups of populations, and among populations or groups or populations.



The effective population size, Ne, of Roanoke basin collections was estimated using two contrasting approaches, the linkage disequilibrium approach implemented in NeEstimator v 2 [43] and the sibship assignment method [44] using Colony 2.0.6.5 [47].



Relatedness and the possibility of inbreeding within Roanoke basin populations were assessed using multiple approaches. A sibship assignment method [44] implemented in Colony 2.0.6.5 [47] was applied using default settings, except for allowing male and female polygamy and the presence of inbreeding. Relatedness among individuals estimated using a maximum likelihood algorithm was performed using MLRelate [48]. Inbreeding was assessed, first by calculating the degree of deviation from Hardy-Weinberg equilibrium (HWE) within particular populations measured as Wright’s    F  IS    , which was performed using Arlequin [80]. Second, a Bayesian approach simultaneously testing for segregation of null alleles and inbreeding within a dataset [46] was performed using INEST version 2.2 [84]. The program was run using the “nfb” model accounting for null alleles, inbreeding, and genotyping failures. Each analysis was executed with 200,000 MCMC iterations, with a burn-in of 20,000 iterations and a thinning factor of 2000.



To assess the significance of statistical test results, the nominal ¦Á value of 0.05 was subjected to Bonferroni adjustment following Holm [42] to calculate critical significance values.




4.4. Permits and Ethical Aspects


Because all collections and handling of live vertebrates was carried out only by state fisheries management agency personnel, no scientific collection permits or animal care and use protocols were at issue.









Supplementary Materials


The following are available online at https://www.mdpi.com/2410-3888/5/3/24/s1: Table S1. History of stocking striped bass into Kerr Reservoir. Regular annual stocking began in 2003–2004; Year = year of stocking, YC = year-class (unpublished data, Dan Michaelson, Virginia Department of Game and Inland Fisheries). Table S2. Full locus-by-locus genetic diversity indices for each population of striped bass across the range. Figure S1. Bayesian information criterion (BIC) for given numbers of discriminant analysis of principal components clusters of striped bass for all collections. Figure S2. STRUCTURE Harvester plot showing ∆K for each number of clusters, as per Evanno et al. [2005 = 38] method for all striped bass collections. Figure S3. Bayesian information criterion (BIC) for given numbers of discriminant analysis of principal components clusters of striped bass for Roanoke basin collections. Figure S4. STRUCTURE Harvester plot showing ∆K for each number of clusters, as per Evanno et al. [2005 = 38] method for Roanoke basin striped bass collections.
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Figure 1. Roanoke River drainage, showing striped bass sampling sites in the states of Virginia and North Carolina. Base map by Pfly—Own work, CC BY-SA 2.5, https://commons.wikimedia.org/w/index.php?curid=1527390. 
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Figure 2. Atlantic coast of the United States, showing locations of rivers where striped bass were sampled. Base map: Pinterest. 
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Figure 3. DAPC plot for 837 striped bass from 16 collections along the Atlantic coast, respectively grouped into K = 8 and K = 11 clusters. Populations in the Southeast include: lakes Marion and Moultrie on the Cooper River, South Carolina, the Neuse, Tar, and Cape Fear rivers in North Carolina; the Roanoke River basin includes the lower Roanoke River, Smith Mountain Lake, Leesville Lake, Staunton River, Kerr Reservoir, Lake Gaston, Roanoke Rapids Lake; Chesapeake Bay includes: James, Chickahominy, and Rappahannock rivers; and Hudson River. 
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Figure 4. STRUCTURE plots representative of population genetic structuring of striped bass ranging from South Carolina to the Hudson River. 
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Figure 5. DAPC plot for 489 striped bass from seven collections in the Roanoke basin, respectively grouped into K = 6 and K = 8 clusters. 
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Figure 6. STRUCTURE plots representative of structuring of striped bass collections within the upper Roanoke River basin. 
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Table 1. Striped bass collections characterized for microsatellite DNA variation. Total samples, n = 837.
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	Major Drainage
	River
	Location
	Number (Year)
	Provided by





	Roanoke 1
	Upper Roanoke R.
	Smith Mountain Lake

Leesville Lake

Staunton River

Kerr Res.-Island Creek Park

Kerr Res.-Island Creek Park

Kerr Res.-Ivy Hill Park

Kerr Res.-Ivy Hill Park

Lake Gaston

Roanoke Rapids Lake
	22 (2015)

60 (2016)

47 (2015)

45 (2017)

57 (2015)

52 (2017)

39 (2016)

26 (2016)
	Virginia Department of Game and Inland Fisheries



	Chesapeake Bay 2
	James River

Rappahannock R.

