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Project Overview

Organismsnhabitingfreshwater springpresent unique challengesdonservationists
and natural reource managers. Thaturally fragmented distribution of spring species render
them extremelyulnerableto fine-scale disturbance and springre among the most
anthropogenically exploitefleshwater habitat@effe and Vrijenhoek 1988; Hubbs 1995;
Etnier 1997; Timpe et al. 2009; Fluker et al. 2010; Martin 2010). Spring endemic species are
often confined to spring pools and short stretches of spring runs, with interconnecting streams
and rivers acting as major barriers to dispg{Stdrnes and Etnier 168 Consequently, spring
endemicspeciesshould share several characteristics with island endemic species, i.e. small
genetically structured populations with low genetic diversity, making them more susceptible to
local extinction compared to their mainlamdwidespreadelatives (Frankham 1997; Wils@t
al. 2009). Recent studies gpring taxa support this hypothesis in terms of genetic structure
(Martin and Wilcox 2004; Hurt and Hedrick 2004; Wilmer and Wilcox 2007) and small
population sizes with low geetic diversity (Duvernell and Toer 1999; Fluker et al. 2010).
Most genetic studies dforth American spring end@c species have focused on taxa framoal
lands (Vrijenhoek et al. 1985; Meffe and Vrijenhoek 1988; Echelle et al. 1989; Thompson et al.
20@2; Martin and Wilcox 2004; Hurt and Hedrick 2004; Bernardi et al. 2007) where demands
from municipal and agricultural usefor groundwatehave longconflictedwith biodiversity
conservation (Deacon at. 2007). Relatively few genetic studies have besduactedn the
southeastern United Stajé®weverwhere recent groundwater demands due to rapid human
population growth threaten the rich diversity of coldwater spring endemics (Hubbs 1995; Etnier

1997; Mirarchi et al. 2004).



Within the state of Alabamaeven dartespecies (Percida&theostompeither
permanently inhabit springs or require springs gporthg seeps for reproductiofhe Watercress
Darter Etheostoma nuchale@nd Tuscumbia DarteE( tuscumbifiare permanent residents of
springs andher associated springins.The Coldwater DartefH, ditremg, Goldstripe Darter
(E. parvipinng, and Rush DarteE( phytophiluminhabit small headwater streamsiisgs,
spring runs, and seegda.contrast, the Slackwater Darté&. poschungiand Trispo Darter €.
trisella) normally occupy small to naerately large streams, but migrat® ephemerasees
during winter monthgor reproductionTheses pr i ng associ ated darters
most critically imperiled fishes and are listed as eie or S2 conservation statés:nuchale
(S1), federally endangereHl; boschung{S2),federally threatenedE. phytophilun(S1),
federally endangered. ditrema(S1) ancE. tuscumbigS2), state protectedndE. trisellawas
considerecxtirpated inAlabamauntil rediscovered in 2008 (Johnson et al. 2011).

The stringent habitat requirements and restricted geographic distributions of these species
render them extremely vulnerable to local extirpation and extinction (Etnier 1997). Further,
many of thenative springs and spring runs occupied by these darters have been capped for
industrial and/or residential development, stripped of vegetation, transformed into fishing ponds,
or otherwise modified in ways harmful to native species (Mirarchi et al. 2B@g)iousgenetic
studies indicatgthatthe spring endemik. nuchaleconsists of three highly structured
populations each of whiclwere recommended as distinct management imftgure
conservation planningMayden et al. 2005; Fluker et al. 201Burther, Huker et al. (2010)
showed that populations &f nuchaleexhibited low genetic diversity, and thus increased
extinction risk, compared to its widespread strebmelling relative E. swaini Although the

genetic characteristics of the federally angerecE. nuchaleare now better understoddile is
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known about the population genetic structure and genetic haalthrelates to conservation
practices, footherspringadaptedspecies throughout the staWdrren et al. 2000; Boschung
and Mayder2004; Mirarchi et al. 2004 Thus, themain objective of thistudywas to elucidate
evolutionary history angopulation genetic structure anddetermine the genetic health of four
of Al abamads i mper i | (&dosshpngij Enditred, B. phgtophilunenmdg dar t
E. tuscumbin
For each of the four target species, we conducted extensive;watgeampling and
used a combination of mitochondrial (mt) DNA and nuclear microsatellite (m) DNA data to
address the following objectives:
1. Determne population genetic structure within each species

Conservation relevaneé&dentify appropriate management units for conservation

planning and better understand connectivity and migration between populations.
2. Determne levels of genetic variation fdistinct populations within each species.

Conservation relevane®opulations with low genetic variation have a higher extinction

risk and should have higheonservation priority thapopulations with higher genetic
variation.
3. Determine how demographfactors(e.g. recent versus historic bottlenecks) reflected in
the current patterns of genetic variation for each species.

Conservation relevane®anagement strategies may differ if reductiongenetic

variability are recent due to anthropogenatiaties versus historic, naturally low levels.
We conclude chapter three with recommendations that will be useful for conservation planning

of all spring endemic fishes of the southeastern United States.
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EVOLUTIONARY HISTORY AND CONSERVATION GENETIG OF THE SLACKWATER

DARTER ETHEOSTOMA BOSCHUNBAND TUSCUMBIA DARTER ETHEOSTOMA

TUSCUMBIA
Introduction
The Slackwater DarteEtheostoma boschungs known from four tributaries to the

lower bend of the Tennessee River (Cypress Creek, Shoal Creek, Swan Creek, and Flint River)
and from tibutaries to the Buffalo Rivelystem in Lawrence County, meesseeWall and
Williams 1974;Boschung and Nieland 1986; McGregor and Shepard 1995; Boschung and
Mayden 2004)Based on sharedale breeding coloration and breeding habitat preferé&ce
boschungivas placed in the subgenOgarkawith four other dartespeciesk. cragini E.
pallididorsum E. punctulatumandE. trisella Williams and Robison 1980). Males Oarka
share exquisite breeding coloration f@dnge, orange, and blue combinations) and
tuberculation patterns (Williams and Robison 1980)p&ficular interest is the breeding habitat
preference oOzarka which is unigue to darters. During repawning times, members of
Ozarkainhabit gentle riffles and slackwater areas of small to medium sized upland streams.
However, for relatively brief griods during winter and early spring, they enter tiny spitéug
rivulets or ephemeral seeps, spawn, and subsequently return to the stream (Hambrick and
Robison 1979; Williams and Robison 1980; Boschung and Nidl@86; Bailey and Etnier
1988). Becausefdts limited distribution, small population sizes, and loss of habitat throughout
its range, the United States Fish and Wildlife Service (USFWS) Etedschungas federally
threatened in 1977 (USFWS 1977). More recently, loss and alteration ofriy éadbitat forlE.
boschunghas coincided with decreased abundance at these sites, and has raised concerns about
t he s futare peesistencéBoschung and Nieland 1986; Boschung and Mayden;2004

Johnston 2004



The Tuscumbia DarteE. tuscumbiais restricted to limestone springs and spring runs of
the lower bend of the Tennessee RiAamstrong and Williams 1971; Page 1983; Boschung
and Mayden 200Kuhajda2004). Etheostoma tuscumbveas once more widely distributed in
springs of the lower bend die¢ Tennessee River, but impoundments of the haee inundated
at least 10 of the historic localities (Etnier and Starnes 1993; Boschung and Mayden 2004). Thus,
E. tuscumbias now limited to 14 spring localities (Boschung and Mayden 2004) and a newly
discovered locality in Limestone Creek (Bruce W. Stallsmith, pers. comm.; personal
observatiopwhere habitat degradation threatens the spettie per si st ence (Jones
Kuhajda2004). AlthougtE. tuscumbialoes not receive federal protection, thecsgeis
protected undeAlabama norgame regulations and is considered to be of high conservation
concern (Boschungna Mayden 2004; Kuhajd2004).

Only recently have molecular phylogenetic studies identlEetiscumbias sister td.
boschung(Maydenet al. 2006; Lang and Mayden 2007, Near et al. 2011), supporting previous
hypotheses of its inclusion @zarka(Page 2000; Sloss et al. 2004). Altholgluscumbia
shares a sisteelationship an@jieographic distribution witk. boschungin the lower lend of
the Tennessee River (Figs. 1 and 2), it has a number of uniquely derived characteristics
compared to other members@tarka In contrast tde. boschungand othelOzarka E.
tuscumbidacks male breeding coloration and does not participate irrigfealnnual breeding
migrations into ephemeral seep and spring habitats. R&heiscumbigrefers isolated
limestone spring pools throughout its range where it is rarely found in streams or beyond
groundwater influence (Armstrong and Williams 1971;6°4§83; Boschung and Mayden
2004). Because of its thermally stable spring habitat, most populati@hsusficumbidave

protracted spawning periods, or spawn continuously throughout the year (Koch 1978; Boyce



1997). RemarkabhE. tuscumbigopulations elibit flexibility in egg laying strategies and
activity patterns that are typically invariable within many darter clades and are rarely variable
within species (Koch 1978; Page 1985; Boyce 1997).

In this studywe use comparative phylogeographic and pdpriayenetic methods to
evaluate the evolutionary history Bf boschungandE. tuscumbiandidentify appr@riate
management units within each speckasrther, we use several analytical methods to evaluate the
relevance of historic versus contemporargrés that have given rise to the endangered status of
each species. We concludedigcusgg how our results should guide conservation planning for

E. boschungandE. tuscumbia



Materials and methods
Sample collection and DNA extraction

We obtained tiage samples from across the entire range. ddfoschung{N = 149) ancE.
tuscumbigN = 295) in tributaries to the lower bend of the Tennessee River (Table 1; Figs. 1 and
2). Samples were collected by seine, or obtained from the University of Alabamglobth
Collection (UAIC) frozen tissue collection (Table 2). Due to the difficulty of colleding
boschungoutside of breeding sites (McGregor and Shepard 1995; Boschung and Nieland 1986)
and putative decrease in abundance at several extant breeesn@dsittup 2005; Johnston and
Henderson 2007; Rakes and Shute 2008), two of the eight known extant breeding sites yielded
only five individuals each despite multiple attempts over ayear period. Individuals dE.
tuscumbiavere obtained from 12 of tHel extant spring localities and a newly discovered site in
Limestone Creek (Bruce W. Stallsmith pers. comm.). Tissues and voucher specimens taken in
the field were preserved in 95% ethanol and 10% formalin, respectively, and deposited into
UAIC (Table 2).Genomic DNA was extracted from tissues using the DNeasy kit (Qiagen).
DNA sequencing and microsatellite genotyping

The material for phylogenetic analyses was amplified for the compl&tehondrial
(mt) DNA NADH dehydrogenase subunit 2 (ND2) gene (TdhleA subset of these individuals
was amplified for the first intron of the nuclear ribosomal protein S7 (Table 1). Polymerase chain
reaction (PCR) amplifications for both loci were conducted using primers and conditions listed
in Lang and Mayden (2007)h& resulting products were purified using the QlAquick PCR
purification kit (Qiagen), cycle sequenced using BigDye® Terminator v3.1 chemistry and read
on an ABI PRISM® 3100 Genetic Analyzer (Steven Johnson Molecular Systematicatbapo

University of Alabama).



All individuals for both species (Table 1) werengéyped for nine microsatellite (m)
DNA loci using primers designed f&: caeruleun{fEcalOEPA, Eca46EPA, Eca48EPA, Tonnis
2006),E. osburni(EosC3, EosC6, EosD11, EosD107; Switzer et al. 2008)Easdotti(Esc26b,
Esc120; Gabel et al. 2008). PCR amplifications were performed using the F¥iR&fe
system (Epicentre Biotechnologies) or GoTaqg* Flexi DNA polymerase (Promega) under
conditions used in Fluker et al. (2010). Fluorescently labeledfR@/ents (HEX and-6AM)
were mixed with GeneScanE 500 ROXE Size Stand
ABI 3730DNA analyzer (University of Maine DNA sequencing facility). Prior to analyses,
alleles werdinned using the program FLEXIBIN 2.0 (Amesal. 2007) and the dataset was
screened fogenotyping errors with MICR&@HECKER (van Oosterhout et al. 2004).
DNA sequence alignment and model selection

Two sets of DNA sequence alignments were constructed; one for phylogeographic
reconstruction and orfer divergence time estimatehe first alignment consisted of ND2
sequences to reconstruct the phylogeographic histdgy lndschungandE. tuscumbiaUnique
haplotypes were determined for both species using the program DnaSP v5.10 (Librado and
Ro0zas2009) and the resulting haplotypes were aligned with darter outgroups, including all
members oDzarka(Table 2). Bestit models of nucleotide substitutionane evaluatefbr
individual codon positions of ND2 using Akaike infornaaticriterionin the progam
MrModeltest v2.3 (Nylander 2004).

The second alignment consisted of concatenated 8ID2equences to estimate
divergence times amorify boschungandE. tuscumbiaBecause fossil evidence for darters is
poor and fossils of close relatives sucliPascahave been difficult to assess (Cavender 1986),

we employed external fossil calibration methods of Hollingsworth and Near (2009), which
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utilized DNA sequence data and five fossil calibration points for the closely related family
Centrarchidae (Near et &005). Prelninary phylogenetic analysisvealed four highly
divergent, well supported clades witlin boschungand shallow divergence withi.
tuscumbia Thus, the finablignment consisted of one concatenated sequence from each of the
four E. boschugi clades, the two most divergdat tuscumbiasequences, 47 Centrarchid taxa
(GenBank accession nos. listed in Near et al. 2005), and the same darter outgroups as the
phylogeographic analysis (Table 2). The S7 data set was aligned using the program MUSCLE
v3.8 (Edgar 2004), ND2 sequences were easily aligned by eye, and the partitions were
concatenated in Geneious v5.1.7 (Biomatters Ltd).
Phylogeographic reconstruction and divergence time estimates

To reconstruct phylogeographic histories of both speBiagesian phylogenetic
inference was performed using MrBayes v3.12 (Ronquist and Huelsenbeck 2003) on the ND2
data set. Codon positions were partitioned and the appropriate substitution models were used to
set unlinked priors for each (first pos. = HKYi#second pos. = GTR + I; third pos. = GTR + |
+ ). Four separate runs were conducted for 20 million generations with sampling every 1000
generations. Convergence was assessed by monitoring the standard deviation of the split
frequencies and all runs pritwr convergence (> 0.01) were discarded as burntorstruct the
50% majorityrulec onsensus phyl ogr am. Nodes with O 0.9°¢
considered to have significant support. We also used the program Tracer v1.5 to determine
whether MCMC chims mixed well (effective sample size > 200) during MrBayes and BEAST
runs. To visualize genealogical relationships among mtDNA sequences, haplotype networks
were constructed using statistical parsimony in TCS v1.21 (Templeton et al. 1992; Clement et al.

