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INTRODUCTION

The pygmy rabbit (Brachylagus idahoensis) is the smallest rabbit species in North America (McAllister, 1995) and is the sister taxon to the cottontails (Sylvilagus spp.) (Halanych and Robinson, 1997).  The rabbit historically ranged throughout the sagebrush dominated habitats in the Great Basin from southwest Montana and southwest Utah on the east, to central Nevada and northeast California on the west (Figure 1).  Although central Nevada, southern Idaho, and southwest Montana form the northern edge of the core distribution of pygmy rabbits, a disjunct segment of the rabbit’s range occurs in the Columbia Basin area of Washington (Figure 1).  Historically in Washington, the pygmy rabbit occurred in Adams, Benton, Douglas, Grant, and Lincoln Counties (McAllister, 1995), but this range has been reduced during the past century, and the rabbit is now know to occur in only one area (Sagebrush Flat) in Douglas County (Hays, 2001).  The rabbit is listed as Endangered by the State of Washington and as a Species of Concern by the US Fish and Wildlife Service.

Although the pygmy rabbit’s range appears extensive throughout the Great Basin, the rabbit generally occurs as patchy discontinuous populations in relatively deep soils where the sagebrush is tall and dense (McAllister, 1995).  Furthermore, based on paleontological and geological record, the discontinuity between the core range and the Washington population of pygmy rabbits is not new and not a function of human activities, and may have occurred thousands of years ago (Grayson, 1987, Lyman, 1991).  It is also not know if the connection between Washington and the core range was extensive or more corridor-like extending north from either Oregon or Idaho.  As such, based on these data, it is unknown as to what part of the core range the Washington population is more closely related.  

The purpose of this study was to investigate the relationships among Washington, Oregon, Idaho, and Montana samples of pygmy rabbits, and to determine if any one of the core-range populations could serve as a source of rabbits to augment the critically endangered population in Washington.  A close relationship between Washington and any of these other localities would be required for a translocation project.  Phylogeographic relations of these pygmy rabbit localities were determined using a series of microsatellite (nuclear DNA) loci and cytochrome b (mitochondrial DNA) sequences.  

MATERIALS AND METHODS

Samples

The Washington Department of Fish and Wildlife collected or obtained pygmy rabbit samples from seven general localities from the northern part of the rabbit’s range (Figure 1, Table 1).  These samples fall into one of two categories: (1) skeletal muscle tissue (e.g., ear punch) collected from live or recently killed rabbits; and (2) skin tissue excised from museum study skins ranging 18 to 89 years in age.  Except for the one museum skin sample from Montana, all muscle and museum skin samples where analyzed as if they were from separate localities, regardless of whether they occurred in the same geographic area (Table 1).  As such, localities are spatially or temporally defined; however, the spatial or temporal scale at which individuals were sampled within a locality may not be the same among localities.  For example, the IDButte locality consists of only three individuals sampled in 1981 from the same county, while the IDWest locality consists of eight individuals sampled from three counties in 1952 and 1981.  Samples from the Oregon locality are taken entirely from museum skins collected from Lake and Harney Counties, during a period spanning from 1913 to 1983 (Table 1).  For the most part, the two Washington localities (Washington, and WA-Mus) were sampled at the same geographic scale (i.e., Sagebrush Flat [Douglas County] and sites in Grant County within 15 km of Sagebrush Flat), but the samples are separated in time by an average of 43 years and the samples from WA-Mus span a 31-year period (Table 1).

The muscle tissue samples from Washington, Idaho, and Montana were collected from similar temporal scales.  That is, all samples within a locality were collected during either a one or two year period (Table 1).  However, the spatial scale of the individuals from these localities differs dramatically (Figure 2).  The distance between a sample and the centroid for all samples within a locality (i.e., the mean position for all samples) in the Washington and Idaho collections ranged from roughly 10 to 1,000 meters with the average distances being 302 and 194 meters, respectively.  However, the distance between a sample and the centroid for all Montana samples ranged from 3 to 79 kilometers, with the average distance being 27 kilometers.  In other words, the Washington and Oregon samples were collected at roughly the same geographic scale (i.e., distances less than one-half kilometer), while the Montana samples were collected at a significantly greater geographic scale, averaging over 25 kilometers.  

I obtained Washington and Montana samples (except the one museum sample) from Dr. James Hallet (Washington State University) as extracted DNA, and the extraction procedures are not known to me.  I used Qiagen DNeasy Spin Tubes (Animal Tissue Protocol) for extracting DNA from the Idaho muscle tissue samples and all museum skin samples.  The museum samples were processed further using Bio101 (now Qbiogene) GeneClean Spin Tubes, using their Protocol A.  This latter step was necessary to insure purity of extract and to concentrate the DNA to a point required for successful PCR reactions.  

Microsatellite Loci

Twelve microsatellite loci developed from European rabbit (Oryctolagus cuniculus) were screened for amplification and variability in pygmy rabbits.  Of these 12 loci, nine were selected for use in this analysis (Table 2).  Eight of these microsatellite loci have di-nucleotide repeat sequences, and one locus has a tetra-nucleotide repeat sequence.  PCR protocols for these loci were modified from those in the original publications (Table 2) to facilitate multiplexing and amplification in pygmy rabbits.  Protocols are available from author upon request.  All PCR amplifications were conducted with MJ Research PTC-200 thermocyclers using florescently labeled primers (oligonucleotide primers synthesized by Integrated DNA Technologies, Inc. [IDT] and Applied Biosystems).  DNA fragments were visualized using an Applied Biosystems ABI Prism 377 sequencer, and sized using an internal size standard (Applied Biosystems GeneScan 500 – ROX), and ABI GeneScan 3.1 and ABI Genotyper 2.5 software running on G3 Macintosh computers (OS 8.5).  