Chickahominy R.
	Upper tidal-Richmond

Upper tidal-Richmond

Tidal James River at I-95

Fredericksburg

Fredericksburg

Chickahominy River
	7 (2017)

110 (2018)

17 (2018)

37 (2017)

25 (2018)

11 (2018)
	Virginia Department of Game and Inland Fisheries



	Hudson River 3
	Hudson River
	Various
	72 (various)
	Isaac Wirgin



	Southeast 4
	Neuse River

Tar River

Cape Fear R.

Lower Roanoke R.

Santee-Cooper R. Santee-Cooper R.
	Neuse River

Tar River

Cape Fear River

North Carolina

Lake Marion 5

Lake Moultrie 5
	10

10

10

30

20

20
	South Carolina Department of Natural Resources







1 Listed from upstream to downstream. All upper Roanoke River populations are landlocked. 2 All Chesapeake Bay populations are anadromous. 3 The Hudson River population is anadromous. 4 Listed from north to south. The lower Roanoke River population is anadromous; all others are landlocked. 5 Lake Marion is upstream of Lake Moultrie. Both populations are landlocked.
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Table 2. Summary information for 12 microsatellite loci used to assess the population genetic structure of striped bass in this study.
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	Locus
	Repeat
	Size Range (bp)
	Number of Alleles
	Source





	MSM 1144
	(CA)25
	169–235
	25
	[36]



	MSM 1095
	(TG)28
	156–198
	20
	[36]



	MSM 1096
	(CA)25
	156–204
	20
	[36]



	MSM 1243
	(CA)18
	227–273
	13
	[36]



	MSM 1094
	(CA)25
	110–154
	25
	[36]



	MSM 1526
	(GT)26
	124–238
	31
	[37]



	MSM 1208
	(TA)31
	153–221
	25
	[36]



	MSM 1067
	(CA)14(GT)11
	177–213
	16
	[36]



	MSM 1168
	(CA)27
	131–159
	15
	[36]



	MSM 1139
	(AC)34
	137–219
	27
	[36]



	MSM 1592
	(TAGA)33
	144–242
	35
	[37]



	MSM 1357
	(GATA)21
	203–283
	35
	[37]
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Table 3. Microsatellite DNA diversity in striped bass collections. N = number sampled, A = mean number of alleles per locus, Ar = allelic richness, Ho = mean observed heterozygosity, He = mean expected heterozygosity, allelic range = mean difference between sizes of largest and smallest alleles at a particular locus, M = ratio of number of alleles observed at a locus to number of alleles possible between the largest and smallest alleles [34].
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	Population
	N
	A
	Ar
	Ho
	He
	Allelic Range
	M





	Southeast
	
	
	
	
	
	
	



	Lake Marion
	40
	8.3
	1.78
	0.75
	0.79
	96.3
	0.23



	Lake Moultrie
	40
	8.5
	1.75
	0.61
	0.76
	146.4
	0.14



	Neuse River
	20
	7.1
	1.79
	0.82
	0.8
	79.4
	0.2



	Tar River
	20
	6.6
	1.78
	0.79
	0.8
	74.6
	0.22



	Cape Fear River
	20
	5.9
	1.76
	0.65
	0.69
	74.6
	0.2



	Roanoke River, NC
	60
	9
	1.77
	0.76
	0.78
	95.1
	0.24



	Upper Roanoke R.
	
	
	
	
	
	
	



	Smith Mountain L.
	222
	12.2
	1.75
	0.67
	0.77
	203.6
	0.06



	Leesville Lake
	44
	6.2
	1.71
	0.67
	0.71
	27
	0.28



	Staunton River
	120
	9.5
	1.74
	0.62
	0.75
	102.1
	0.2



	Kerr Reservoir
	402
	12.3
	1.76
	0.67
	0.78
	190.3
	0.11



	Lake Gaston
	78
	10.1
	1.75
	0.67
	0.76
	124
	0.19



	Roanoke Rapids
	52
	8
	1.74
	0.66
	0.74
	44.1
	0.29



	Chesapeake Bay
	
	
	
	
	
	
	



	James River
	138
	17.4
	1.84
	0.75
	0.85
	159.1
	0.18



	Chickahominy R.
	22
	7.9
	1.8
	0.74
	0.8
	55.1
	0.23



	Rappahannock R.
	252
	13.5
	1.8
	0.82
	0.8
	91.4
	0.26



	Hudson River
	144
	12.4
	1.81
	0.7
	0.82
	207.2
	0.06
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Table 4. AMOVA results for collections across the range of striped bass. (A) For four groups: Southeast, Roanoke basin, Chesapeake Bay, and Hudson River; (B) for five groups: Santee-Cooper system, Cape Fear/Neuse/Tar rivers, Roanoke basin, Chesapeake Bay, and Hudson River.