2000). TCS constructs haplotype relationships by calculating the maximum number of
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substitutions to connect two haplotypes parsimoniously with 95% confidence. TCS also
estimates outgroup probabilities, identifying probable roots in the network and revtkaling
most ancient haptgpes (Castelloe and Templetb894).

To estimate divergence times between clades of the two species, the program BEAST
v1.6.1 (Drummond and Rambaut 2007) was implemented with priors for minimum bound
lognormal age estimates on Cemthid fossil calibration points used in Hollingsworth and Near
(2009). These methods haveen used in several otharalyses, all of which generated
consistent estimates of time of most common recent ancestor (TMRCA) for Centrarchidae and
major darter gyups (Near and Benard 2004; Near and Keck 2005; Keck and Near 2010).
Substitution models were unlinked among ND2 (TrN +i)-and S7 partitions (GTR ). To
allow for uncertainty in substitutions rates on adjacent branches, an uncorrelated lognot#mal cloc
modelwas employed with a Yule process speciation tree prior. Four independent runs of 40
million generations were conducted and tree and log files were combined with 40% of the
generations discarded as burnin using LogCombiner v1.6.1.

Estimates of genietdiversity, population structure, and gene flow

Departures from HardWeinberg equilibrium (HWE) anlinkage disequilibrium were
assessed IGENEPOPv4.0.10(Rousset 2008) using a Markov Chain algorithm with 10,000
dememorizations, 200 batches and 10,@rations per batch. Measures of genetic diversity
amongSTRUCTUREdefined populations (see results) were estimated from mDNA as mean
number of alleles per locus), heterozygosity observeti{), and heterozygosity expectdde)
usingGENEPORP To provdean estimate of the number of alleles and private alleles per locus
with equal sample sizes, allelic richneA&] and private allelic richnes®A) were estimated

using the program HRARE (Kalinowski 2005).

12



Genetic differentiation was assessed usitigMA and mDNA for differing hierarchical
groupings using analysis of molecul gan vari anc
analogue ofs; that incorporates molecular distance, in ARLEQUIN v3.5 (Excoéret Lischer
2010) with 10,000 permutationsirst, we tested the null hypothesis that individuals from each
locality represent an arbitrary subsample relative to the entire range of the species. Second, we
asked whether genetic variation was more proportionally distributed among vs. withiniggbutar
to the Tennessee River. In the latter test, spring sites were grouped within tributaries that shared
a single connection to the Tennessee RiverB-twoschungigroups were as follows: 1)

Cypress Creek (CB, DD); 2) Shoal Creek (SH, CH, NF, SF); 2nSreek (SW); and 4) Flint

River (FL) (Table 1; Fig. 2). Samples from the Buffalo River (CH, NF, SF) were grouped with
Shoal Creek (SH) because preliminary analyses suggested that Buffalo River populations were
recently founded from Shoal Creek. Fartuscumbia groups were as follows: 1) Spring Creek
west (TS); 2) Cypress Creek (BF); 3) Spring Creek east (WH); 4) Pryor Branch (PY); 5)
Limestone Creek (LM, TH, PK, BD); 6) Indian Creek (KL, BR, BY); and 7) Flint River (MV,

WC) (Table 1; Fig. 1).

The progran STRUCTURE 2.3 (Pritchard et al. 2000) was used with mDNA data to
determine the number of genetically differentiated clust€ysv(thin both species withowt
priori designationskor both species, we implemented models allowing admixture of genotypes
ard correlated allele frequencies (Falush et al. 2003). Ten replicate STRUCTURE runs of
1,000,000 iterations (300,000 burnin) were conducte# faelues ranging from 2 to 10 and 2 to
15 forE. boschungandE. tuscumbiarespectively. Beststimates oK for each species were

determined using t heK(Bvannohebat 2085)as malementesiinat i st i c
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STRUCTURE Harvester (Earl 2011). Bar plots of the best estimatesvefe constructed using
Distructvl.1l (Rosenberg 2004).

We performed coalesceatn al yses t o esti mat eNgetrDANAp ar a met
4ANg) andmigration ratesNl) for mtDNA sequences and mDNA loci using the Bayesian method
in LAMARC v. 2.1.6 (Kuhner 2006). We were specifically interested in comparing levels of
gene flow among ahwithin tributaries to the Tennessee River for both species. To avoid
prohibitively large gene genealogies and number of parameters, which can lead to poor estimates
(seeLAMARC documentation), we constructed reduced data sets\MARC analyses.

Estimaes of among tributary migration f&. boschungwere conducted using the following
groups: (1) Cypress Creek (CB); (2) Shoal Creek (SH/CH); (3) Swan Creek (SW); and (4) Flint
River (FL) (Table 1; Fig. 2). Two independent tests were conducted to evaltiatetbutary
migration forE. boschungiThe first compared populations within Cypress Creek (CB and DD)
and the second compared populations within the Buffalo River (NF and SF) (Table 1; Fig. 2).
We used the following groupings to estimate among @ifyunigration forE. tuscumbia(1)
Cypress Creek (BF); (2) Spring Creek west (WH); (3) Limestone Creek (TH/PK/BD); and (4)
Flint River (MV) (Table 1; Fig. 1). Three independent analyses were conducted to estimate
within tributary migration folE. tuscumlta: (1) populations within the Limestone Creek drainage
(LM and TH/PK/BD); (2) populapns within Indian Creek (KL, BRand BY); and (3)

populations within Flint River (MV and WC) (Table 1; Fig. 1). All mtDNA sequences for each
population were used in esw@tions, while mDNA data sets consisted of 15 randomly sampled
individuals from their respectv@TRUCTUREgroup. Each run was conducted with three
replicates of four initial chains of 20,000 steps (1,000 trees sampled every 20 refs,surn

2000) and onénal chain of 600,000 steps (30,000 trees sampled every 20 repsnburn
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30, 000) wusing an adaptive heating scheme with
from 1.0 x 10° to 10.0 and priors fav ranged from 1.0 x Ito 1000. The nuiver of effective
immigrants per generationN#n) for each population pair was estimated by multiplyhgy its
estimate of U for the recipient population (K
in among tributary and within tributary migratioates between the two species were evaluated
using ManAWhitney U tests irsPSS$ (IBM®).

To test for isolatiorby-distance (IBD), matrices of pairwisg; values of mtDNA and
mMDNA were compared to geographic distance using the Mantel permutation testl ((\&f)e
as implemented in ARLEQUIN. We performed four Mantel tests that followed groupings in
AMOVA analyses. The first two tests were conducted independently for both species to evaluate
the possibility IBD between all localities rarngede. The next twaests were conducted
independently for both species to evaluate the possibility of IBD among major tributaries to the
Tennessee River. Geographical distances were measured as the shortest distance (by water) in
kilometers.
Demographic history

A battery ofstatistics including-s (Fu 1997) R, (RamosOnsins and Rozas 2002), and
T aj i In@aima 1989) was employed with our mtDNA data to test for departures from
constant population size (or neutrality) in the five clades defined by our phylogeographic
analysis (Fig. 3). Of these statistics, Rarfssins and Rozas (2002) showed thandR, have
the greatest power to detect population growth, where growth is indicated by significantly large
negative and small positive values of each, respectively. Speaifibinations of the estimated
val ue and s i gn Dtare asa usefd to didtingdish petwsen diféering

evolutionary processes. For exambpduggestgsowtgni f i c
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or selective sweep, whereas the reverseindigate selection, population subdivision, or recent
population bottleneck (Tajima 1989). Estimates and corresponding significaRgdRgfand
T a | i Dnweéesletermined with 10,000 coalescent simulatiomniaSP

To evaluate whether populations hawperienced recent change in effective population
size (Ng) based on mDNAwe used M_P_Val.exe and Critical_M.exe (Garza and Williamson
2001) tocomparehe ratio of the number of alleles to the range in allele 82¢q population
specific criticalM values WM.). Briefly, M is expected to decrease with redubkdFor example,
declining populations are expected to hMeatios < ~ 0.7 due to the rapid loss of alleles when
compared to the range in allele size, whereas more stable population sizefateMedatios
closer to one (Garza and Williamson 2001). Wheatio was estimated usingwo-phase model

(Di Rienzo et al. 1994) with 95% singktep mutations, average size of non-etep mutations =

35,andprdbott |l eneck U values of M-fatiowduldde egpeated ab i | i

at equilibrium was assessed with 10,000 sitnora.
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Results
Phylogeographical structure and divergence time estimates

Of the 106 darters sequenced, 42 unique mtDNA haplotypes were ideriified (
boschungrF 17,E. tuscumbias 25; Table 1). Standard deviation of split frequencies in MrBayes
runs fellbelow 0.01 in 2.5 x 10generations and parameter values were highly convergent
among runs. Thus, the 50% majority rule consensus phylogram was constructed from four runs
of 20,000 trees each (15,000 trees used, 5,000 discarded; Fig. 3). The Bayesss analy
recovereck. boschungandE. tuscumbiaas sister with substantial mtDNA divergence among
species 11.6%;Fig. 3). Four highly divergent clades were detected withihoschung(6.1%
mean among clade sequence divergence), all but one of which waspiecaglly structured
according to distinct tributaries to the Tennessee River (Figs. 2, 3). Clade 2 (Figs. 2, 3) was the
only exception, containing individuals from Shoal Creek and Buffalo River localities. The
analysis revealed shallow divergence amdh& atuscumbidaplotypes (0.43% mean sequence
divergence), with no apparent geographic structuring based on localityutaryilfFig. 3). The
statistical parsimongnalysis recovered four disconnected clade&fdroschung(not shown)
that corresporet] to clades defined in the MrBayes analysis (Figs. 2, 3). The analysis was able to
connect alE. tuscumbidaplotypes with 95% confidence and revealed that most low frequency
or singleton haplotypes derive from the ancestral haplotype 26 or the highigaadt haplotype
25 (Fig. 3). Both haplotypes 25 and 26 are widespread and abundant in the central portion of the
range ofE. tuscumbigPryor Branch [PY], Limestone Creek [LM, TH, PK, BD], and Indian
Cree [KL, BY, BR]; Table 1; Figs. 13). However, eactf these central localities had one or
two uniquely derived haplotypes (Table 1; Figs. 1, 3). All localities at the margin of the range of

E. tuscumbiai.e. Cypress Creek, Spring Creek (west and east), and Flint River were
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characterized by unique, derdrbaplotypes (Table 1; Figs. 1, 3). In particular, haplotypes 34
(PK) and 42 (MV) showed the highest degree of divergence from all other haplotypes, with six
and seven mutational differences from the ancestral haplotype 26, respectively (Fig. 3).

The BEASTanalysis of ND257 data yieldedMRCA for Centrarbidae (33.9 million
years ago [Ma], 95% highest posterior density (HPD): [27.2, 41.9]) that was highly consistent
with previous estimates using this calibration method (Hollingsworth and Near 2009t ldear e
2011).BEAST runs with no data (empty) resulted in older divergence time estimates, suggesting
that calibration priors did not overpower information in our data set. Figure 4 shows the
chronogram of all darter taxa, pruned from the larger analy#fisoentrarchids. The analysis
indicated deep divergence betwderboschungandE. tuscumbig8.4 Mya [5.9, 11.3]) and
among the four clades & boschung{4.9 Mya [3.3, 6.8]fig. 4). The analysis indicated
TMRCA for E. tuscumbian the late Pleistocen(0.6 Mya [0.2, 1.1]), whiclwas much younger
thanestimates for clades withi. boschungiFig. 4).
Population genetic diversity, structure, and gene flow

Of the nine mDNA loci amplified foE. boschungiEosC3 was monomorphic and
EosD11 failed to amgy for all populations, thus both were removed from the datd\HERO-
CHECKERsuggested the possibility of null alleles for some populations at locus Esc120, but
subsequent analyses with and without this locus were highly consistent. Thus Esc12@was use
in all final analyses of mMDNA data. Following Bonferroni correctimmly three of the 39
populationlocus comparisons fdt. boschungdeviated from HWE and resulted from a
deficiency of heterozygotes. Seven of the 9 loci were successfully amplifiedtisscumbia
Loci Eca48 and Esc120 failed to amplify across all populations and were removed from the data

set. Seven of the 80 tests for HWE showed significant deviations following Bonferroni
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correction, all of which resulted from deficiency of hetegzgs. However, as with.
boschungithere was no clear pattern of deviation from HWE within a single population and
analyses with and without potentially problematic loci were highly congriNenioci showed
evidence of linkage

Both E. boschungandE. tuscumbiawvere similar for number of mDNA alleles per locus
(2715 and 2119, respecti vhahdAR)variddevidedyamoags of al
populations within both species, with tuscumbiahowing slightly lower average values (Table
3). Average valug ofH, andH. were slightly lower irE. tuscumbiaelative toE. boschungi
andE. tuscumbiaxhibited a greater range of heterozygosity values compakedotmschungi
(Table 3).

The STRUCTUREanalysis forfE. boschungievealed a high degree of populatio
structure, with clusters corresponding to individual breeding sites or geographically proximate
breeding sites = 6; Fig. 2). Analysis oE. tuscumbialso revealed high levels of genetic
structure across the study ar&a<8; Fig. 1). However, clustes were more structured at the
eastern and western margins of the range, and there was a high degree of admixture among
localities within the central portion of the spedenge (Fig. 1).P ot s of t he dédest i m:
probabil ity &fantkwere dnamb@uousvde=6sands =8 forE. boschungi
andE. tuscumbiarespectively.