Cytochrome b Sequences

A 307 basepair (bp) fragment of cytochrome b was isolated and sequenced from 37 muscle tissue samples and one museum sample (WA-Mus) using primers L14841 and H15149 (Kocher et al., 1989).  This fragment is located toward the 5’ end of the cytochrome b gene in the mitochondrial genome (mtDNA; Irwin et al., 1991), and has been successfully amplified with these primers by WDFW in a variety of bird and mammal species (e.g., Common Murre, Sooty Shearwater, black-tailed deer, pygmy rabbit).  The cytochrome b locus was isolated and amplified with unlabeled primers and sequenced, in both directions (i.e., using both the L14841 and H15149 primers in separate reactions), using ABI Big Dye chemistry.  As with the microsatellite loci, all PCR procedures were conducted with MJ Research PTC-200 thermocyclers.  Sequences were visualized using an Applied Biosystems ABI Prism 377 sequencer, and nucleotide bases were called using ABI Sequence Analysis 3.3 program.  Sequence fragments were aligned and haplotypes identified using Sequencer 4.1.2 (Gene Codes Corporation).  

Statistical Analyses

Genetic diversity values (e.g., Table 3 and Appendix) were calculated using either Genepop 3.3 (Raymond and Rousset, 1995a), GDA 1d16c (Lewis and Zaykin, 2001, or Arlequin 2.0 (Schneider et al., 2000).  Variances associated with genetic diversity values were calculated using a bootstrap procedure whereby each locality was sampled with replacement.  The 95% range of values from 1,000 bootstrap runs was used as the estimate of population variance.  The bootstrap procedure was written in SAS-IML and plotted using Microsoft Excel and Access (e.g., Figure 3).  Population differentiation tests and calculations of the coancestry coefficient () were performed using Genepop 3.3, GDA 1d16c, or Arlequin 2.0, and minimum evolution and maximum likelihood trees where generated using either MEGA 2.0 (Kumar et al., 2000) or PAUP* 4.0b8 (Swofford, 1998) and plotted using TreeView 1.5.2 (Page, 1998).  

RESULTS AND DISCUSSION

Microsatellites

Genetic Diversity

A population is in Hardy-Weinberg disequilibrium if the observed and expected heterozygosities are different (Table 3).  Deviations from Hardy-Weinberg can be an artifact resulting from non-random sampling or from the effects of null or non-amplifying alleles, or can be a real function of population demographics and history.  A population that is subjected to high mutation or immigration rates may not be in Hardy-Weinberg equilibrium.  Likewise, a population that experiences non-random mating resulting from inbreeding or from a particular mating structure may also be in disequilibrium.  From the perspective of conserving a depressed population, we are most concerned if there is a significant reduction in the number of observed heterozygotes, compared with the number of expected heterozygotes under the assumption of Hardy-Weinberg, because a loss of heterozygosity is direct evidence of a reduction in genetic diversity, measured at the level of the individual.  Furthermore, a reduction in heterozygosity may also be associated with inbreeding.  I tested for deviations from Hardy-Weinberg using the locus-by-locus and global tests for heterozygote deficiency in Genepop 3.3.  Two populations (IDWest and WA-Mus) show a global deficiency in heterozygotes (Table 3).  However, when the p-value for this test is adjusted for experiment-wise error rates (Sokal and Rohlf, 1995), no population showed global deviations from Hardy-Weinberg.  Idaho is the only population to show a significant deficiency in heterozygosity at any single locus (sat16; see Appendix), and although I did not test to determine if any locus had a null allele, sat16 was the only locus that showed a significant deficiency in heterozygotes when the analysis was pooled across all populations, suggesting the presence of a null allele.  

An alternative method to test for Hardy-Weinberg equilibrium and genetic diversity within individuals is to examine the f-statistic (Table3, Appendix).  The f-statistic effectively measures the correlation between alleles within individuals and can be calculated as (He-Ho)/He, with He and Ho being the expected and observed heterozygosities, respectively.  An f-statistic that is or approaches zero indicates no difference between the observed and expected heterozygosities.  Alternatively, an f-statistic that is significantly greater than zero not only suggests heterozygote deficiency, but also indicates a significant correlation between alleles within an individual, which suggests inbreeding.  I tested for significance of the overall f-statistic for each locality using the bootstrap procedure in GDA 1d16c (F-stats, bootstrap across loci, 1,000 repetitions).  The only locality where the 95% interval of bootstrapped f-statistics does not include zero is Washington, although the lower bound here is quite close to zero (Table 3).  These data suggest a slight Hardy-Weinberg disequilibrium in the Washington population, and this deviation may be a function of relatively high f-statistics in the sat16 and sol44 loci (Appendix).  This may also suggest a hint of inbreeding in the Washington population, although at this time I cannot rule out the presence of null alleles.  

The genetic diversity within a population (versus within an individual) can be measured using any one of a series of values.  Table 3 presents three measures of genetic diversity based on allele frequencies (private alleles, expected heterozygosity, and gene diversity).  Private alleles are those alleles that are found at one locality only, and each of the localities in this study has at least three private alleles, except Washington, which has no private alleles.  This means that every allele that appears in the Washington population is also present at some other locality.  Expected heterozygosity and gene diversity are related values and are calculated from observed allele frequencies.  The difference between these two diversity statistics is the expected heterozygosity is equal to gene diversity but adjusted by a measure of sample size (Nei, 1987; Weir, 1996).  For large samples there will be no difference between the two statistics; however, for populations with small samples and for inbreed populations with few heterozygotes, gene diversity is a more appropriate measure of genetic variability (Weir, 1996).  All localities, except the two Washington populations (Washington and WA-Mus) show similar levels of genetic diversity (Table 3), while the genetic diversity within the Washington population appears reduced.  The WA-Mus population appears intermediate between Washington and the other populations.  

I tested for differences in gene diversity using a bootstrap procedure (see Methods).  For each bootstrap run, I calculated the diversity statistics shown in Table 3, producing a total of 1,000 values for each statistic per population.  The mean and 95% range for the gene diversity statistics for eight of the nine loci are shown in Figure 3.  Any two populations are judged to be significantly different in a statistic if their 95% ranges of values are non-overlapping.  At six of nine loci, the Washington population shows significantly lower gene diversity than Idaho, and significantly lower gene diversity than Montana and Oregon at five of the nine loci (Figure 3).  Montana and Washington are not considered to be significantly different at the sat08 locus, although the 95th percentile in Washington is equal to the 5th percentile in Montana, and it is clear that there is a difference in gene diversity between these populations at this locus.  In total, the Washington population shows significantly lower gene diversity compared with at least three other populations at five of the nine loci.  The WA-Mus samples showed significantly lower genetic diversity than Oregon and Idaho at four and three of the nine loci, respectively, and show significantly lower gene diversity compared with at least three other populations at two of the nine loci (Figure 3).  There is no significant difference in the gene diversity between the Washington and WA-Mus populations at any locus, except sol03, where WA-Mus population appears more genetically diverse.  Of the remaining 90 pairwise comparisons (i.e., comparisons between each of the non-Washington localities for all nine loci) there are only three comparisons in which there is a significant difference in gene diversity (Idaho – IDButte at sol30 and sat08; and IDButte and Oregon at sol08) (Figure 3).  These data strongly indicate that the Washington population has a significantly reduced level of genetic diversity compared with all other localities except WA-Mus.  Furthermore, the gene diversity within the WA-Mus locality is somewhat intermediate between Washington and the other localities.  This suggests that there was a significant reduction in the genetic diversity within the pygmy rabbit population in Washington between 1949 and today.  