Table 4. AMOVA results for collections across the range of striped bass. (A) For four groups: Southeast, Roanoke basin, Chesapeake Bay, and Hudson River; (B) for five groups: Santee-Cooper system, Cape Fear/Neuse/Tar rivers, Roanoke basin, Chesapeake Bay, and Hudson River.





	
Source of Variation

	
d.f.

	
Sum of Squares

	
Variance Components 1

	
Percentage of Variation






	
(A) 1




	
Among groups

	
3

	
149.77

	
0.08 Va

	
2.1




	
Among populations within groups

	
12

	
169.96

	
0.11 Vb

	
2.8




	
Among individuals within popns.

	
821

	
3536.83

	
0.39 Vc

	
9.5




	
Within individuals

	
837

	
2951

	
3.53 Vd

	
85.7




	
Total

	
1673

	
6807.56

	
4.09

	
100




	
(B) 2




	
Among groups

	
4

	
111.59

	
0.07 Va

	
2.3




	
Among populations within groups

	
11

	
106.14

	
0.07 Vb

	
2.3




	
Among individuals within popns.

	
819

	
2573.2

	
0.20 Vc

	
6.6




	
Within individuals

	
835

	
2286

	
2.74 Vd

	
88.9




	
Total

	
1669

	
8076.9

	
3.08

	
100.6.60








1 Results of significance tests (1023 permutations): Va and FCT: p < 0.00001, Vb and FSC: p < 0.00001, Vc and FIS: p < 0.00001, and Vd and FIT: p < 0.00001. 2 Results of significance tests (1023 permutations): Va and FCT: p = 0.00098, Vb and FSC: p < 0.00001, Vc and FIS: p < 0.00001, and Vd and FIT: p < 0.00001.
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Table 5. F-statistics partitioning departure from Hardy-Weinberg equilibrium for stated groups of populations.
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	Population
	FIS
	FSC
	FCT
	FIT





	Full range
	0.1
	0.03
	0.02
	0.14



	Virginia populations
	0.11
	0.03
	0.02
	0.16



	Roanoke River drainage
	0.13
	0.02
	0.03
	0.18



	Chesapeake Bay and Hudson River
	0.08
	0.03
	0.01
	0.11
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Table 6. Matrix of    F  ST     metrics of differentiation among all striped bass collections: (1) Lake Marion, (2) Lake Moultrie, (3) Neuse River, (4) Tar River, (5) Cape Fear River, (6) Roanoke River, NC, (7) Smith Mountain Lake, (8) Leesville Lake, (9) Staunton River, (10) Kerr Reservoir, (11) Lake Gaston, (12) Roanoke Rapids, (13) James River, (14) Chickahominy River, (15) Rappahannock River, and (16) Hudson River.    F  ST     values shown in bold are significantly different from zero after Bonferroni correction [42].
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	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16





	1
	0.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	2
	0.039
	0.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	3
	0.062
	0.092
	0.000
	
	
	
	
	
	
	
	
	
	
	
	
	



	4
	0.049
	0.083
	−0.008
	0.000
	
	
	
	
	
	
	
	
	
	
	
	



	5
	0.070
	0.098
	0.055
	0.041
	0.000
	
	
	
	
	
	
	
	
	
	
	



	6
	0.057
	0.081
	0.005
	0.000
	0.035
	0.000
	
	
	
	
	
	
	
	
	
	



	7
	0.095
	0.117
	0.021
	0.033
	0.086
	0.045
	0.000
	
	
	
	
	
	
	
	
	



	8
	0.093
	0.121
	0.044
	0.031
	0.092
	0.056
	0.043
	0.000
	
	
	
	
	
	
	
	



	9
	0.100
	0.128
	0.029
	0.045
	0.103
	0.055
	0.013
	0.050
	0.000
	
	
	
	
	
	
	



	10
	0.075
	0.100
	0.017
	0.022
	0.073
	0.039
	0.011
	0.029
	0.010
	0.000
	
	
	
	
	
	



	11
	0.067
	0.113
	0.025
	0.018
	0.079
	0.038
	0.035
	0.022
	0.033
	0.019
	0.000
	
	
	
	
	



	12
	0.089
	0.116
	0.031
	0.026
	0.082
	0.046
	0.038
	0.026
	0.035
	0.020
	0.009
	0.000
	
	
	
	



	13
	0.065
	0.085
	0.039
	0.037
	0.081
	0.050
	0.056
	0.075
	0.066
	0.049
	0.051
	0.055
	0.000
	
	
	



	14
	0.112
	0.121
	0.096
	0.085
	0.136
	0.094
	0.095
	0.122
	0.112
	0.096
	0.103
	0.108
	0.029
	0.000
	