The AMOVAs were largely consistent with results of the phylogeographic and
STRUCTUREanalyses, in whick. boschung{Fs;[mtDNA] = 0.98; Fs;[nDNA] = 0.29)
showed a fgher degree of among locality differentiation comparefl. ttuscumbigFs;

[MIDNA] = 0.63; Fst[MDNA] = 0.25; Table 4). When paiwise F values were compared to

geographic distance among localities, there were significant IBD pattdensuscumbidor
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both mtDNA ¢ = 0.53,P = 0.006) and mDNAr(= 0.58,P = 0.001). Comparisons Ia.
boschungshowed significant IBD patterns for mtDNA#£ 0.65,P < 0.001), but not for mDNA
(r =0.10,P =0.338). In AMOVAs that grouped populations among tributariéfgrdntiation
was significant and similar to among locality valuesBoboschung{Fs;[mtDNA] = 0.95,P <
0.001;Fs;[MDNA] = 0.10,P < 0.05;Table 4). However, among tributary differentiation Eor
tuscumbiavas not significantly different from zer&4 [mtDNA] = 0.11,P = 0.323;F;
[MDNA] = 0.07,P = 0.134;Table 4). Patterns of IBD among tributaries Eoboschungwere
significant for mtDNA ¢ = 0.58,P < 0.001), but not for mDNAr(=-0.53,P = 0.973). Tests of
IBD among tributaries foE. tuscunbiawere not carried out due to nsignificantFg; values.

Coalescent estimations of effective migrants per generation among tributaries were low
for bothE. boschung{x = 0.24 [MDNA], x = 0.02 [mtDNA]) ancE. tuscumbigx = 0.31
[MDNA], x =0.11 [mtDNA]), with only one comparison > 1.0 fér tuscumbigTables 5 and
6). Migration wihin tributaries wasigher for bothE. boschung{x = 1.78 [nDNA], x = 0.51
[MtDNA]) and E. tuscumbiax = 2.19 [mDNA], x = 0.95 [mtDNA]), with several comparisons
among localities > 1.0 for both species (Tables 5 anbl®)NA based nigration rates among
tributaries were significantly lower . boschungwhen compareé toE. tuscumbigP = 0.014).
However, migration rates between species for all other comparisons were not significantly
different.
Demographic history

Coalescent estimationsB{, R,, a n d D #ofthe foar 6lades dE. boschung(Fig.
3) were nosignificant, indicating no evidence of departure from constant population size. Only
Fs(-9.39,P < 0.001) was significant fdg. tuscumbigclade 5; Fig. 3), indicating a signature of

population growth. Microsatellite bas&tiratios of allE. boschungpopulations were at or
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above critical values, indicating no evidence for recent reductidds(ifable 3). In contrasiyl-
ratios of five of the eight populations Bf tuscumbiavere significantly below criticad\l values,
indicating recent or prolonged rextions inNe (Table 3). Four of the fivE. tuscumbia

populations with evidence for reducldwere at localities on the eastern and western margins of

the species range (Table 3; Fig. 1).
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Discussion
Habitat preference and dispersal ability

Etheostoma batiungiis clearly structured among tributaries to the Tennessee River and
our BEAST analysis suggested a lack of gene flow among these tributaries sineanhyid
Pleistocene times (Figs. 2 and 4). In contrast, the shallow divergence Evitiscumbia
suggests very recent divergence (Aatke Pleistocene) within thipecies (Figs. 1 and 4). The
patterns observed Ib. tuscumbiavere unexpected based on patterns seen in other spring
inhabiting darters of the region. For example, the Watercress Dartaerghalg and the Rush
Darter €. phytophilumboth exhibit high degrees of phylogeographic structure among
populations distributed in small tributaries to the Black Warrior River (Fluker et al. 2010; Fluker
unpubl. data).

Large streams and rivers are tgbtito pose strong barriers to dispersal for spring
inhabiting fishes of the southeastern United States (Starnes and Etnier 1986). In addition, recent
studies suggest that darters with highly specific habitat requirements, particularly in headwaters,
can perience micrellopatric divergence or reduced gene flow among populations separated
by major river courses (Turner and Robison 2006; Hollingsworth and Near 2009). Thus, we
predicted that botk. boschungandE. tuscumbiavould show greater populatiornfférentiation
among tributaries to the Tennessee River, versus within. Given the strict breeding habitat
requirements oE. boschungiwe further predicted greater differentiation both among and within
tributaries compared 6. tuscumbiaThe AMOVA and nigration estimates indicated that both
species were highly structured across their range& abdschungexhibited higher levels of
differentiation compared tB. tuscumbigTable 4). However, when compared among tributaries

to the Tennessee River, sifioant differentiation was only detected f6r boschung(Table 4).
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Interestingly, IBD was detected f&: boschungbased on mtDNA, but not for mDNA.

Hutchison and Templeton (1999) suggested that IBD patterns become difficult to interpret when
populatiors experience lorterm isolation and are separated by considerable distance. Thus, we
suspect significant IBD patterns in mtDNA fiér boschungreflect a strong correlation between
barriers to gene flow (i.e. the Tennessee River) and geographic disitreretihan an explicit

IBD effect. Significant patterns of IBD were detected in both data sets across the r&nge of
tuscumbiasuggesting populations are in migratanift equilibrium. Both species exhibited
moderate levels of differentiation withinttitaries, but values varied little among species and
migration rates were not significantly different. For examiglepuscumbishowed moderate

levels of mtDNA structure, and both species showed approximately equal levels of mDNA
structure among localitsewithin tributaries (Table 4).

The odd occurrence &. boschungin tributaries to the Buffalo River provides a unique
insight into the dispersal mechanisms for this species. The distribution of suitable breeding
habitats forE. boschungis highly disontinuous, and determined by stream order and local
geological conditions. For example, breeding habitats are ephemeral tributaries of small order
streams within the Fort Payne Chert formation of the Interior Low Plateaus Physiographic
Province (Osborne al. 1988; Szabo et al. 1988; Boschung and Nieland 1986; McGregor and
Shepard 1995). The propensityfafboschungio migrate into these seeps is great, and breeding
adults have been found at the most upstream reaches where water depths may bes dsdittle a
(Boschung and Nieland 1986). These ephemeral breeding tributaries closely interdigitate among
the low divides separating the Buffalo River and Shoal Creek and it is likely that rare chance
events such as stream capture or flooding allow brief peobdispersal between drainage

basins. Our genetic data indicate recent and possibly ongoing gene flow between the Buffalo
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River and Shoal Creek populations. For example, NF and SF are differentiated from SH and CH
but all fall within clade 2 (Fig. 2). Fther evidence from both data sets suggest very recent or
ongoing gene flow between SH and CH (Fig. 2). Thus,-tnifentary dispersal ifc. boschungi

is likely determined by proximity of favorable breeding sites that interdigitate among drainage
divides,rather than dispersal through larger order streams and rivers.

Dispersal mechanisms are much differentHotuscumbiaThat the Tennessee River was
not a significant barrier to dispersal was surpgdgor this spring specialist angidence hat all
extant populations oE. tuscumbiaecently stemmed from the more diverse, centrally located
populations supports the extraordinary dispersal ability of this spring end®ithcthe
exception of locality BD, which falls within the Fort Payne Chert Formatlmlocation of
suitable spring habitats f&. tuscumbidies within the Tuscumbia Limestone formation, which
adheres closely to the valley floor of the Tennessee River (Osborne et al. 1988; Szabo et al.
1988; Etnier and Starnes 1993). Numerous knowad,pgiobably many unknown, spring
localities forE. tuscumbiavere inundated with the construction of Pickwick Reservoir in 1938
(Fig. 1), indicating a formerly more widespread distribution of this species and its habitats
(Etnier and Starnes 1993; Mettdeeak 1996; Boschung and Mayden 2004). Thus historic spring
to spring dispersal may have involved brief forays along the margins of the Tennessee River
when springs were much more abundant along the valley floor.

Combned with the phylogeographic analysisir population genetianalyses showhat
the Tennessee River poses a barrier to gene flow for the more spedtalomsthungibut not
for E. tuscumbiaHowever, both species can be highly isolated to habitats within the same
tributary, which is not unommon for spring specialists (Fluker et al. 20T strikingly

different patterns of population structure betwEeboschungandE. tuscumbiandicate that
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habitat preferencefluences dispersal ability and genetic differentiation withese spees.
However, their differing demographic histories point to possible differences in habitat stability,
and ignoring factors such as drainage history may confound the ability to understand the current
patterns of genetic diversity (Burridge et al. 2008ug;differences in genetic structure and
demographic history between these two species must be understood in the context of the
complex paleohydrologic history of the lower bend of the Tennessee River.
Habitat stability and genetic differentiation

We fourd no evidence for population expansion or prolonged bottlenecks for
boschungisuggesting relatively constdohg-termpopulation sizes fothis species. Based on
the BEASTanalysis (Fig. 4), this would suggest letegm stability, at least since eatyid
Pleistocene, of suitable habitat torboschungiThe stailike patterns observed in the mtDNA
haplotype network and the significantly negatfvevalues forE. tuscumbiare indicative of
recent population growth (Fu 1997; Avise 20B@. 3. Howe\er, four of the marginal
populations and one central populatioreotuscumbidave passed through recentprolonged
bottleneckdased on mDNA dat@ able 3). Additionally, marginal populations exhibited higher
MDNA genetic differentiation, generallyier levels of mDNA variation, and reduced mtDNA
haplotype diversity (Table 3; FBgland 3. Collectively, these patterns are indicative of a
history of frequent extinction and colonization events (Pannell 2808pesting that sprisg
inhabited byE. tuscumbiawere less stable throughout the Pleistocene. Habitat instability of
springs inhabited bk. tuscumbiaould have occurred during the Pleistocene in two main ways.
Climate fluctuations during the Pleistocene had a dramatic effect on species nazagécdyn
North America (Hewitt 2011). During climate fluctuations, dryer periods could have resulted in

local extinction of springs or range contraction, whereas wetter periods could have caused local
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reconfigurations of spring out flows or range expamsi@Williams 1968; Fluker unpubl. data).

An alternative explanation can be drawn from hypothesized course reconfigurations of lower
portions of the Tennessee River during the Pleistocene (Thornbury 1965; Braasch and Mayden
1985; Starnes and Etnier 1986h€eEe reconfigurations could have drastically altered the flow
regime of the Tennessee River, resulting in periods of incision and aggradation, aex aquif
associated with the rivetlystem would have been heavily impacted by such events (Creuzé des
Chatellers et al. 1994). Drill cores from the lower Tennessee River show Pleistocene valleys
buried at least 21 meters below the present valley depth, and groundwater levels were equally
depressed during this time (Moneymaker 1941). Thus, groundwater halusatly @ligned with

the Tennessee valley (i.e. the Tuscumbia Limestone formation) may have been more heavily
impactedduring the Pleistocene, atitbse at higher elevations and further distance from the
valley (i.e. the Fort Payne Chert formationdyhaveservel as refugia during times of

instability. For examplethe two most upstream localities in Indian Creek (KL) and Flint River
(WC) were resolved as a homogeneoustelr in the structure analysisd WC is monomorphic

for an mtDNA allele present in K{Fig. 1), suggesting a recent connection between these two
disjucnt upstream localities or relicts of a shared distributibe.tWo divergent haplotypes
recovered in the analysis (34 and 42; Table 1; Figvée found at the central locality PK and

an ugstream locality MV possibly reflecting relict haplotypes retained in refulyigerestingly,

BD is one of the largest spring wetlands in the region and the only spring inhabiEed by
tuscumbiahat falls outside of the Tuscumbia Limestdoemation. Accadingly, central

positioned localities near the unique BBowthe highest levels of genetic variation and
extensivantDNA haplotype sharing and mDNA admixture (&ifjand 3. The ceoccurrence

of two other spring endemic fishpsovides furtherevidencdor long-term stability of spring
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habitats within the range centerftuscumbiaThe Spring Pygmy Sunfislklassoma
alabamag was once known from two tributaries to the Tennessee River, but now is only known
from the Beaverdam Creek system (Mayden 1@98alities BD and TH, Fig. 1). The Whiteline
Topminnow Eundulus albolineatyswas known only from Big Spring (Indian Creek; Fig. 1),
but is now extinct due to recent anthropogenic disturbance (Williams and Etnier 1982). Although
we can only speculate @he causes of instability and the effects on spring habitats, our results
clearly indicate recent patterns of extinction and recolonization wihinscumbiaThere is
further evidence that areas within its range center were more stable during tteeé&heisind
may have served as refugia during instability.