Population Differentiation

I used two procedures to determine if a locality has differentiated from other localities in either its allelic or genotypic distribution.  In the first procedure I used the exact test for population differentiation (genotypic differentiation) in the Genepop 3.3 program.  This test produces an unbiased p-value estimate for the null hypothesis that the genotypic distribution is the same between two populations using a Markov chain procedure (Goudet et al., 1996).  Of the 21 pairwise comparisons of localities, only three comparisons showed a nonsignificant result, and each of those comparisons involved the IDButte locality (compared with IDWest, Montana, Oregon).  In other words, except for the IDButte locality (with a sample size of three), all pygmy rabbit populations in this analysis have differentiated from each other in terms of their genotypic distributions.  A similar test using the allelic frequencies (Raymond and Rousset, 1995b) rather than the genotypic frequencies produced the same result.  However, the differentiation of these populations from each other is not equivalent among all combinations of populations and there is significant geographic structure to these data.  Figure 4 shows the distribution of coancestry coefficients (theta [, Fst) for each of the 21 pairwise comparisons between localities.  A coancestry coefficient measures the average relatedness of individuals within a population compared with the overall relatedness across all populations.  In terms of the genetic variance within a data set, the coancestry coefficient measures that percentage of total variance that can be attributed to the differentiation of populations.  Coancestry coefficients range between zero and one, with lower values indicating a high degree of relatedness among individuals between populations and therefore little population differentiation.  High coancestry coefficients indicate that individuals within populations are significantly more related to each other than individuals in other populations, and therefore denote significant population differentiation.  

The coancestry coefficients for each pairwise combination among the Idaho, IDButte, IDWest, Montana, and Oregon localities (10 pairwise comparisons) are statistically equal and average 0.03 with a range from 0.02 to 0.05 (Figure 4).  The coancestry coefficients between each of these localities and Washington is significantly greater than all other coancestry coefficients involving each of these localities and averages 0.32 with a range from 0.29 to 0.35.  In other words, the Washington population has diverged from each of these other populations an average of over 11 times more than these populations have diverged from each other (Figure 4).  The degree to which the WA-Mus locality diverged from the non-Washington localities appears intermediate between these localities and Washington (Figure 4).  In addition, the coancestry coefficient between Washington and WA-Mus is 0.10, which is over three times the average pairwise coancestry coefficient among the Idaho, IDButte, IDWest, Montana, and Oregon localities.  This shows the relatively large degree to which the Washington pygmy rabbit population today has changed since 1949 (the median age of the WA-Mus samples), and this change appears to be the result of a loss of genetic diversity (i.e., alleles) perhaps through mortality and genetic drift (see Appendix for comparison of allele frequencies between Washington and WA-Mus).  The relative genetic distances among all localities can also be seen in the minimum evolution tree generated from the pairwise coancestry coefficients (Figure 5).  This tree shows the close relationships among the non-Washington localities and the great differentiation between these localities and those from Washington.  

Cytochrome b
Haplotypic Diversity

All cytochrome b sequences were aligned and compared, and haplotypes were determined using Sequencer 4.1.2.  For these sequence data only one museum sample was used (WA-Mus; 1979), so comparisons among sequences are based on only the Idaho, Montana, and Washington populations.  There were a total of three variable nucleotide positions, resulting in four haplotypes (Table 4).  All three nucleotide mutations are transitions and only Haplotypes A and D posses unique nucleotides in at least one position (241 and 155, respectively; Table 4).  These four haplotypes are not distributed randomly among the populations, as there is complete separation in haplotypes present in Washington from those in Idaho and Montana (Table 5).  All 16 samples from Washington (including all samples collected in 1992 and one sample collected in 1979) possessed a single haplotype (Brachylagus A), while Montana and Idaho shared three different haplotypes (Brachylagus B, C, and D).  The within-population haplotype diversity (i.e., mean within-population nucleotide divergence) is shown along the diagonal in Table 6.  Because Washington is invariant at this locus, there is 0.00% sequence divergence within this population (i.e., no genetic variability).  However, Idaho and Montana show 0.24% and 0.27% within-population sequence divergence, respectively.  

Population Differentiation

I used several procedures to assess and demonstrate the degree to which the Washington, Montana, and Idaho populations diverged in their cytochrome b sequences.  First, I used the exact test for population differentiation in the Arlequin 2.0.  This statistic is similar to that used with the microsatellite data, and tests the hypothesis that the distribution of haplotypes between each pairwise comparison of populations is random, and employs a Markov chain procedure (Raymond and Rousset, 1995b).  Table 6 (above the diagonal) provides the results from this test.  Not surprising given the fact that there is no overlap in haplotypes between Washington and Idaho/Montana, and complete sequence overlap between Idaho and Montana, Washington is significantly differentiated from Idaho and Montana at this locus (p = 0.00), while Montana and Idaho show no significant difference (p = 0.83; Table 6).  Also in Table 6 (below the diagonal) are the mean percent nucleotide divergences between each pairwise comparison of populations (Nei and Li, 1979).  These genetic divergence values are corrected by the mean within-population nucleotide divergence (Table 6, diagonal).  The percent nucleotide divergence between Washington and Idaho/Montana is approximately 0.50%, which is 25 times greater than the nucleotide divergence between Montana and Idaho.  If we assume a divergence rate for cytochrome b of approximately 4-11% per million years (Martin and Palumbi, 1993; based on rodent divergence rate for mtDNA), the Washington population diverged from the Montana and Idaho populations approximately 43,000 to 115,000 years ago
.  Although larger sample sizes for each of these populations would provide greater confidence in estimating divergence times, the divergence time between Washington and Montana, for example, would still be 10,000 to 27,500 years even if the next 16 samples from Washington possessed Haplotype D (the most divergence haplotype from Haplotype A).  