	



	15
	0.064
	0.099
	0.026
	0.012
	0.058
	0.025
	0.039
	0.053
	0.047
	0.030
	0.030
	0.027
	0.040
	0.084
	0.000
	



	16
	0.053
	0.075
	0.026
	0.018
	0.039
	0.022
	0.055
	0.069
	0.061
	0.047
	0.048
	0.051
	0.045
	0.081
	0.027
	0.000
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Table 7. AMOVA results for striped bass collections in the Roanoke River basin.
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	Source of Variation
	d.f.
	Sum of Squares
	Variance Components 1
	Percentage of Variation





	Among groups
	1
	21.48
	0.12 Va
	3.4



	Among populations within groups
	5
	59.12
	0.06 Vb
	1.7



	Among individuals within popns.
	482
	1812.36
	0.44 Vc
	12.6



	Within individuals
	489
	1407
	2.88 Vd
	82.3



	Total
	977
	3299.95
	3.5
	







1 Results of significance tests (1023 permutations): Va and FCT: p = 0.142, Vb and FSC: p < 0.00001, Vc and FIS: p < 0.00001, and Vd and FIT: p < 0.00001.
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Table 8. Estimated effective breeding number for upper Roanoke River populations of striped bass, with 95% confidence intervals (C.I.).






Table 8. Estimated effective breeding number for upper Roanoke River populations of striped bass, with 95% confidence intervals (C.I.).





	Collection
	N
	Ne1
	95% CI 1
	Ne2
	95% CI 2





	Smith Mountain L.
	111
	24.0
	20.9–27.6
	56
	39–82



	Leesville Lake
	22
	31.9
	18.8–73.6
	23
	13–45



	Staunton River
	60
	34.7
	27.7–44.6
	43
	20–70



	Kerr Reservoir
	201
	75.2
	64.2–88.7
	125
	98–162



	Lake Gaston
	39
	31.9
	24.4–43.5
	36
	23–60



	Roanoke Rapids Lake
	26
	40.4
	25.5–80.5
	40
	23–74



	Lower Roanoke River
	30
	282.2
	79.1–undefined 3
	51
	31–89







1 Linkage disequilibrium method [43]. 2 Maximum likelihood method, assuming non-random mating [44]. 3 Undefined bounds for Ne estimates for populations may result from small sample size [45].
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Table 9. Analysis of relatedness for Roanoke basin collections using sibship assignment [47] and maximum likelihood [48] methods. The criterion of likelihood for assignment was set at L > 0.50.
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Sibship Assignment

	
Maximum Likelihood




	
Collection

	
N

	
Number of

Families

	
Numbers of

Members

	
Percent

Full-Sibs

	
Percent

Half-Sibs

	
Percent

Full-Sibs

	
Percent

Half-Sibs

	
Percent

Parent-Offspring






	
Smith Mountain L.

	
111

	
90

	
1–4

	
0.26

	
2.09

	
3.88

	
13.12

	
1.27




	
Leesville Lake

	
22

	
17

	
1–2

	
1.08

	
2.96

	
2.16

	
12.12

	
0.13




	
Staunton River

	
60

	
57

	
1–2

	
0.08

	
6.28

	
1.92

	
12.59

	
0.96




	
Kerr Reservoir

	
201

	
177

	
1–4

	
0.07

	
1.00

	
2.34

	
12.91

	
0.90




	
Lake Gaston

	
39

	
31

	
1–5

	
1.01

	
2.56

	
2.43

	
9.59

	
0.14




	
Roanoke Rapids L.

	
26

	
24

	
1–2

	
0.30

	
3.50

	
2.15

	
8.31

	
0.00




	
Lower Roanoke R.

	
30

	
30

	
1

	
0.00

	
3.79

	
0.23

	
8.51

	
0.23
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Table 10. Levels of inbreeding for Roanoke basin striped bass collections estimated using two methods.
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	Collection
	FIS
	p-Value 1
	Mean F 2
	Avg. Fi 2





	Smith Mountain L.
	0.12
	0
	0.0025
	0.0018



	Leesville Lake
	0.06
	0.13
	0.009
	0.0084



	Staunton River
	0.18
	0
	0.0191
	0.0284



	Kerr Reservoir
	0.14
	0
	0.0336
	0.0223



	Lake Gaston
	0.12
	0
	0.0198
	0.0173



	Roanoke Rapids
	0.11
	0
	0.1317
	0.1092



	Lower Roanoke River
	0.03
	0.18
	0.0043
	0







1 Probability of a random FIS > observed FIS. Values in bold are significantly different from zero. 2 Estimated using a Bayesian assessment algorithm accounting for frequencies of null alleles [46].
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