It is likely that the impoundment of the Tennessee River has also acted to recently isolate
E. tuscumbigopulations on the range margins. For example, our data indicate that most, if not
all, popuhtions ofE. tuscumbiavere intermittently connected throughout the species history.
However, the presence of recent bottlenecks and low genetic diversity in marginal populations
indicates the possibility that migration routes between central and masgmahtions may now

be blocked by inundated waters.
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Conservation implications and recommendations

Slackwater DarteEtheostoma boschungi

Taxonomic status

Phylogenetic analyses conducted in this study showedthmischungconsists of four
highly diveigent clades (Figs. 3 and 4), suggesting that the species, as currently deiscribed,
harboring cryptic diversity that may warrant species recognition. The degyeaetic
divergence observed among these four clades approaches or exceeds levels atdiverge
between curnatly recognized darter speciesccordingly, a thorough morphological analysis of
E. boschungis needed to determine the extent of cryptic diversity within this species.
Unfortunately, there are few museum specindris. boschungior morphological analysisnd
collection of additional breeding adults may further threaten the rarer breeding populations.
Thus, modern approaches of species delimitation using DNA sequence data from multiple
nuclear markrsmay be a viable approaahthe futureto resolve species boundaries withkin
boschungi
Genetically distinct groups within E. boschungi

Based on analysis of mitochondrial DNA sequence data and multiple nuclear
microsatellite DNA markers, we identify four groups witkinboschungihat warrant
independent conservati@onsiderationand each group may very well represent distinct species
Based on mtDNA, these four groups ezeiprocally monophyletic and based on both mtDNA
and mDNA, these groups are significargbneticallydifferentigded from one another. Together,
these results indicate that the four groups have been historically isolated from one another, share
no ongoing or recent gene flow, and represent major elements of diversity for conservation

(@anal ogous to itdgrei ie Jedd] of Mari fL29&@,39993. Theanalysis of
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MDNA all owed us to further identifgengur oups an

Moritz 1994, 1999) within two of the foumajorgroups. Below, we define the four groups
within E. boschugi and provide explanations of genetic structure within each group:
1. Cypress Creek group

Cypress Creek wasonceonsi der ed t hE boséchungberaugelofiatd d 6 f or
relatively widespread presence throughout the system (Bruton Branch, BurchamL@resdy
Creek, Cypress Creek mainstem, North Fork, Dulin Branch, Greenbrier Branch, and Middle
Cypress Creek; Boschung and Nieland 19B®wever, surveys by McGregor and Shepard
(1995) revealed an absenceeofboschungat several historic sites withthe Cypress Creek
system This study and otheecent surveyslohnston and Hartup 2001, 2002; Johnston and
Henderson 2007, 2008) have only dete&éeldoschungat or in the vicinity of two breeding
sites: (1) Dodd Site #DD), Middle Cypress Creek (3B060N, -87.77250W); and (2)
Unnamed tributary to Cooper Bran@@B) on Natchez Trace Parkway (35.01389-
87.82322W). Our genetic analysis of mMDNA indicated tEatboschungirom these two
breeding sites are genetically distinct from one andffigr 2) andshould be treated as distinct
management units within the Cypress Creek grélthough census sizes of these two breeding
populations are relatively loBoschung and Nieland 198@&ur genetic analysis showed that
neither of these breeding poptibns have suffered from recent declines in effective population
size (i.e. recent genetic bottleneckable 3. Thus, there is limited evidence that either breeding
population has suffered recentgkneticeffects from isolation or inbreeding depressi
2. Shoal CreelBuffalo River group

As mentioned above (see discussion), the occurrereebmfschungin the Buffalo

River system is likely the result of recenaturalinterdrainage transfefeom the Shoal Creek
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system. In this study, the Sha&diffalo group is comprised of samples from four breeding sites:
(1) Little Shoal CreekSH) headwaters (35.32694, -87.27278W); (2) Chief CreeKCH) at
Barnett Road (Buffalo River system, 35.35992-87.41917W); (3) Gum Springs Branch
(North Fork Bufféao River [NF], 35.42472N, -87.28139W); and (4) South Fork Buffalo River
(SF) at Jap Lane (35.361% -87.25528W). Our genetic analysis of mDNA indicated tkat
boschungirom Shoal and Chief creeks share recent or ongoing gene floaregenetically
indistinguishable. Similarlyi. boschungirom North and South forks of the Buffalo River share
recent or ongoing gene flow and were not geadti distinctfrom each otheHowever, samples
from Shoal and Chief creekse genetically distinct from thesn the North and South forks of
the Buffalo River(Fig. 2. Thus, we recognize Shoal + Chief creek samples and North + South
Fork Buffalo River samples as two distinct breeding populationstiwatld be treated as distinct
managemerunits within the SbalBuffalo group.Although census sizes of these two breeding
populations are relatively loand recent repeated attempts by us failed to collect any specimens
from Shoal or Chief creeksur genetic analysis showed that neither of these breeding
populatons have suffered from recent declines in effective population size (i.e. recent genetic
bottlenecks; Table 3). Thus, there is limited evidence that either breeding population has suffered
recent ill genetic effects from isolation or inbreeding depression.
3. Swan Creek gpup

We made several attempts to collEctboschungirom historic localities in the Swan
Creek system (see McGregor and Shepard 1995) throughout the studypesioite multiple
attempts, \& were only able tobtain samples d. bosclingifrom the mainstem of Swan Creek

at Elkton Road (34.832H, -86.951568 W) and from an unnamed tributary to Swan Creek

approximately 100 meters downstream of the Elkton Road Bridge (34MN388.9475W).
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Although ourE. boschungsamples from Swan Gekrepresent a single breeding population,
genetic variability A, AR, Ho, He; Table 3) of this population is relatively high compared to
breeding populations in the Cypress Creek and SBofialo groups. Additionallywe found no
evidence for recent getie bottlenecks within the Swan Creek group (Tablelr8g unnamed
tributary represents a newly discovered breeding sité.fonschungin the Swan Creek system
and land owners (Mr. and Mrs. Broadwater) were very cooperative during our collection efforts
This breeding site would likely benefit from habitat restoraprojects that aimed to replace
piped road culvertaith box culverts or span bridgésimprove accessibilityprevent channel
incisionand increase instreanabitat forE. boschung(i.e. aquatic vegetation).
4. Flint River group

We obtained samples &f boschungirom two breeding sites within the Brier Fork of
the Flint River: (1) Unnamed tributary to Brier Fork at Scott Orchard Road (34.99897
86.67643W); and (2) Brier Fork at Foler Road (35.01518I, -86.65518 W). These two
breeding sites are separated by approximately 3 km and, based on mDNA, represent a single
breeding population. Despite poor breeding habitat conditions at these two sites throughout the
study periodwe foundno evidence for recent genetic bottleneckslamdls of genetic
variability (Table 3) were higher in the Flint River group compared to all other grolps of
boschungi
Priorities for conserving E. boschungi

The unique breeding strategy®Bf boschungmakesit a very elusive fish to monitor by
standard sampling and survey techniques. For example, deteckobaschungat breeding
sites may depend heavily on the annual physical condition of the breeding site (e.g. volume

output of seepage water, inaibn by beaver dams) or simggmpling the breeding site during

31



the small window of time whela. boschungare present and spawning (Boschung 1976;
McGregor and Shepard 1995). ThuspWwledge of the levels of population genetic diversity for
imperiled sgciesis a viable supplement to standard samplingfaritization of populations
for conservation. For example, populations with lower genetic diven®tynoresusceptibléo
stochastic events aragle less likely to adapt to environmental chafigarkel 1974; Spielman et
al 2004; Frankham 2003pased on genetic variabiliffable 3),we prioritize distinct groups of
E. boschungior conservatioractionin the following order: (1) Cypress Creek group; (2) Shoal
CreekBuffalo River group; (3) Swan Crkegroup; (4) Flint River groug-lowever all four
distinct groups oE. boschungsuffer equally from extensiveabitat alteration and loss of
breeding habitat (Boschung and Nieland 19®Rinston and Hartup 2001, 20@&schung and
Mayden 2004Johnston ad Henderson 2007, 2008 hus,habitat resoration projectshat
restore connectivity between nbreeding and breeding habitat and that maintain the integrity of
breeding siteare higlestpriority for all distinct groups oE. boschungandshould be caied
outfor lower priority populationsvhen funding is available.
Recommendations for captive propagation programs
Captive propagation techniques have been establish&d bmschung(Rakes and Shute
2008). If future conservation actions tor boschuagi involve propagation, translocation,
reintroduction, and/or augmentation (PTRA; George et al. 2089)yecommend the following
protocols.
1. Any and allactivities involvingPTRA of E. boschungshould follow the protocols set
forth in George et al. (2®&). To our knowledge, George et al. (2009) is the most current
and comprehensive guide for PTRA of freshwater fishes and would provide the greatest

chances of success for such programs involi&nigoschungi

32



2. Under NO circumstances should stocks fromfthe genetically distinct groups &.
boschung(Cypress Creek group, Shoal Crdglffalo River group, Swan Creek group,
and Flint River group) be mixe&ach of these groupspresentsa distinct and
significant component of diversithat has a uniqueastory in its respective geographic
setting.Even in the event that one of these major groups goes extinct, it is unadvisable to
reintroduceE. boschungfrom one of the other distinct grouggeintroduction practices
of this nature often do more harm thlgood and can threaten other species native to the
area (George et al. 2009).

3. Distinct management units within the Cypress Creek and Shwd#dlo groups should be
treated separately in any PTRA activities. If, at some time in the future, it is determined
that a management unit is suffering ill genetic effects from isolation, poputatiapse,
inbreeding depressionr have gone extingit would be advisable to reintroduge
boschungfrom another management unit within its major group. However, thisna
would only be advisable under the following circumstanceduliye genetic studies
reveal that isolation of management units is causitogtantial loss of genetic variation
or high levels of inbreeding depression; (2) extensive -teng survey$10i 20 years)
using multiple collection techniques (i.e. dipnets, seines, backpack esbcicker)
reveal an absence Bf boschungat all known breeding sites for a given management
unit; (3) appropriate breeding and nbreeding habitat are sufficietd support

reintroduceckE. boschungiand (4) protocols follovthose of George et al. (2009).
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TuscumbigDarter,Etheostoma boschungi

Taxonomic status

Phylogenetic analyses conducted in this study showedthascumbigorms a single
clade comprised aflosely related spring populations that share a very recent history (Figs. 3 and
4). Thuswe consideE. tuscumbiasa singlespecies throughout its range.
Genetic structure and priority units for conservation within E. tuscumbia

Although our analysisf mtDNA revealed that spring populations share a recent history
of connectivity, finescale analyses of mDNA revealed some alarrtriengds for several spring
populations oE. tuscumbiaOur analyses indicate that the Tennessee Ringtorically) was
nat a significant barrier to dispersal flar tuscumbiasuggesting that springopulations were
connected via gene flow in the recent past (late Pleistocene times). However, most of the springs
on the margins of the rangebf tuscumbiaare highly structwed, have low genetic variability,
and have experienced recent genetic bottlenecks (Table 3). These results suggest that
connectivity between central and marginal springs has been recently distp&Edthe
spatially isolated nature of springs inhabibgcE. tuscumbiathe observed genetic structure and
low genetic diversity in marginal populations may be somewhat natural. However, it is likely
that the impoundment of theeMnessee River createtharier to longdistance dispersal fd.
tuscumbiaBelow, weidentify the followinggr oups anal ogous to dédmanage
sensuMoritz 1994, 1999within E. tuscumbiaandrank themhighestto lowest conservation
concerrbased on genetic factors. However, we recommend that future conservation plans
incorporate status of habitat and relative abundance at each spring (see Jones et al. 1995; Boyce
1997) in conjunction with our rankings based on genetic factors.

1. Buffler Spring (BF)
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The Buffler (or King) Spring populatiofBF, 34.8333N, -86.9478W) forms ahighly
distinct group in thenDNA structure analysis (Fig).1Genetic variability is extremely low at
this site and we found evidence for a recent decline in effective population size (Table 3).
Additionally, BF should receivepecial conservation concelbecausehiie reproductive behavior
of E. tuscumbias uniqueherecompared to other spring populatiofR®r examplek. tuscumbia
at BF usagravel and sanfhs opposed to aquatic vegetatias)the primary substrate for egg
deposition (Koch 1978; Boyce 29).
2. Meridianville Spring (MV)

The Meridianville Spring populatiofMV, 34.84530N, -86.56830W) forms a highly
distinct group in thenDNA structure analysis (Fig).1Genetic variability is extremely low at
this site and we found evidence for a reatline in effective population size (Table 3).
3. Beaverdam CreeByrd Springgroup

Individuals ofE. tuscumbidrom Pryor Spring (PY34.67560N, -86.95000W), Thorsen
Spring (TH 34.64000N, -86.80920W), Pickens Spring (PK34.66690N, -86.81280W),
Beaverdam Spring (B[84.70280N, -86.82940W), and Byrd Spring (BY34.66420N, -
86.58250W) were highly genetically admixed in th@DNA structure analysis (Fig)1Our
analyses indicated a high degree of recent connectivity among springs within tipistigeou
highest levels of genetic variability, and no evidence for recent declines in effective population
size. Thus, we treat these springs as a part of the same management unit. Atilsayrglip
should be ranked lower in conservation priority basedemetic characteristics, we consider
springs from this gr oupE.tuscuntbiaFosusing tonsereation h e 0 st
efforts on the Beaverdafyrd group is high priority because it would ensure conservation of a

substantial proportion of éhgenetic variability housed withl tuscumbia

35



4. Kelly Spring (KL}Unnamed Spring, Flint River (WC)

The mDNA structure analysis revealed tKatly Spring(KL, 34.81560N, -
86.71250W) andthe unnamed spring, Flint RiveaVC, 34.9275N, -86.39420W) were
genetcally indistinguishable (Fig.)LAdditionally, E. tuscumbidrom WC shares mtDNA
sequences with some individuals from Katterns in the mtDNA suggest that WC was likely
founded by individuals from KLTogether, these results indicate recemnsxtivity between
these two springs, which was unexpected given that KL (Indian Creeky@n@lint River) are
in independentributaries to the Tennessee RivEhus, KL and WC would be best treated
separately in management practices unless some foPTRA is needed in the future. If it is
determined that one of these springs requires PTRA to recover the population, KL should serve
as a source for WC, but not vice versa. Based on the mtDNA composition of KL, Beaverdam
Spring (BD)E. tuscumbiavould likely be the best source for PTRA shollduscumbiao
extinct at KL.Genetic variability of this grouppproaches the average of all populationsysut
found evidencdor recent decline in effective population size (Table 3).

5. Tuscumbia Spring (TS)

TheTuscumbia (or Big) Spring populatighS, 34.7297EN, -87.70330W) forms a
highly distinct group in thenDNA structure analysis (Fig)JAlthough genetic variability is
relatively high within Tuscumbia Spring, we found evidence for a recent declirnieobie#
population size (Table 3).

6. Wheeler Spring (WH)

The Wheeler Spring populatigidvH, 34.65220N, -87.25220W) forms a highly distinct

group in the mDNA structeranalysis (Fig. )1 Genetic variabilityapproaches the average of all

populationsandwe foundno evidencefor recent decline in effective population sidalle 3),
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suggesting the WH population has remained relatively stable throughout recent history.
However, we place higher conservation priority on this population compared to those below
because of its genetic distinctiveness and thlatisd location of the springqsth side of the
Tennessee River).