The large degree to which the Washington population diverged from the Montana and Idaho populations is evident from an analysis of molecular variance (AMOVA; Excoffier, et al., 1992).  An AMOVA is used to partition the molecular variance within a data set into component parts (e.g., among groups, populations within groups, within populations, etc.), based on some hierarchical structure of populations.  For this analysis I placed the Idaho and the Montana population in one group and the Washington population in another group and assessed what portion of the total molecular variance was a function of between group differences (Table 7).  Nearly 74% of the molecular variance within this data set is explained by the differences between Montana and Idaho, and Washington.  Less than 1% of the molecular variances are explained by differences between Montana and Idaho, while the remaining 26% is a result of within-population variation (Table 7).  What these data indicate is that there are no molecular differences between Idaho and Montana, and that most of the variation in the data stems from the extreme differentiation of the Washington population.  In fact, the difference between Idaho and Montana, and Washington is nearly three times the variation seen within each population.  

Phylogeography

In order to understand the phylogeographic relationships of the four cytochrome b haplotypes, I conducted a maximum likelihood analysis of the complete haplotype sequences using PAUP* 4.0b8 (GTR+gamma model).  Included in this analysis were sequences from four species of cottontails (Sylvilagus) and an additional sequence from a Brachylagus specimen from an unknown locality.  This Brachylagus sequence and the Sylvilagus sequences were downloaded from Genbank (Benson et al., 2000).  The resulting tree from the analysis (Figure 6) was rooted using Sylvilagus sequences and shows that Haplotypes B, C, and D form a monophyletic clade exclusive of Haplotype A.  When the geographic regions from which these haplotypes are found are mapped onto the phylogeny, the Idaho and Montana haplotypes cluster together as a monophyletic group apart from the Washington haplotype, and as such, these populations are reciprocally monophyletic in terms of cytochrome b haplotypes.  Reciprocal monophyly and significant divergence of allele frequencies in nuclear (e.g., microsatellite) loci are the two requirements Moritz (1994) established for recognizing Evolutionarily Significant Units.

Evolutionarily Significant Units and Distinct Population Segments

An evolutionary significant unit (ESU) has been defined many ways using a variety of methods (e.g., Ryder, 1986; Waples, 1991; Moritz, 1994; see also Paetkau, 1999).  In general, an evolutionary significant unit is any population that is evolving independently of other populations.  Protecting such units through policy and management practices will achieve the goal of preserving distinct and unique characters within a species.  For the purpose of this document, I will follow the Waples (1991) ESU guidelines.  Although these guidelines were established for Pacific salmonids, they are clearly applicable to other vertebrate taxa and provide a definitive mechanism to consider the Washington pygmy rabbit population as a “distinct population segment,” according to the Endangered Species Act.  Waples (1991) provided two criteria that must be met before a population can be considered an ESU: (1) reproductive isolation from conspecific populations, and (2) evolutionary importance of the population such that it uniquely contributes to the legacy of the species as a whole.  The first of these criteria designates the population as being separate or apart from other populations, and the second criterion indicates that the population is different or unique (Waples, 1991).  

Reproductive Isolation

The Washington pygmy rabbit population is reproductively isolated from the all other populations of pygmy rabbits, and probably has been for thousands of years.  First, the Washington population is physically separated from the closest pygmy rabbit population by over 500 km across which there are several major river systems (e.g., Columbia, Snake, Salmon Rivers), mountains, deserts, and otherwise inappropriate habitat for pygmy rabbits.  Some of these geological features such as the river systems and mountains have been in place for several hundreds of thousands to millions of years (Alt and Hyndman, 1995).  In addition, at least 41 massive floods (Spokane Floods) extending south-southeast from what is now Spokane to the Columbia River occurred repeatedly from 15,500 to 13,500 years ago (Alt and Hyndman, 1995).  These floods not only produced a colossal wall of water, but also gouged and scarred the land, and may have shaped a rather effective barrier to pygmy rabbit dispersal.  There is geological evidence that these floods may have extended back perhaps as early as 800,000 years (Alt and Hyndman, 1995).  

An indirect measure of reproductive isolation between two areas is genetic distance.  Waples (1991:2) stated that genetic “differences can be very useful [in assessing the degree of reproductive isolation] because they reflect levels of gene flow that have occurred over evolutionary time scales.”  It is clear from Figures 4 and 5 that based on microsatellite allelic distributions, the Washington population is largely and significantly different from all other populations of pygmy rabbits, while each of these other populations are not significantly different from each other.  These conclusions are reinforced using cytochrome b sequences (Table 5-7) where upwards of nearly 75% of total variance is a function of a Washington versus Montana/Idaho split.

Evolutionary Importance and Pygmy Rabbit Genetic Legacy

Waples (1991) second criterion attempts to represent the uniqueness of a population, and the criterion is satisfied if the population contributes to the overall genetic diversity of the species.  If the Washington and WA-Mus samples where taken as a whole, there are a total of five alleles that exist in three of the nine microsatellites loci that are unique to Washington (four of these five are unique to WA-Mus, and represent a loss of diversity in Washington during the past 50 years; see Appendix).  Furthermore, and perhaps more importantly, one of the four cytochrome b haplotypes present in these sample of pygmy rabbits is unique to Washington (Haplotype A; Table 5).  The Washington and Idaho/Montana populations of pygmy rabbits are also reciprocally monophyletic for these cytochrome b haplotypes (Figure 6), satisfying one of the criteria for an ESU in Moritz (1994; the other criterion in Moritz is significant divergence of allele frequencies at nuclear loci, which is also satisfied here considering the microsatellite loci discussed above).  

These data indicate that the Washington pygmy rabbit is separate and reproductively isolated from all other populations of pygmy rabbits, and possesses a unique evolutionary history different from that of other parts of this species.  As such, the loss of the Washington pygmy rabbit would constitute a diminished legacy of the species.  Based on these data, I consider the Washington pygmy rabbit to be an Evolutionarily Significant Unit.  

Conclusions and Summary

The Washington population of pygmy rabbits is distinct from all other populations of pygmy rabbits, and appears to have suffered from a reduction in genetic diversity over the past 50 years.  Although the geographic scale at which the Washington specimens were sampled appears restricted (i.e., limited to Sagebrush Flat), that geographic scale is no more limited than that for the Idaho samples (Figure 2).  If the spatial scale from which samples were collected is a factor in assessing levels of genetic variability within a population, we would expect the Washington and Idaho samples to have similar levels of genetic diversity, and these levels would be lower than that expected from the Montana population.  However, this pattern is not true in that it is the Washington population alone with a reduced level of genetic diversity, with the Idaho and Montana samples exhibiting similar levels of genetic diversity.  The reduction in genetic diversity within the Washington pygmy rabbit population does not appear to be limited to nuclear genes (microsatellite loci), but also appears to be true with the cytochrome b sequence data.  Here, Washington exhibits no genetic diversity, with all individuals surveyed with the same haplotype for the 307 bp fragment.  

Although the microsatellite loci in the Washington population overall appear to be in Hardy-Weinberg, the data do suggest that the population may be experiencing a small degree of inbreeding.  This inbreeding would have the effect of lowering the number of observed heterozygotes in the population, thereby reducing the within-individual genetic diversity.  

The Washington population is also distinct and only distantly related to the other pygmy rabbit populations.  In both the microsatellite and cytochrome b data, the Washington population is considerably more differentiated from each of the other localities than any of the other localities are from each other.  In fact, if a cytochrome b mutation rate of 4-11% per million years is accepted (see above and associated footnote), the Washington pygmy rabbit population has been isolated from the Montana and Idaho populations for more than 40,000 years.  Furthermore, the Washington population today is more differentiated from the Washington population that existed roughly 50 years ago (WA-Mus), than any of the other localities are differentiated from each other.  And the differentiation that occurred in Washington during the past half decade appears to be a function of a loss of genetic diversity, rather than mutational differences.  The loss of genetic diversity probably resulted from a genetic bottleneck associated with the shrinkage of rabbit habitat and a severe reduction in population size that occurred during this time interval.  

Finally, the maximum likelihood phylogeny for the cytochrome b haplotypes indicates that Idaho and Montana, and Washington pygmy rabbit populations are reciprocally monophyletic.  Furthermore, the Washington populations show significant divergence in their microsatellite allele frequencies from the rabbit populations within the core range of the species.  These data, combined with the fact that the Washington population appears to have been isolated from the core range of the species for thousands of years, and therefore represents an important component in the evolutionary legacy of the species, indicates that the Washington pygmy rabbit population is an Evolutionarily Significant Unit (sensu Waples, 1991 or Moritz, 1994).  As such, no population within the core range of pygmy rabbits is closely related to the Washington population, and therefore, no population in the core range is an appropriate source of individuals for translocation.  The only management alternative for the recovery of the Washington pygmy rabbit that would insure that the “evolutionary legacy” of this species is maintained is to captive breed Washington pygmy rabbits for release in occupied and previously occupied shrub steppe habitats in Washington.  
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Table 1.  Locality and collection data for samples used in this study.  Not all samples produced complete genotypes.  Museum samples are pieces of skin removed from study skins located in one of several museums (see Acknowledgements)

	LOCALITY
	COUNTY
	TISSUE TYPE
	YEAR
	SAMPLE SIZE
	NOTES

	MONTANA
	Beaverhead
	Muscle
	1997
	7
	1

	
	Beaverhead
	Muscle
	1996
	4
	1

	
	Beaverhead
	Museum
	1963
	1
	

	
	
	
	
	
	

	IDAHO
	Lemhi
	Muscle
	2001
	3
	2

	
	Lemhi
	Muscle
	2000
	13
	2

	
	
	
	
	
	

	IDBUTTE
	Butte
	Museum
	1981
	3
	

	
	
	
	
	
	

	IDWEST
	Ada
	Museum
	1981
	1
	4

	
	Owyhee
	Museum
	1952
	2
	4

	
	Twin Falls
	Museum
	1952
	5
	4

	
	
	
	
	
	

	OREGON
	OSU FW-2533
	Museum
	?
	1
	5

	
	Harney
	Museum
	1913
	1
	5

	
	Harney
	Museum
	1940
	2
	5

	
	Harney
	Museum
	1947
	2
	5

	
	Harney
	Museum
	1949
	8
	5

	
	Harney
	Museum
	1950
	4
	5

	
	Harney
	Museum
	1961
	1
	5

	
	Harney
	Museum
	1964
	1
	5

	
	Lake
	Museum
	1913
	1
	5

	
	Lake
	Museum
	1914
	1
	5

	
	Lake
	Museum
	1930
	1
	5

	
	Lake
	Museum
	1964
	1
	5

	
	Lake
	Museum
	1983
	1
	5

	
	
	
	
	
	

	WASHINGTON
	Douglas
	Muscle
	1992
	15
	3

	
	
	
	
	
	

	WA-MUS
	Adams
	Museum
	1956
	1
	6

	
	Douglas
	Museum
	1948
	1
	6

	
	Douglas
	Museum
	1949
	6
	6

	
	Douglas
	Museum
	1950
	1
	6

	
	Douglas
	Museum
	1979
	1
	6

	
	Grant
	Museum
	1949
	8
	6

	
	Grant
	Museum
	1952
	1
	6

	
	Grant
	Museum
	1962
	2
	6

	 
	Lincoln
	Museum
	1949
	1
	6


Table 1 Notes:

1.  Samples collected from approximately six localities.  UTM coordinates are available for eight of the 11 samples.  The average inter-sample distance is 69 km, although three of the samples were collected within 2 km (see Figure 2).

2.  Samples collected from one general locality near Leadore, Idaho.  UTM coordinates are available for 13 of the 16 samples.  The average inter-sample distance is 400 meters, with a range of 33 meters to 1.4 km (see Figure 2).  

3.  Samples collected by Megan Gahr (1993) and provided to WDFW by Dr. James Hallet (Washington State University).  All samples were collected from two localities within Sagebrush Flat, a 1,350 ha site owned by WDFW.  The two localities within Sagebrush Flats are seperated by approximately 2.8 km.  Although UTM coordinates are not available for any of the samples, Gahr (1993) provided telemetry data for nine of the 15 samples.  These data are presented in Figure 2.