7. Braham Spring (BR)

AlthoughE. tuscumbidrom Braham SpringEBR, 34.70670N, -86.60050W) form a
moderatelystructured group (Fig. 1)here is some getie admixture with the larger
BeawerdamByrd group (defined aboyeFurther, we found no evidence for recent declines in
effective population size, indicating relative stability for the BR population.

8. Limestone Creek (LM)

Samples oE. tuscumbidrom Limestone CreeldM) used in this study were collected
from a newly discovered site (Unnamed tributary to Limestone Creek at County Road 71,
34.6842N, -86.8783 W) identified by Bruce W. StallsmittUA Huntsville). AlthoughE.
tuscumbiagrom LM show a moderate degree of genetic admixture with the larger Beaverdam
Byrd group (defined aboygindividuals from LM form a distinct group that has experienced
recent decline in effective population sized (Fig. 1, Table 3).
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Table 1 Details ofEtheostoma boschungndE. tuscumbiagpecimens used in this study

showing locality ID (see Figs. 1 and 2), number of individuals genotyped for microsatellite loci
(N m), sequenced for the mitochondrial ND2 gedent) and nucleaintron S7 \ S7), and

mtDNA haplotype code

Species/drainage/locality 1D Nm N mt N S7 haplotype
Etheostoma boschungi
Cypress Creek

Cooper Branch CB 31 5 T 1,2,3,4
Dodd Site DD 27 5 1 1,5
Shoal Creek SH 5 5 1 6,7
Buffalo River
Chief Creek CH 5 5 T 6
North Fork NF 18 5 ) 8,9
South Fork SF 11 5 i 8, 10,11
Swan Creek SW 21 5 1 12,13, 14
Flint River
Brier Fork FL 31 6 1 15, 16, 17
E. tuscumbia
Spring Creek (wdy
Tuscumbia Spring TS 24 5 ) 18, 19, 20, 21
Cypress Creek
Buffler Spring BF 22 5 1 22,23
Spring Creek (east)
Wheeler Spring WH 24 5 T 24
Pryor Branch
Pryor Spring PY 24 5 ) 25, 26, 27, 28

Limestone Creek

Limestone Creek LM 20 5 i 25, 26, 29, 30, 31
Thorsen Spring TH 22 5 i 25, 32
Pickens Spring PK 24 5 i 25, 33,34
Beaverdam Spring BD 23 5 i 26, 29, 35, 36
Indian Creek
Kelly Spring KL 24 5 i 26, 37, 38
Byrd Spring BY 16 5 i 25, 26, 39, 40
Braham Spring BR 24 5 T 25,41
Flint River
Meridianville Spring MV 24 5 1 42
Unnamed Spring WC 24 5 T 37
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Table 2GenBank accession numbéos the mitochondrial ND2 genend the nuclear ribosomal
S7 intron Ifor outgrouptaxa used ithis studyfollowed by University of Alabama
Ichthyological Collectior{UAIC) catalog numbers for tissue and voucher specimens

Taxon/Locality ND2 S7 UAIC catalog No.

Percina caprodes EF02718B EF035498 1
Etheostoma boschungi
Cypress Creek

Cooper Branch ) T 15128.01, 15496.02
Dodd Site i i 15129.01, 15232.01
Shoal Creek i i 15230.01
Buffalo River
Chief Creek ) I 15228.01
North Fork T | 15282.0115231.01, 15544.01
South Fork T | 15229.01, 15281.01
Swan Creek ) I 15133.01, 15134.01, 15546.01, 15563.01
Flint River
Brier Fork i i 15225.01, 15226.02, 15130.01, 15131.01, 15561.01, 155¢
E. cragini EF027191 EF035511
E. edwini EF027193 EF035513
E. histrio EF027199 EF035519
E. pallididorsum EF027211 EF035531
E. parvipinne EF027212 EF035532
E. punctulatum EF027217 EF035537
E. tuscumbia
Spring Creek (west)
Tuscumbia Spring 1 i 10772.03, 11081.01, 100.01
Cypress Creek
Buffler Spring T T 10697.03
Spring Creek (east)
Wheeler Spring ) T 10691.04
Pryor Branch
Pryor Spring ) T 11080.02

Limestone Creek

Limestone Creek T | 15560.01

Thorsen Sprig ) I 11150.01

Pickens Spring T | 10685.05

Beaverdam Spring i | 10773.01
Indian Creek

Kelly Spring T T 10690.01

Byrd Spring i i 11301.01

Braham Spring T T 11101.01
Flint River

Meridianville Spring i T 10688.06

Unnamed Spring T T 10687.02

E. trisella EF027226 EF035546 1
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Table 3 Genetic diversity estimates (averaged over seven microsatellite lo&)HeostomdoschungandE. tuscumbia Genetic
diversity estimates are followed by critiddlvalues(Mc), M-ratios, and associated significance as performed using the methods of
Garza and Williamson (2001). Significant valuBs<(0.05) areshown inbold. See Fig. 3 for clade membership. Populations
described ad mapped in Table 1 and Figs. 1 &d

mMtDNA P-value

Species/Structurergup Clade N A AR PA H, He M, M-ratio M-ratio

E. boschungi
CB 1 31 3.43 3.34 0.38 0.48 0.46 0.72 0.79 0.266
DD 1 27 4.71 4.66 0.22 0.54 0.55 0.71 0.74 0.099
SH, CH 2 10 4,00 4.00 0.31 0.52 0.59 0.63 0.77 0.535
NF, SF 2 29 6.57 6.13 1.68 0.67 0.64 0.71 0.71 0.059
SW 3 21 8.43 8.43 1.99 0.73 0.74 0.69 0.75 0.188
FL 4 31 10.00 9.28 3.31 0.80 0.85 0.72 0.86 0.680
Population mean T i 6.74 6.50 1.50 0.65 0.67 T T T

E. tuscumbia
TS 5 24 7.29 6.93 1.05 0.71 0.64 0.70 0.63 0.007
BF 5 22 1.86 1.82 0.05 0.25 0.16 0.66 0.63 0.025
WH 5 24 4.86 4.69 0.27 0.60 0.61 0.70 0.75 0.157
PY, TH, PK, BD, BY 5 109 11.29 7.93 0.81 0.63 0.68 0.77 0.84 0.333
LM 5 20 5.43 5.43 0.28 0.61 0.65 0.69 0.66 0.019
BR 5 24 5.29 5.14 0.48 0.67 0.63 0.70 0.76 0.205
MV 5 24 2.29 2.26 0.21 0.40 0.28 0.67 0.43 <0.001
KL, WC 5 48 4.86 4.68 0.66 0.47 0.53 0.74 0.69 0.007
Population mean T i 5.39 4.86 0.48 0.54 0.52 T T T

Number of individualsN); mean number of alleles per locég;(allelic richnessAR); private allelic richnesdPA); heterozygosity
observedifl,); heterozygosity expectetty)
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Table 4 Analysis of molecular variance (AMOVADf different hierarchical groupings Btheostoma boschungndE. tuscumbia
based on the mitochondrial (mt) ND2 gene and seven microsatellite loesiffaficant results (> 0.05) are shown in bold

Species/Data typ¢ Source of variation d.f. SS % of variance Fixation index P-value
E. boschungi
MtDNA Among localities 7 831.47 98.04 Fe = 0.98 <0.00001
Within localities 33 15.27 1.96 T
Microsatellites Among localities 7 243.10 29.20 F, = 0.29 <0.00001
Within localities 141 327.06 3.79 F, = 0.05 <0.01
Within individuals 149 310.50 67.01 F, = 0.33 <0.00001
mtDNA Among tributaries 3 807.87 94.91 Fe = 0.95 <0.00001
Among localities within tributaries 4 23.60 3.57 F. = 0.70 <0.00001
within localities 33 15.27 1.52 F, = 0.98 <0.01
Microsatellites Among tributaries 3 162.50 9.66 F. = 0.10 <0.05
Among localities within tributaries 4 80.61 20.63 F. = 0.23 <0.00001
within localities 290 637.56 69.70 F, = 0.30 <0.00001
E. tuscumbia
mtDNA Among Iccalities 12 99.88 63.17 F, = 0.63 <0.00001
Within localities 52 45.20 36.83 T
Microsatellites Among localities 12 382.65 25.21 F« = 025 <0.00001
Within localities 282 583.32 4.53 F, = 0.06 <0.00001
Within individuals 295 540.50 70.26 Fi = 0.30 <0.00001
mtDNA Among tributaries 6 56.53 10.53 F = 011 0.32327
Among localities within tributaries 6 43.35 53.14 F.. = 0.59 <0.00001
within localities 52 45.20 36.33 F, = 0.64 <0.00001
Microsatellites Among tributaries 6 238.94 7.06 Fo = 0.07 0.13366
Among localities within tributaries 6 143.62 18.91 F. = 0.20 <0.00001
within localities 577 1123.82 74.05 F« = 0.26 <0.00001

Degrees of freedom (d.f.); sum of squares (SS)
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Table 5 Rates of migrationM) for Etheostoma boschungs estimated ihbAMARC . Number of
effectivemigrants per generationNdn) is shown for microsatellite (m) DNA and number of
effective females migrating per generatiddm() is shown for mitochondrial (mt) DNA. Locality
codes arelescribed md mapped in Tdb 1 and Fig. 2

mDNA mtDNA
Comparison M ANm M Nm
Among tributaries
CB -> SH/CH 0.088 0.186 29.320 0.014
CB->SW 0.038 0.324 0.043 0.000
CB->FL 0.019 0.140 1.415 0.002
SH/CH-> CB 0.119 0.170 26.910 0.053
SH/CH-> SW 0.044 0.374 1.090 0.003
SH/CH-> FL 0.017 0.131  7.890 0.009
SW->CB 0.080 0.114 5,513 0.011
SW-> SH/CH 0.085 0.179  9.897 0.005
SW-> FL 0.057 0.434 26.111 0.030
FL->CB 0.054 0.077 2.330 0.005
FL -> SH/CH 0.042 0.089 7.738 0.004
FL -> SW 0.071 0.611  21.827 0.062
Within tributaries
NF -> SF 0.372 1.478 568.899 0.307
SF-> NF 1.421 4.973 780.948 0.772
CB->DD 0.157 0.312 692.741 0.515
DD -> CB 0.272 0.359 419.806 0.461
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Table 6 Rates of migratn (M) for Etheostomauscumbiaas estimated ihbAMARC . Number of
effectivemigrants per generationNdn) is shown for microsatellite (m) DNA and number of
effective females migrating per generatiddm() is shown for mitochondrial (mt) DNA. Locality
codesaredescribed md mapped in Table 1 and Fig. 1

mDNA mtDNA
Comparison M ANm M Nm
Amongtributaries
BF -> WH 0.048 0.096 146.917 0.012
BF -> BD 0.034 0.243 85.785 0.376
BF -> MV 0.115 0.073 15.221 0.005
WH -> BF 0.141 0.061  15.539 0.005
WH -> BD 0.181 1.293 98.860 0.434
WH -> MV 0.266 0.169 15.984 0.005
BD -> BF 0.190 0.083 462.550 0.159
BD -> WH 0.246 0.491 793.380 0.063
BD -> MV 0.423 0.269 137.900 0.044
MV -> BF 0.070 0.030 140.558 0.048
MV -> WH 0.124  0.247 48.830 0.004
MV -> BD 0.095 0.676 46.343 0.203
Within tributaries
LM ->BD 0.282 1.647 910.780 2.806
BD -> LM 0.359 1.206 906.924  3.848
MV -> WC 0.061 0.139 102.920 0.026
WC -> MV 0.128 0.115 127.409 0.024
KL -> BR 0.174 0.475 279.673 0.217
KL -> BY 0.685 3.889 246.730 0.373
BR-> KL 0.189 0.734 337.010 0.299
BR -> BY 1.630 9.261 627.070 0.947
BY -> KL 0.854 3.311 435.514 0.386
BY -> BR 0.398 1.086 729.434 0.566
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Fig. 1 (a) Map of the lower bend of the Tennessee Rstowing sample locations for