4.  IDWEST is a composite locality consisting of 8 museum samples.  These samples were originally collected from three counties in Idaho and were seperated by approximately 150 km.  

5.  OREGON is a composite locality consisting of 28 museum samples collected from 2 (3?) counties during a period of 70 years.  The original collection sites are seperated by approximately 165 km.

6.  WA-MUS is a composite locality consisting of 22 museum samples collected from four counties during a 31 year period.  The original collection sites are seperated by approximately 90 kms.  Seven of the 22 samples were collected from Sagebrush Flat, and an additional 10 samples were collected within 15 km of Sagebrush Flats.

Table 2.  Microsatellite data used in this analysis

	Name
	Species of Origin
	Repeat Sequence
	Reference

	sat5
	Oryctolagus cuniculus
	(TC)23 TTT (CT)5
	Mougel, et al. (1997)

	sat7
	Oryctolagus cuniculus
	(TG)14
	Mougel, et al. (1997)

	sat8
	Oryctolagus cuniculus
	(CT)14 (GT)8 TT (GT)5
	Mougel, et al. (1997)

	sat12
	Oryctolagus cuniculus
	(CTAT)10
	Mougel, et al. (1997)

	sat16
	Oryctolagus cuniculus
	(TG)15
	Mougel, et al. (1997)

	sol03
	Oryctolagus cuniculus
	(TC)14 (T)4 (TC)16
	Rico et al. (1994)

	sol08
	Oryctolagus cuniculus
	(TG)19 (N)15 (TG)5
	Rico et al. (1994)

	sol30
	Oryctolagus cuniculus
	(TC)14 (A)1(T)4 (TC)5
	Rico et al. (1994)

	sol44
	Oryctolagus cuniculus
	(GT)17
	Surridge et al. (1997)


Table 3.  Summary statistics for genetic diversity, pooled across all loci.  See Appendix for information on each individual locus.  

	Locality
	Private Alleles
	Ho1
	He
	Gene Diversity
	f
	f (lower)
	f (upper)

	Idaho
	3
	0.72
	0.78
	0.75
	0.11
	-0.06
	0.27

	IDButte
	5
	0.85
	0.87
	0.72
	0.03
	-0.12
	0.17

	IDWest
	5
	0.69*
	0.80
	0.73
	0.12
	-0.05
	0.32

	Montana
	3
	0.73
	0.78
	0.74
	0.07
	-0.02
	0.13

	Oregon
	10
	0.83
	0.83
	0.77
	0.00
	-0.07
	0.06

	Washington
	0
	0.33
	0.40
	0.38
	0.10
	0.04
	0.32

	WA-MUS
	4
	0.52*
	0.58
	0.51
	0.10
	-0.30
	0.22


1 Global test for heterozygote deficit using Genepop 3.3


 * p < 0.05


** p < 0.05, adjusting for experiment-wise error rate (actual critical value reduced to p < 0.007).  

Table 4.  Cytochrome b haplotypes present in the Washington, Montana, and Idaho populations, and basepair differences among haplotypes.  Filled circles indicate same nucleotide as Brachylagus A sequence.  Nucleotide number refers to base position in this 307 bp fragment.  

	 
	Nucleotide Position in Sequence

	Haplotype
	118
	155
	241

	Brachylagus A
	A
	G
	C

	Brachylagus B
	
	
	T

	Brachylagus C
	G
	
	T

	Brachylagus D
	G
	A
	T


Table 5.  Cytochrome b haplotype frequencies.

	Haplotype
	Washington
	Idaho
	Montana

	Brachylagus A
	16
	-
	-

	Brachylagus B
	-
	7
	2

	Brachylagus C
	-
	6
	3

	Brachylagus D
	-
	2
	2

	Total
	16
	15
	7


Table 6.  Several measures of nucleotide divergence.  Above the diagonal: p-values from an exact test for population differentiation.  P-values equal to 0.00 signify significant population divergence.  Diagonal:  mean percent within-population nucleotide divergence, which measures the degree to which individuals within a population have diverged from each other.  Below diagnonal:  mean percent nucleotide divergence values between each pair of populations, corrected for mean within-population nucleotide divergence.  

	 
	Washington
	Idaho
	Montana

	Washington
	0.00%
	0.00
	0.00

	Idaho
	0.43%
	0.24%
	0.83

	Montana
	0.52%
	0.02%
	0.27%


Table 7.  Analysis of Molecular Variance (AMOVA) based on a Montana/Idaho versus Washington grouping

	Source of Variation
	Variance
	Percentage of Variation

	Among Groups
	0.69123
	73.45%

	Among Populations
	0.00364
	0.39%

	within Groups
	
	

	Within Populations
	0.24623
	26.16%
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Figure 1.  Geographic positions of Pygmy Rabbit sample localities for all genetic material used in this study.  See Table 1 for descriptions of specific localities.  The pygmy rabbit range was adapted from McAllister, 1995).
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Figure 2.  The absolute distance between an individual sample and the centroid for all samples within a single locality for the Washington, Idaho, and Montana localities.  Distances were calculated using UTM coordinates for each sample, where available (Montana and Idaho), or from initial x-y telemetry coordinates (Washington; see Gahr, 1993).  See also Table 1: Notes 1-3. 
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Figure 3.  Mean gene diversity with 95% range of values calculated from 1,000 bootstraps runs, for eight of the nine loci used in this analysis.  Non-overlap in the 95% range between any two localities signifies a statistically significant divergence in gene diversity.  Locus sat16 is omitted from the figure, but the pattern of values among localities is similar to sat12, and there are no significant differences in gene diversity among any of the localities.  
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Figure 4.  Coancestry coefficients () for each pairwise combination of localities.  Each filed circle corresponds to the coancestry coefficient calculated directly from the data.  The error bars associated with each coefficient are the 95% range from 1,000 bootstrap runs generated in GDA 1d16c (F-stats, bootstrap across loci).  Coancestry coefficients are considered different if their 95% ranges do not overlap.  Coancestry coefficients involving either Washington or WA-Mus are symbolize with stippled 95% bootstrap ranges.  
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Figure 5.  Minimum evolution tree generated from the coancestry coefficient matrix.  The minimum evolution solution for the coefficient matrix was determined using MEGA 2.0, using the linearized tree procedure.
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Figure 6.  Maximum likelihood tree generated from a 307 bp fragment of cytochrome b using PAUP* 4.0b8 (GTR+gamma model).  Sylvilagus and additional Brachylagus sequences from Genbank.

Appendix.  Allele frequences and diversity statistics for individual loci and localities.  Diversity statistics in Table 3 are mean values for each locality pooled over all loci.  Ho values that are underlined indicate significant departure from Hardy-Weinberg equalibrium, adjusting for experiment-wise error rates (i.e., p = 0.0008).  

	LOCUS
	Allele
	ID
	IDButte
	IDWest
	MT
	Oregon
	WA
	WA-Mus

	sat05
	203
	0.09
	0.17
	0.13
	0.14
	0.16
	
	

	
	205
	0.13
	0.17
	0.19
	0.09
	0.03
	
	

	
	207
	
	
	
	
	0.13
	
	

	
	209
	0.25
	0.17
	0.19
	0.41
	0.22
	1.00
	1.00

	
	211
	0.22
	0.17
	0.25
	0.05
	
	
	

	
	213
	
	
	
	0.23
	
	
	

	
	215
	
	
	0.06
	
	0.34
	
	

	
	217
	0.31
	
	0.06
	0.09
	0.13
	
	

	
	219
	
	0.33
	0.13
	
	
	
	

	
	n
	16
	3
	8
	11
	16
	15
	15

	
	Ho
	0.44
	0.67
	0.75
	0.64
	0.88
	0.00
	0.00

	
	He
	0.79
	0.93
	0.88
	0.78
	0.80
	0.00
	0.00

	
	f
	0.46
	0.33
	0.16
	0.19
	-0.09
	0.00
	0.00

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	sat07
	187
	0.36
	0.33
	0.20
	0.42
	 
	 
	 

	
	189
	0.45
	0.17
	0.60
	0.38
	0.60
	
	0.12

	
	191
	0.05
	0.33
	
	0.21
	0.20
	0.37
	0.53

	
	193
	
	0.17
	
	
	0.05
	0.63
	0.35

	
	195
	0.14
	
	0.20
	
	0.15
	
	

	
	n
	11
	3
	5
	12
	10
	15
	17

	
	Ho
	0.73
	1.00
	0.60
	0.58
	0.60
	0.47
	0.59

	
	He
	0.67
	0.87
	0.62
	0.67
	0.61
	0.48
	0.60

	
	f
	-0.09
	-0.20
	0.04
	0.13
	0.01
	0.03
	0.02

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	sat12
	108
	 
	 
	 
	 
	 
	 
	0.05

	
	110
	0.20
	
	0.33
	0.05
	0.25
	
	

	
	114
	
	0.17
	0.17
	0.05
	0.08
	0.03
	

	
	116
	
	
	
	
	
	
	0.05

	
	118
	
	0.17
	
	
	0.08
	
	0.15

	
	122
	0.25
	0.33
	
	0.15
	0.08
	0.23
	0.15

	
	126
	0.45
	0.17
	
	0.35
	0.25
	
	0.05

	
	130
	0.10
	0.17
	
	0.20
	0.25
	0.50
	0.50

	
	134
	
	
	0.50
	0.20
	
	0.23
	0.05

	
	n
	10
	3
	3
	10
	6
	15
	10

	
	Ho
	0.70
	1.00
	1.00
	0.70
	1.00
	0.60
	0.60

	
	He
	0.72
	0.93
	0.73
	0.81
	0.86
	0.66
	0.73

	
	f
	0.03
	-0.09
	-0.50
	0.14
	-0.18
	0.10
	0.19


Appendix (con’t)

	LOCUS
	Allele
	ID
	IDButte
	IDWest
	MT
	Oregon
	WA
	WA-Mus

	sat08
	103
	 
	 
	 
	 
	0.18
	 
	 

	
	105
	0.04
	
	0.06
	0.17
	
	
	

	
	107
	
	
	0.06
	
	0.03
	
	

	
	109
	
	
	
	
	0.03
	
	

	
	111
	0.15
	
	0.06
	
	0.10
	
	0.03

	
	113
	
	0.17
	
	0.25
	
	
	

	
	115
	0.04
	0.17
	0.13
	
	0.08
	
	

	
	117
	
	
	
	
	0.03
	
	

	
	119
	
	
	
	0.04
	0.08
	0.20
	0.28

	
	121
	0.08
	0.17
	0.25
	
	0.08
	0.17
	0.30

	
	123
	0.23
	0.33
	0.19
	0.13
	0.18
	0.50
	0.28

	
	125
	0.08
	
	0.06
	
	0.08
	
	0.03

	
	127
	0.08
	
	0.06
	0.13
	0.08
	
	

	
	129
	0.15
	0.17
	
	0.17
	0.08
	0.13
	0.03

	
	131
	0.12
	
	0.13
	0.08
	0.03
	
	0.03

	
	133
	0.04
	
	
	0.04
	
	
	

	
	135
	
	
	
	
	
	
	0.03

	
	141
	
	
	
	
	
	
	0.03

	
	n
	13
	3
	8
	12
	20
	15
	20

	
	Ho
	1.00
	1.00
	0.88
	0.83
	0.90
	0.67
	0.80

	
	He
	0.90
	0.93
	0.91
	0.88
	0.92
	0.69
	0.77

	
	f
	-0.12
	-0.09
	0.04
	0.05
	0.02
	0.03
	-0.03

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	sat16
	110
	0.11
	 
	0.06
	0.17
	0.03
	 
	 

	
	112
	
	
	0.13
	
	0.09
	0.10
	0.20

	
	118
	
	
	0.06
	
	
	
	

	
	122
	
	
	0.13
	0.04
	0.15
	0.67
	0.27

	
	124
	0.29
	0.50
	
	0.21
	0.26
	
	0.02

	
	126
	0.61
	0.50
	0.63
	0.58
	0.47
	0.23
	0.50

	
	n
	14
	3
	8
	12
	17
	15
	22

	
	Ho
	0.07
	0.33
	0.50
	0.50
	0.65
	0.40
	0.41

	
	He
	0.56
	0.60
	0.61
	0.61
	0.70
	0.51
	0.65

	
	f
	0.88
	0.50
	0.19
	0.19
	0.08
	0.22
	0.37


Appendix (con’t)