Etheostomauscumbialocality codes correspond to Table 1. Pie charts represent mitochondrial
DNA haplotype endemicity, where white represents the proportion of haplotypes unigee to th

locality and colors represent the proportion shared with other localities. Red X indicates
extirpated localities. (Results fronthe microsatellite DNA basesrRuCTUREanalysisof E.
tuscumbiashowing the most likely genetic structukeX 8). Bars carespond to multilocus
genotypes of individuals and colors repreghatprobability of ancestry to each clust€j (
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Fig. 2 (a) Map of the lower bend of the Tennessee Rst@owing sample locations for
EtheostomdoschungilLocality codes correspond T@ble 1. Pie charts represent mitochondrial
DNA haplotype endemicity, where white represents the proportion of haplotypes unique to the
locality and colors represent the proportion shared with other localitiReghits fronthe
microsatellite DNA base8 TRUCTUREanalysisof E. boschungishowing the most likely

genetic structureK = 6). Bars correspond to multilocus genotypes of individuals and colors
representhe probability of ancestry to each clust€).(Clades correspond to Fig. 3
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Fig. 3 (a) Fifty percentage marity-rule consensus phylografor Bayesian analyses tfe
mitochondrial (mt) ND2 data set. Mean posterior probabilghesvn at nodewith significant

support and haplotype codes at terminals follow Tab@utgroup taxaot showrfor

simplicity. (b) mtDNA haplotype network from the statistical parsimony analydtthefostoma
tuscumbiaCircles (haplotypes) are proportional to sample size and lines indicate one mutational
step between haplotypes. Haplotype and locality codes cormesp Table 1 and Fig. 1
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Fig. 4 Chronogram fodarter specie@runed from thé8EAST analysis withcentrarchid

outgroups) based on the comdxd analysis of mitochondrial ND#hd nuckar S7 gene

sequences. Posterior probabilities are shown at n@tagbars at nodes represent the 95%

highest posterior density of age estimates. Taxon names are followed by codes corresponding to
Table 1 and Fig 1and 2
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EVOLUTIONARY HISTORY OF THEETHEOSTOMA SWAINSPECIES COMPLEXN
THE MOBILE BASIN, WITH EMPHASIS ON CONSERVATION GENETCS OF THE
COLDWATER DARTER E. DITREMA
Introduction
Within theMobile Basin MOB), the Etheostomawainispecies complegonsists of
three described species and one undescribed form spanning the lowland Eastern Gulf Coastal
Plain phyiographic provincéGCP andtheupland Appalacian Plateau (APP), Piedmont (BJE
and Valley and Ridge (VRP) physiographic provinces (Mayden et al. 2B@@ostoma swaini
is a widespread species, inhabiting small streams to large rivers from thedra&kaptrain
drainage to the Apalachi@brainage of the GCP (Fig. Bpschung and Mayden 2004).
Etheostoma ditremhas a narrow distribution, where it is confined to coldwater springs in the
Coosa River Dainage within the VRP (Fig. Ramsey and Suttku965;Mayden et al. 2005).
An undescribed stream inhabitakt ép. cf.ditremg occurs in sofivater streams of the central
Coosa River drainage in upland portions of the PIE and at the geologically complex junction of
the PIE and VRP (MIX; Fig. 1) (Mawh et al. 2005). The third described spedes(chalg
has an extremely narrow distribution, confined to just four coldwater springs in the upper Black
Warrior River Drainage of the MR(Fig.1) Howell and Caldwell 1965Iuker et al. 2010).
Phylogenet relationships oE. swainithroughout its entire range have been notoriously

difficult to assess and, as currently descried, is likely an unnatural grouping of multiple species
and highly distinct lineages (Lang and Mayden 20¢holas J. Lang, persomm.).However,
Mayden et al. (2005) and Fluker et al. (2010) showed that the spring ertelemichalevas a
distinct species, most closely related to populatioris afvainifrom the Black Warrior River.
Mayden et al. (2005) revealed that the springeemdE. ditremawas most closely related to, but

genetically distinct from central Coosa River samples. @p cf.ditremaandE. swainifrom the
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Cahaba river (CRFig. 1).Mayden et al. (2005) further revealed significant genetic structure
within E. ditrema but their study only included fogsample sitefor this species.

Using mitochondrial (mt) and microsatellite (m) DNA data, Fluker et al. (2010) found
that spring populations &. nuchalewere highly structured and warranted independent
conservatiorconsiderationGenetic analyses further showed that effective population siZzes of
nuchalewere small, making them more susceptible to extinction risks (Fluledr2€10).

However, evolutionary relationships agenetic structure areot well understod throughout the
entire ranges of the spring endericditremaandcloselyrelatedstream counterpart&(sp. cf.
ditremaandE. swaini[CR]).

In this study, wédirst use phylogenetic analyses of DNA sequence datetmluate
relationshipsand divergeoe time estimateasmong all members of the swainicomplexfrom
the MOB Second, we employ a spatial phylogeographical approach to reconstruct the pattern
and timing of divergence between all known populatioris. afitremaand closely related stream
relatives E. sp. cf.ditremaandE. swaini[CR]). Third, we use mDNA data to determine levels
of population genetic structure and genetic variabilityfoditremaand closely related stream
relatives E. sp. cf.ditremaandE. swaini[CR]). Finally, we useseveral analytical methods to
determine whether populations have experienced recent declines in effective population size or
have remained stable throughout recent history. We conclude by discussing how our results

should guide conservation planning trditrema
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Materials and methods
Samples and DNA extraction

A total of 508 individuals were collected by seine including BO8itremafrom 13
localities, 16€E. sp. cf.ditremafrom 8 localities, and 3B. swainifrom three localities in the
CR (Table 1Fig. 1B). Fin clips were obtained from all individuals, fins were promptly placed in
95% ethanol, and fishes were either released live or preserved in formalin. Tissues and voucher
specimens were cataloged into The University of Alabama IchthyologiclaicGioh (UAIC).
Total genomic DNA was extracted from fin tissue usingDhNEasy kit (Qiagen, Valencia, QA
DNA sequencing and microsatellite genotyping

The complete mtDNA NADH dehydrogenase subunit 2 gene (ND2) was amplified and
sequenced for1l09 samplasd at least one individual from each population (Table 1) was
amplified and sequenced for the nuclear ribosomal protein S7 using previously published primers
and conditions (Lang and Mayden 2007; Fluker et al. 2010). A total of 505 individuals (Table 1)
were genotyped for nine mDNA loci (EcalOEPA, EcallEPA, Eca22EPA, Eca36EPA,
Eca37EPA, Eca46EPA, Eca48EPA, Eca49EPA, and Eca71EPA; Tonnis 2006) following
detailed procedures listed in Fluker et al. (2010). PCR fragments were tagged with HEX or 6
FAM fluorescent labels and read on an ABI 3730 DNA analyzer (University of Maine DNA
sequencing facility) using GeneScanE 500 or
Biosystems). Alleles were binned using the program FLEXIBIN 2.0 (Amos et al. 2007) and the
dataset was saeaed forgenotyping errors using the program MICRIBIECKER (van

Oosterhout et al. 2004).
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Divergence time estimates

BEAST v1.6.1 (Drummond and Rambaut 2007) was used with concatenate8ND2
sequences to estimate the timing of the colonization of theari@RBubsequent spring
colonization byE. ditremaandE. nuchalewithin the MOB.Because darters are poorly
represented in the fossil record (Cavender 1986), we employed external fossil calibration
methods of Hollingsworth and Near (2009), which utilized®d&quence data and five fossil
calibration points for the closely related family Centrarchidae (Near et al. Z108)es using
these methods for darters have generated consistent estimates of time of most recent common
ancestor (TMRCA) for Centrarchida®ed major darter groups (Near and Benard 2004; Near and
Keck 2005; Near et al. 2011; Keck and Near 2010). Based on the phylogeographic analysis of
Fluker et al. (2010) and preliminary runs (not shown), a single individual was chosen from each
distinct clale ofE. swaini(4, 5, 6, 7)E. ditrema(1, 13),E. nuchalg1, 2), anckE. sp cf.ditrema
(8) (Table 1) Thus, the finahlignment consisted of concatenated N®2sequences from the
individuals listed above, 47 Centrarchid taxa (GenBank accessiongted.iii Near et al. 2005),
and various darter outgroups (Table 2). ND2 sequences were easily aligned by eye, the S7 data
set was aligned usinrdUSCLE v3.8 (Edgar 2004), and heterozygous positions in S7 were coded
as ambiguousBestfit substitution modelsvere determinedsing Akaike informatia criterion
in MrModeltest v2.3 (Nylander 2004Ylinimum bound lognormal age estimates on Centrarchid
fossil calibration points (Hollingsworth and Near 2009) were used and substitution models for
t he ND2 ( BmM &71 pard) tions (GTR+ ) were unl.
substitutions rates on adjacent branches, an uncorrelated lognormal clock model (UCLN,
Drummond et al. 2006) was employed with a Yule process speciation tree prior. Four replicate

runs wee conducted for 40 million generations and tree and log files were combined with 30%
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of the generations discarded as burnin using LogCombiner v1.6.1 (Drummond and Rambaut
2007). To evaluate the influence of calibration priors on divergence time estitha®EAST
analysis was replicated with an empty alignment (sampling from the prior only). Tracer v1.5
(Rambaut and Drummond 2007) was used to assess convergence and to confirm mixing
efficiency of MCMC chains (effective sample size > 200).

To reconstructite colonization history of spring habitats of the VRFEbygitrema
through time, the full mtDNA dataset f&r ditremaand closely related populations®fsp. cf.
ditremaandE. swaini(CR) was analyzed using a relaxed Bayesian phylogeographic appsoach
implemented in BEAST (Lemey et al. 2009). We were specifically interested to evaluate the
diffusion process across physiographic boundaries (GCP, PIE, VRP; Fig. 1B) in the CR and
Coosa river drainages that may have been important in the isolattonitema Populations of
E. ditremaE. sp. cf.ditrema(5, 6, 7, 8) andE. swaini(CR) were assigned to VRP, PIE, and
GCP, respectivelyTable 1; Fig. 1)However, streams with the remaining populations.sip.
cf. ditrema(1, 2, 3, 4 Table 1; Fig. 1 meander on the highly geologically complex boundary of
PIE and VRP and were assigned to a fourth location (MIX). We employed a discrete geospatial
model to infer the probability distributions of the geographic locations of each node of the tree,
thus allowng the reconstruction of historical movements of or between populations (Bloomquist
et al. 2010). In brief, each sequence is assigned to a specified geographic location and rates of
diffusion are estimated among locations using a contintimesMarkov cha. Under this
model, the ancestral location at the root of the tree derives from a uniform distribution over all
locations and dispersal then proceeds conditionally independently along each branch, ultimately
giving rise to the observed locations at tips (Lemey et al. 2009; Campos et al. 2010). BEAST

runs were conducted with the HKY substitution model (as determined in MrModeltest) unlinked
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among ND2 codon positions under a relaxed molecular clock (UCLD), and a coalescent constant
size tree prior. Th&ICLD was modeled as a normal distribution using the ND2 substitution rate
0f 9.29 x 1¢* (7.65 x 10°, 1.09 x 1) substitutions/site/million years derived from the
Centrarchid only data set of Near et al. (2005). This method of secondary calibratgn usin
externally calibrated rates from the Centrarchid data has been shown to provide consistent
divergence time estimatésr darter groups when compared to analyses using fossil calibrations
(Near et al. 2011). The Bayesian stochastic search variable ael(@8SVS; see Lemey et al.
2009) was implemented to construct a Bayes factor (BF) test to identify parsimonious
descriptions of the colonization proceS®READ(Bielejec et al. 2011) was used to calculate
BF, in which rates with BF > 3 were consideredl\wepported. Three runs were conducted for
80 million generations and sampled every 8,000 generations. Convergence diagnostics and log
and tree file concatenation followed methods inBEAST analysis above.
Population genetic structure and diversity: NE

Departures from HardWeinberg equilibrium (HWE) andnkage disequilibrium were
assessed IGENEPOPv4.0.10(Rousset 2008) using a Markov Chain algorithm with 10,000
dememorizations, 200 batches and 10,000 iterations per batch. Bonferroni correet®ns w
performed for mulple comparisons to control foyge-l error. The mean number of alleles per
locus @), observed heterozygosithl{), and expected heterozygositye] were calculated in
ARLEQUIN v3.5 (Excoffierand Lischer 2010). Allelic richnes8R) and private allelic richness
(PA), measures of allelic variation that control for differences in sample sizes, were calculated in
HP-RARE (Kalinowski 2005)FSTAT v2.9.3.2 (Goudet 2001) wased to test the hypothesis
that genetic diversityAR, Ho, andHe) was lower irE. ditremacompared tde. sp. cf.ditrema

andE. swaini(CR).
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The Bayesian clustering method of Pritchard et al. (2000) was implemented in
STRUCTUREV2.3.3 to determine the number of genetically differentiated clust@fsam
combinedcE. ditrema E. sp. cf.ditrema andE. swaini(CR) mDNA samples (Table 1). The
analysis was run withowt priori population designatiorend a model allowing admixture of
genotypes and correlated allele frequencies (Falush et al. 2003). Ten replicate®8@d 400
iterations (100,000 burnin) were conducted Withalues ranging from 2 to 23. Besgttimates of
Kwere determined by evaluating plots oK the
and using the ad KniEvannosuamiits asympleneateédinst i ¢ @
STRUCTUREharvester v0.6.7 (Earl 2011). Bar plots were constructed Osstgictvl.1l
(Rosenberg 2004). Populations groupings resolv&TRUCTUREanalyses were used in
estimates of genetic diversity and population genetic andigsed below.

Population genetic differentiatiofrd) and associated significance was estimated by
AMOVA as implemented iMRLEQUIN with 10000 permutations. Three hierarchical
groupings were analyzed separately to test the null hypothesis that popukgi@sent an
arbitrary subsample relative to the total sample: 1FAllitremaE. sp. cf.ditrema andE.
swaini(CR) as a single group; 2) AHl. ditremaas a single group; and 3) &ll sp. cf. ditrema
andE. swaini(CR) as a single group. The fiBMOVA was conducted to evaluate levels of
genetic differentiation among all samples. The second and third AMOVAs were conducted to
evaluate potential differences in genetic differentiation among spring populations versus among
stream populations. The sifjoance of differences ik between tests two and three was

assessed iIRSTAT.