	LOCUS
	Allele
	ID
	IDButte
	IDWest
	MT
	Oregon
	WA
	WA-Mus

	sol03
	394
	0.04
	 
	 
	 
	 
	 
	 

	
	396
	
	
	
	0.04
	
	
	

	
	398
	0.17
	
	
	0.04
	
	
	

	
	400
	0.04
	
	
	0.04
	
	
	

	
	402
	0.13
	
	0.17
	0.08
	
	
	

	
	404
	0.29
	
	0.17
	0.13
	0.25
	
	

	
	406
	
	
	
	
	0.25
	
	

	
	408
	0.13
	
	0.33
	0.13
	
	
	

	
	410
	0.04
	0.17
	
	0.08
	0.25
	0.97
	0.50

	
	412
	0.04
	0.17
	0.17
	0.38
	
	0.03
	0.50

	
	414
	
	0.17
	
	
	
	
	

	
	416
	
	0.33
	
	
	
	
	

	
	420
	
	
	
	
	0.25
	
	

	
	422
	0.13
	
	
	0.08
	
	
	

	
	424
	
	0.17
	
	
	
	
	

	
	428
	
	
	0.17
	
	
	
	

	
	n
	12
	3
	3
	12
	2
	15
	1

	
	Ho
	0.92
	1.00
	0.67
	0.83
	1.00
	0.07
	1.00

	
	He
	0.87
	0.93
	0.93
	0.84
	1.00
	0.07
	1.00

	
	f
	-0.06
	-0.09
	0.33
	0.00
	0.00
	0.00
	0.00

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	sol08
	111
	 
	 
	0.13
	 
	 
	 
	 

	
	115
	
	
	
	
	0.02
	
	

	
	117
	0.19
	0.17
	0.06
	0.14
	0.16
	
	

	
	119
	0.38
	0.33
	0.06
	0.41
	0.30
	0.27
	0.31

	
	121
	0.03
	0.33
	0.44
	0.14
	0.16
	0.73
	0.64

	
	123
	0.09
	
	0.13
	0.05
	0.23
	
	0.05

	
	125
	0.03
	
	0.06
	0.09
	0.14
	
	

	
	127
	0.22
	
	0.13
	0.14
	
	
	

	
	129
	0.06
	
	
	0.05
	
	
	

	
	131
	
	0.17
	
	
	
	
	

	
	n
	16
	3
	8
	11
	22
	15
	21

	
	Ho
	0.75
	1.00
	0.88
	0.73
	0.91
	0.40
	0.43

	
	He
	0.79
	0.87
	0.80
	0.80
	0.81
	0.40
	0.50

	
	f
	0.05
	-0.20
	-0.10
	0.10
	-0.13
	0.01
	0.15


Appendix (con’t)

	LOCUS
	Allele
	ID
	IDButte
	IDWest
	MT
	Oregon
	WA
	WA-Mus

	sol30
	308
	 
	 
	 
	 
	0.08
	 
	 

	
	314
	0.06
	
	
	
	
	
	

	
	316
	
	
	0.14
	0.04
	0.08
	
	

	
	318
	0.22
	
	
	0.04
	0.04
	
	

	
	320
	
	
	
	0.04
	0.08
	
	

	
	322
	0.16
	
	0.36
	0.08
	0.21
	
	

	
	324
	0.16
	
	0.21
	0.13
	0.04
	
	

	
	326
	0.03
	
	
	
	0.13
	
	

	
	328
	0.16
	
	0.07
	0.13
	0.08
	
	

	
	330
	0.06
	0.33
	0.07
	0.08
	0.08
	0.97
	0.86

	
	332
	
	
	0.07
	0.38
	0.04
	0.03
	0.07

	
	334
	
	0.17
	
	
	
	
	0.07

	
	336
	
	0.33
	
	
	
	
	

	
	338
	
	
	
	
	0.04
	
	

	
	340
	
	
	
	
	0.04
	
	

	
	342
	0.09
	
	
	0.08
	
	
	

	
	344
	0.06
	0.17
	
	
	0.04
	
	

	
	348
	
	
	0.07
	
	
	
	

	
	n
	16
	3
	7
	12
	12
	15
	14

	
	Ho
	1.00
	1.00
	0.57
	0.83
	0.83
	0.07
	0.29

	
	He
	0.89
	0.87
	0.85
	0.84
	0.93
	0.07
	0.26

	
	f
	-0.13
	-0.20
	0.34
	0.00
	0.11
	0.00
	-0.08

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	sol44
	194
	 
	 
	 
	 
	 
	0.20
	0.47

	
	196
	
	
	
	
	0.05
	0.50
	0.09

	
	200
	
	
	0.10
	
	
	
	

	
	204
	0.08
	
	
	
	
	
	

	
	208
	0.08
	
	
	
	0.05
	
	

	
	210
	
	0.17
	0.20
	0.38
	
	
	

	
	212
	0.25
	
	0.20
	0.17
	0.25
	
	

	
	214
	0.17
	0.17
	0.10
	0.29
	0.30
	
	0.06

	
	216
	0.25
	0.33
	0.10
	0.08
	0.20
	0.10
	0.21

	
	218
	
	0.33
	0.30
	
	0.15
	0.20
	0.18

	
	220
	0.17
	
	
	0.04
	
	
	

	
	222
	
	
	
	0.04
	
	
	

	
	n
	12
	3
	5
	12
	10
	15
	17

	
	Ho
	0.83
	0.67
	0.40
	0.92
	0.70
	0.33
	0.53

	
	He
	0.84
	0.87
	0.89
	0.77
	0.82
	0.68
	0.71

	 
	f
	0.01
	0.27
	0.58
	-0.20
	0.15
	0.52
	0.27






































� Divergence times inferred from molecular data should be used with extreme caution and only as a guide, not as a definitive and absolute measure of time.  Divergence rates are based on assumptions of molecular clock, which may be incorrect, and most frequently divergence times are associated with large standard errors (see Hillis et al., 1996 for discussion of the limitations of using molecular data to predict time).
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