62



Ne estimates, migration, and demographic history

To test the prediction of little no gene flow between spripgpulations oE. ditrema
and stream populations Bt sp. €. ditremaandE. swaini(CR), we used the prograbtAMARC
v2.1.6 (Kuhner 2006) with mDNAg)tamd immaration | v est
rates M = mfk), where m equals the chance of immigration/individual/generatiorg, enithe
chance of mutation/site/generation (Kuhner 2006; Kuhner and Smith. 200Ifi)-population
LAMARC analyses comparing more than five populations can lead to poor estimates due to over
parameterization (see program documentation). Thus, we restricted our analysis to five
populations: 1) the most downstream populatiok.aditremaon the eastern side of the Coosa
River (13 Table 1; Fig. }; 2) the most downstream populationtofditremaon the western side
of the Coosa River (rable 1; Fig. ); 3) E. sp. cf.ditremafrom MIX (1, 2, 3, 4 Table 1; Fig.
1); 4) E. sp. cf.ditrema from PIE (5, 6, 7, 8Table 1; Fig. X, and 5)E. swainifrom CR(Table 1;
Fig. 1) For each group, 15 individuals were selected at random3fiRUCTUREdefined
populations. Initial runs were conducted with final chains of 200 400,000 steps to evalte
convergence of parameter values and to obtain starting values for subsequent runs. Three final
runs employed three initial chains of 20,000 steps (1,000 trees sampled every 20 repssburn
2,000) and one final chain of 1,000,000 steps (50,000 4eewpled every 20 reps, buim=
20, 000) wusing an adaptive heating scheme with
andM ranged from 1.0 x I0t0 12.0and 1.0x 1t o 1000, respecti vel y. F
was converted to lonterm N, using the mDNA mutation rate of 5 X 1@Goldstein and
Schliétterer 1999; Yue et al. 2007). Immigration rates were converted to the number of effective
immigrants per generation#n) by multiplyingMby i ts esti mate of U for

population (Kulmer 2006; Kuhner and Smith 2007).
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We used mDNA with two complementary bottleneck methods that detect reductions in
Ne due to different demographic processes. fihexcess test was implemented in the program
BOTTLENECK1.2.02 (Cornuet and Luikart 1996; Y&t al. 1999), whicldentifies reductions
in Ne that are very recent or less sevdreiKart et al. 1998Garza and Williamson 2001;
WilliamsonNatesan 2005). We conducted 10,000 replicates using-pttage model (TPM),
95% singlestep mutations, and ¥2variance of multstep mutationsRiry et al. 1999 The
second method\-ratio; Garza and Williamson 2001) is more powerful at detecting prolonged,
severe, or older reductionsi (Williamson-Natesan 2005). This method compares the ratio of
number ofalleles to the range in allele si2d)(to population specific criticd¥l values M)
using M_P_Val.exe and Critical_M.exe (Garza and Williamson 2001). We considered several
parameter sets to estimafieratios for populations of both species: piatlenek U v al ues of
10, 15, and 20Ne = 5,000,Ne = 7,500, andN. = 10,000, respectively); average size of non-one
step mutations = 3.5; and TPM with 90% singllep mutations. The probability that a smaller

M-ratio would be expected under equilibrium condisievas tested with 10,000 simulations.
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Results
Phylogeographic analyses and divergence time estimates

The BEASTanalysis recovered Centrarchids and darters as reciprocally monophyletic
(not shown) and TMRCA for the former (33353, 41.8] million yearsgo [Mya]) was highly
consistent with previous published analyses using this calibration method (Hollingsworth and
Near 2009; Keck and Near 2010; Near et al. 2011). Figure 2 shows the chronogram (pruned from
the complete analysis) for tlie swainispeciexomplex within the MOB plus the closely related
E. asprigeneWithin the MOB,E. swainifrom the Alabama River formed a walipported sister
relationship to a trichotomus clade (node B; Fig. Zx.o$wainifrom the Tombigbee RiveE.
swaini+ E. nuchalefrom the Black Warrior River, anfl. ditremat+ E. sp. cf.ditrema+ E.
swaini(CR), all of whith shared a MRCA 7.3 [5.2, 9.8]yd (node A, Fig. 2). Within the Black
Warrior River (node C; Fig. 2E. nuchaleand closely related populations®Bfswainishared a
MRCA 4.1 [2.7, 5.7] Ma and distinct populations &. nuchalebegan diverging from one
another 1.3 [0.6, 2.1] k& (node D; Fig 2). Members of the focal gro&pditrema E. sp. cf.
ditrema andE. swaini[CR]) shared a MRCA 1.9 [1.1, 2.8]yd (nock E; Fig. 2). The stream
inhabitingE. sp. cf.ditremashared a MRCA witle. swaini(CR) 0.6 Mya [0.2, 1.1] Ma (node
F; Fig. 2) ancE. ditremabegan diversifying in the Coosdver Drainage 0.7 [0.3, 1.1] j&
(node G; Fig. 2).
Spatial phylogeographic reostruction

A total of 36 mtDNA haplotypes were identified among focal té&aligrema= 14,E.
sp. cf.ditrema= 18,E. swaini= 4; Table. 1), none of which were shared between taxa. Figure 3
shows the locaticannotated maximum clade credibility (MC@g¢ for all individuals of the

focal group (also see clade E; Fig. 2). With the exception of a slightly younger age estimate for
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clade F (Fig. 3), node age estimates were largahgistent with the reduced BEA&halysis
(Fig. 2), indicating aoot node ge of 1.8 [1.0, 2.6] Ma. The analysis recovered two divergent
haplotype sets withik. sp. cf.ditremafrom MIX (Fig. 3) that varied little within major clades G
(0.19 % mean sequence divergence) and F (0.34 % mean sequence divergence), but substantially
between clades G and F (2.77% mean sequence divergence). The discrete phylogeographic
analysis revealed a high uncertainty on the root state posterior probabilities for all locations
©0.1270.36) with MIX and VRP having the highes
The posterior probability of the ancestral distribution of clade.Bwaini[CR] andE. sp. cf.
ditrema Fig. 3) was highest for PIE (0.64) and substantially foweother locations
(0.0170.21). The MCC tree shows strong suppor
G (0.91),with a TMRCA of 0.6 (0.3, 0.9) Ma. This clade is composed of all spring inhabiting
populations oE. ditremaand divergent haplgpes ofE. sp. cf.ditremafrom MIX that coalesce
with distinct populations dE. ditremain different parts of the clade (Fig. 3). Haplotype&of
ditremawere further characterized by strong signal of clustering to spring localities (Fig. 3).
Despite urertainty of the ancestral distribution of the root node and members of clade F (Fig. 3),
BF tests under the BSSVS identified support for three migration routesPECBF = 3.7);
PIE-MIX (BF = 18.3); and VRPMIX (BF = infinity).
Population genetic diveity and structure

Eight of the nine mDNA loci were successfully amplified across samples. Locus
Ecad46EPA proved problematic with respect to amplification and scoring, thus was removed from
all analyses due to the presence of null alleles. Following Baomiezorrection, 15 of the 104
locus/population comparisons deviated from HWKII deviations resulted from a deficiency of

heterozygotes with no clear pattern of midtus dewvations in any one population. Linkageas
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not detected among the eight mDN#il. Genetic diversity measurdf (P < 0.05),H, (P <
0.05), andHc (P < 0.01) were significantly lower in spring populationgofditremawhen
compared to stream relativEssp. cf.ditremaandE. swaini(CR) (Table 3).

The STRUCTUREanalysis includingll 505 individuals indicated = 14 as the most
|l i kely configuration of geneKdistibusonfewtaledihes i o n
possibility of lower levels of genetic subdivisidd € 6 andK = 4; Fig. 4B and C). Examination
of the lower levels of structure showed tRatitremaexhibited higher levels of structure, while
E. sp. cf.ditremaandE. swaini(CR) were less structured and were resolved as a single
homogeneous cluster in tke= 4 scenario (Fig. 4C). Thus, we conducted two additional
independenS TRUCTUREaralyses; one with onlig. ditremasamples and one with onlly. sp.
cf. ditremaplusE.swainil CR) sampl es. For t he Kplotdreveated d e nt
clearer resolution df values and similar results compared to the combined analysis. These
analyses indicateld = 10 forE. ditremaandK = 3 for E. sp. cf.ditremaplusE. swaini(CR)
(Fig. 3B) and were used as population groupings for all mDNA analyses. The genetic
partitioning withinE. ditremasuggested a high degree of structuring to individual springs and
spring groups within the same creek basin (Fig. 3B). Members of the stregmspoaved a
strong pattern of genetic partitioning with respect to physiography. For example, saniples of
sp. cf.ditremawere subdivided between PIE (5, 6, 7, 8) and MIX (1, 2, 3, 4) and samjides of
swaini(CR) from the GCP was assigned to its ownteluglrable 1; Fig. 3B).

The AMOVA including all taxa suggested that most of the mDNA variation (70.9%) was
within individuals € = 0.29,P < 0.01). However, 19.8% of the variation was partitioned among
populations Es; = 0.20,P < 0.01) and all paiwise populationFg; values were highly significant

(P <0.00001; Table 4). The AMOVA including only spring populationg oflitremarevealed a
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similar value for;; (0.34, 65.2%P < 0.01), but a much higher degree of among population
variation Es = 0.26,P < 0.01). The AMOVA including only stream populatiofis ¢p. cf.
ditremaplusE. swaini[CR]) revealed 81.8% of the variation was within individu#g< 0.18,
P < 0.01), yet lower levels d¥s; (0.08,P < 0.01). All three analyses yielded similar lessef
individual variation at the population levéli{= 0.12,P < 0.01 for all). Results from tHeSTAT
analysis indicated th&t; differed significantly betweek. ditrema(0.26) and stream
populations (0.08? < 0.01).
Neestimates and demographic loist
Coalescerbased estimates of U varied widely amc
included in theLAMARC analysis (Table 5). The corresponding estimates ofteng N, for E.
ditremaandE.swainil CR) wer e 1371 46 % o fE.$phceditrensa(TableS). obser
With the exception of three comparisons, estimated values of effective immigrants per
generation (Mm) were below one (Table 6). The analysis revealed somewhat symmetrical
migration betweelk. sp. cf.ditrema(PIE and VRP), and evideador low levels of migration
(1.52) intoE. sp. cf.ditrema(PIE) fromE. swaini(CR) (Table 6).
The analysis of mDNA using bottleneck revealed no significant deviations bellyeen
andH¢ based on the number of alleles and sample size (not shown). ResulteeM-ratio
tests showed that eight of the 10 populations.afitremahadM-ratios significantly lower than
their respective critical values (Table 3). However, populatiofs gp. cf.ditremaandE.

swaini(CR) showed no significant reductiongaple 3).

68



Discussion

Our phylogeographic analysis indicated tBatlitremaarosein situin the VRP,
diverging from strearmhabiting relatives ofhe PIE and GCP 1.8 [1.0, 2.6}yl (Fig. 3A). The
analysis further suggested that spring populatioris ditremabegan diversifying in the mid
late Pleistocene (Figs. 2 and 3A). However, mtDNA provided evidence of recent secondary
contact betweek. ditremaandE. sp. cf.ditremathat occupy the geologically complex
boundary between the PIE and VRP. AnalggimDNA indicated a lack of lonterm migration
and a clear break betweEnditremaand stream relatives. Populationgofditremaexhibited
lower levels of genetic variation, small lotgrmNe, and evidence for prolonged bottlengck
compared to streanelatives.
Colonization of the VRP and spring habitats

The phylogeographic reconstruction showed a deep division between two lineages that
corresponds to the break between the VRP and PIE + GCP (clades F and G, respectively; Fig.
3A). However, the analysiidentified divergent haplotypes within sp. cf.ditremafrom MIX
that were recovered in each major | ind&age 1ind
ditremal i ked mt DNA all el es or [|EydiiremaallelesiattEisp.n and i
cf. ditrema(MIX) and subsequent divergence. Retention of ancestral allelEésdpy cf.ditrema
(MIX) cannot be ruled out completely, but seems unlikely in this case. Given the deep
divergence between lineages F and G (Fig. 3A), ancestrakal&tened withirkE. sp. cf.
ditrema(MIX) would be expected to have deeper or basal positions within clade G (Funk and
Omland 2003). Further, these divergent alleles would also be expected to be presspt af.
ditrema(PIE). This is not the cases ¢hey are only present in the most geographically proximate

populations with respedé. ditremain the VRP. The BSSVS also provide significant BF results
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supporting that haplotypes in clade G arose in the VRP and subsequently spread to MIX (Fig.
3A). AlthoughLAMARC analyses revealed evidence for low levels of {trgh migration
betweerE. sp. cf.ditremafrom PIE and MIX,STRUCTUREanalysis clearly indicated genetic
subdivision between the two (Tabl eE.dttemaFi g. 3B
|l i ked all el es wer E Wamdposethatteeserdivergent mtbNArallelesh e P |
within E. sp. cf.ditrema(MIX) are the result of multiple recent, but temporally intermittent,
hybridization and mtDNA introgression events betwEeditremaandE. sp. cf.ditrema(MIX).
Fluker et al. (2010) found the sampattern of recent (approx. 0.3y#l) directional mtDNA
introgression oE. nuchalehaplotypes into closely related populationg&okwainiwithin the
Black Warrior River. Despite strong suppfor longterm geographical isolation of boh
ditremaandE. nuchaldrom their respective progenitors, these boundaries appear to be
temporally o6l eakyd for mt DNA. Our S7 data wer
E. swainicomplex in the M@, thus additional nuclear DNA sequence data are needed to further
understand patterns of incomplete sorting versus introgression based on mtDNA markers.
However, both springdapted species and their closest stream inhabiting relatives clearly
maintain spcies identity based on mDNA and morphological data.

There is strong support thiat ditremawas isolated in the VRP in the eartyd
Pleistocene (node E; Figs. 2 and 3A). This is much younger than the putative isol&ion of
nuchalein the VRP (4.1 [Z,5.7] Mya) based on the TMRCA @&. nuchaleand close relatives
in the Black Warrior River (Fig. 2). However, diversification of spring populations of both
species within the VRP fall completely within the Pleistocénhagchalel.3 [0.6, 2.1] Ma and
E. ditrema0.7 [0.3, 1.2] Ma; Fig. 2). Interestingly, this is largely overlapping with

diversification ofE. phytophilunpopulations (1.2 [0.6, 1.8] &), another sprinrgdapted darter
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that is cedistributed withE. nuchaldn the Black Warrior River in #aVRP (B. L. Fluker
unpubl. data). This replicated pattern of population diversification within three sgataqged
darters from the VRP coincides closely with the transition from relatively shdeistd@ene
glacial cycles (41,000 year® relativelylonger, more dramatic clgs (100,000 years)
approximately 0.9 Ma (Hewitt 2000; Hewitt 2011). This is consistent with the hypothesis of
Pleistocene spring specialization@dttuspaulusin the Coosa River drainage (Williams 1968).
However, Williams (196Bhypothesized that contraction of a formerly more wide spread
ancestral specie€( bairdii) during Pleistocene warming periods gave ris€.tpaulus For
springadapted darters in the VRP, it seems equally likely that extended periods of colder, dryer
climate following the onset of 100,000 yeglacial cycles may have facilitated adaptation in
isolated groundwater outflows.
Geographical isolation versus ecology in spring endemics

Geographic isolation within the MOB has no doubt played an importantrbheage
diversification with theE. swainicomplex. This is clearly shown in the high degree of
distinctiveness amonig. swainipopulations inhabiting different physiographgew drainage
basins For example, those populations that have surmountdeathkine and inhabit upland
streams in the Black Warrior River (APP) and Coosa River (PIE and MIX) form highly distinct
lineages compared to lowla&CP populations in the Alabamand Upper Tombigbee rivers
(Figs. 1 and 2; also see Mayden et al. 2005%dtlet al. 2010). One exception is the close
relationship of. swaini(CR) andE. sp. cf.ditrema However, this relationship is not
unexpected given evidence of former connections between Cahaba and Coosa rivers based on

distributional patterns of sevém@ther fishes (Swift et al. 1986). Isolation®fditremaandE.
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nuchalewithin the geologically stable VRP also supports the strong association of lineage
divergence and geographic isolation.

The prediction of no or little gene flow betweenditremaand stream relatives was
supported by our mDNA data. However, the analysis revealed additional insights as to how
ecological attributes of each species affect gene flow. Analysis of mMDNA showed that stream
inhabitants E. sp. cf.ditremaandE. swaini[CR]) were structured among physiographic
provinces, but clearly showed high genetic diversity, low levels of structure among localities,
and moderate levels of losigrm migration. Conversely, mtDNA and mDNA revealed high
levels of population structure amospgring localities (or spring groups within the same
tributary) forE. ditrema That spring populations are highly structured and have reduced
dispersal capability has been shown for a number of fishes (Duvernell and Turner 1998; Martin
and Wilcox 2004; Benardi et al. 2007). However, differences in dispersal ability between spring
populations and closglelated stream inhabitants haeeeived less attention. Similar to this
study, spring populations &. nuchale(Fs = 0.24) ancE. phytophilun{Fs;= 040) in the Upper
Black Warrior River show reduced dispersal ability and high levels of population structure
compared to populations of stream inhabiting relativeswaini(Fs;= 0.07) anckE. parvipinne
(Fst= 0.14), respectively (Fluker et al. 2010; B.Rluker unpubl. data). These findings suggest
that colonization and adaptation to spring environments has facilitated the evolution of reduced
dispersal ability in spring endersiof the MOB, which likely played key role in their

divergence from streanelatives.

72



Conservation implications and recommendations
Taxonomic status

Phylogenetic analyses conducted in this studier revealed the difficulties of
resolving species boundaries within theswainigroup These difficulties ardue to the
propengy of historic hybridization events between distinct forms within the group (Lang and
Mayden 2007; Near et al. 2011). Despite these difficuiesresultsallow us tobetter define
species boundaries f&: ditremaand better understand genetic stroetamong its spring
populationsAlthough we identified recent (but not ongoing) hybridization betweetitrema
andE. sp. cf.ditrema E. ditremaclearly maintains its species identity basedraBDNA, nuclear
mDNA data and morphological characteristigster 1984. Our results indicate thattrédes pr i n g
f o rEBEnditremaare distributed exclusively in the VRP, from Poorhouse Branch and upstream in
the Coosa River drainage (Fig. &e confirmed the results of Mayden et al. (2005) which show
a close relabnship betweelk. sp. cf.ditremaandE. swainifrom the Cahaba RiveHowever,a
better understanding o¢lationships among the undescribed stream {&nsp. cf.ditremg and
E. swainiwill require an intensive analysisBf swainithroughout its emte range Until these
relationshipsare better understood, we recommend Ehap. cf.ditremabe treated
independently fronk. ditremaandE. swaini(CR) in future conservation practices.
Genetic structure and priority uts for conservation

ColdwaterDarter,Etheostoma ditreméspring form)

Samples oE. ditremafrom the 13 localities in this study are structured into 10
genetically distinct group@-ig. 3B, Tables 3 and)4hat can be considered management units
Because nearly all management unit& oditremashow reductions in effective population size

based on genetic characteristics (Table 3), we do not priah&zeonservation concern for the
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10 management units the basis of genetic characteristics alone. Rather, we recommend that
data orrelative abundance and threats to habitat (see Kuhajda and Mayden 2002) be considered
to best prioritize conservation planning for each of the 10 management units defined herein.
Below we provide descriptions of the 10 management (rsted from upstrem to downstream
in the Coosa River systerahdlist the urce of samples usedaur genetic analyses. Source
localities are followed byniversity of Alabama Ichthyological Collection (UAIC) catalog
numbers
1. Deverell SpringColvard Spring
Both of hese springare in close proximity to one another in the upper Conasauga River
However, these are the only two springs in witchlitremafrom distinct creek drainages share
connectivity and gene flovDuring this study, a habitat restoration projecsWwaing conducted
to Colvard Spring and ongoing surveysrebeing conducted to monitor the statu€otlitrema
at this spring (Anna George, pers. comim@gnetic variabilityof this groupwas above the
average of alE. ditrema however, we detected eeidce for recent decline in effective
population size (Table 3pource of individuals for genetic analysis:
1 Deverell Spring along Union Road, 0.7 mi WNW of Union Churci{3% 3 0 N,
84496210W) ( Fel k er Tegnessed..UAIC 15B70.82d 1 ey Co . ,
1 Colvard $ring at GA Hwy 225, 0.2 mi N of jct. with GA Hwy 2, 2.5 mi W of Cisco
(34560641%UM8,0648BHW) (Beaver daGeergiaAl@ #5668.01. Mur r ay
2. Cohutta Spring
Cohutta Spring is within the Coahulla Creek drainage of the upper Conasauga Rsaver. Th
spring receives some protection because it is located on the property of the former Cohutta

National Fish Hatchery. Genetic variability of this group was near average valuek of all
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ditrema however, we detected evidence for recent decline in eféeptipulation size (Table 3).
Source of individuals for genetic analysis:
1 Cohutta Spring and run at Cohutta National Fish Hatchery, 1.0 mi N of Cohutta
3458025 ®BN,048%4) (Cohutta quad. ) 1566KD1L t fi el d
3. Moseley Spring
Moseley Spring is the type locality fdE. ditrema(Ramsey and Suttkus 196&enetic
variability of this group was slightly below average values oEatlitrema However, ve
detected no evidence for recent decline in effective population size, indicatifg thtiema
hasbeen relatively stable 8doseley SprindTable 3 even though thepringhas been
impounded within the last decafi®. R. Kuhajda, personal observatijo8ource of individuals
for genetic analysis:
1 Moseley (Moses) Spring, 4.3 mi W of Lyerly, 0.2 mi ENE of AL State lin€43316 4 7 0 N,
85280540W) (Lyerl y ,GeaorgiadUA)C,1562I0At t ooga Co.
4. Terrapin Creek grougsmart Spring and Todd Spring
Smart and Todd springse situated < 1 km from one another on the western and eastern
side of Nances Creek in the Terrapin Creek system. Thus, it is no surprise thatrihgse sp
share extensive gene flow and constitute a single breeding population. Genetic variability of this
group was the lowest observed for any groug.dditremaand we detected evidence for recent
decline in effective population size (Table Shurce oindividuals for genetic analysis:
1 Smart Spring [unmarked] da side of bend in Steinbufd., 0.75 mi. W of Ladiga
B35 606053®B%,03F7F®HW) (T12S, R10E, S33) (Piedmon

Alabama. UAIC15665.02.
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1 Todd Spring [unmarked] at end of gravehdp 0.5 mi. W of Ladiga, just W of abandoned
house 3% 6 604 9 8BN%,0 28 W) (T12S, R10E, S33) (Piedn
Alabama. UAIC 15666.01.
5. Ballplay Creek

Our collection site foE. ditremain Ballplay Creek was more stredike than other
collection sites throughout the rangekofditrema However, the discoveryf breeding Trispot
Darters E. triselld) at ths site suggests heasgpring influencgJohnson et al. 2011). Similarly,
E. ditremahas beemollectedin streamlike habitat at anothesite in the Ballplay Creek system
where spring influence is presénhnamed tributary to Ballplay Creek downstream of Dripping
Rock Road, 2.mi SSW of Knightens Crossroad33f5 5 6 4 2 ¥N8,6 28 W] ; Kuhaj da
Mayden [2002]). Genetic variability of thigroup was the highest observed for any group. of
ditremaand we detected no evidence for recent decline in effective population size (Table 3).
Source of individuals for genetic analysis:

1 Unnamed tributary to Ballplay Creek at County Road 24 (Rockg¢ Road), 1.0 mi. W

of Ball Flat (340 0 ®5\5 °4 B 6 0 3GhawkeeCo., Alabama. UAICL570901,

15710.01
6. Glencoe Spring

Glencoe Spring is in the Cove Creek system and property is owned by the City of
Glencoe. Genetic variability of this group waghtly above average values of Bll ditrema
butwe detected evidence for recent decline in effective population size (Table 3). This spring is
considered to have some of the highest abundandesdafemacompared to other springs

throughout its rangeKuhajda and Mayden 20023 ource of individuals for genetic analysis:
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1 Glencoe (Jeffers) Spring [unmarked] and adjacent stream, just W of US Hwy 431, 0.5 mi

SSE of Glencoe (33 6 6 59 BM,0 4&HW) (T12S, R7E, S29/32)

Etowah Co., Alabama. U& 15615.01.
7. BigCanoe Creelgroup
Based on collections made in this study and by Johnson et al. (BEftid9stoma ditrema
is relatively widespread throughout Little Car@eeek, buive only obtained one individual
from a direct tributary to Big Candereek (North Fork Dry CreekEtheostomalitremawas
never collected in large numbdrem sites used in this study. We collectedditremafrom
springs and sprinfed stream habitat within Little Canoe Creek, where dbcourred withE.
trisellain some collectionsGenetic variability of this group was slightly below average values
of all E. ditremaand we detected evidence for recent decline in effective population size (Table
3). Source of individuals for genetic analysis:
1 North Fork Dry CreekBig Canoe Creekat Hwy 231 approx. 3 mi. S of Ashville
3480603 UM061KBOW), St. Clair Co., Al abama.
{ Little Canoe Creek at Beulah CirdRal., approx. 2 mi. SW of Cool Springs 836 6 5 0 0 N,
862106470W), St . Cl ai r CAa5552.0L1 abama. UAI C
{1 Little Canoe Creek just east of Beulah Circle Rd°433 6 0 5 ®N.,0 38&® W) , St .
Co., Alabama. UAIC 15551.01.
1 Unnamed tributary to Little Canoe Creek just below confluence with St. Clair Spuimg
346605 ®N,0 18160 W) SlabamaCUAKCiI15549@b, 15550.A1.
f St. Clair Springs head andrun{33% 6 4 9 M0 1@ W), St. Cl air

15547.01, 15548.01, 15734.02.
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8. Ohatchee Creek group
Etheostoma ditrems historically known from three spring localities within the
Ohatchee Creek system (Kytia and Mayden 2002). We samptea of those springs
(Edwards Spring and an unnamed spring 3 mi NW of AJ8g6 2 6 1 0 %BN,6 2§, %uw
only successfully collectel. ditremafrom Edwards Spring. IE. ditremaare collected ahe
other springs in Ohatchee Creek (Kuhajda and Mayden 2002), they should be considered a part
of the Ohatchee Creek group. Genetic variability of this group was slightly below average values
of all E. ditremaand we detected evidence for recent dechreffective population size (Table
3). Source of individuals for genetic analysis:
1 Edwards Spring [unmarked], 1.5 mi NNW of Jacksonvill€’$38 6 1 1 % MN,0 3B W)
(T14S, R8E, S2 SW 1/4) (Jacksonville West quad.), Calhoun Co., Alabama. UAIC
15733.02.
9. Chacolocco Creek group

Etheostoma ditremis historically known from three spring localities within the
ChoccolocccCreek system (Coldwater Spring, Blue Spring, and Murray Spring run; Kuhajda
and Mayden 2002). We obtained samples from Coldwater and Bingspnd found no genetic
distinctiveness between the tweenetic variability of this group was slightly above average
values of alE. ditremaand we detected evidence for recent decline in effective population size
(Table 3).Source of individuals forenetic analysis:

f Coldwater Spring run, just off Co. Rd. 109, 2.4 mi WNW of Oxford338 6 1 3 0 N,

85%56340W) (T16S, R7E, S29 S 1/2) (Munford

15732.01.
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1 Blue Spring [unmarked] run, just W of AL Hwy 21 & just S e20 in Oxfad
B3606011%HN,07HW) (T16S, RS8E, S30 SE 1/4) (Ox
Alabama. UAIC 15616.01.
10. Poorhouse Branch

Poorhouse Branch is the downstream most creek in the Coosa River drainage where true
E. ditrema(those considered the spring forimfound. Habitat at this site is stredike with
several nearby springBuring our collection efforts at Poorhouse Branch on 19 Sept. 2009, we
collected several juvenile and adult individuals of the-native oriental weatherfistMisgurnus
anguillicaudatug. Subsequent sampling trips revealed Matanguillicaudatuss established
throughout Poorhouse Branch and in tributaries to Logan Martin Reservoir. The thieats to
ditremafrom the nonAnativeM. anguillicaudats are not well understood. Thugiditional
surveys in Poorhouse Branch and nearby tributaries may provide some insight into any negative
impacts tcE. ditrema Genetic variability of this group was near average values &f alitrema
however, we detected evidence for recent declirdfactive population size (Table 3). Source
of individuals for genetic analysis:

1 Poorhouse Branch at New Lincoln Road®3® @INg °0 86 590W) , Tal l adega
Alabama. UAIC 15617.02.

Undescribed stream forritheostomasp. cf.ditrema

Prior to this stug, samples from Tallaseehatchee Creek were consideredetadiiteema
(spring form Kuhajda and Mayden 20pZHowever, our genetic analyses show that individuals
from Tallaseehatchee Creek actually repreBesp. cf.ditrema(stream form). Thus,
Tallaseehatchee Creek is now considered the upstream most creek in the Coosa Riagedaai

containE. sp. cf.ditrema Samples oE. sp. cf. ditremafrom the eight creek systems in this
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study are structured into two gaitally distinct groups (Fig. 3B, Tab#g. Although thetwo

groups are weakly differentiaté@able 4)we treat thenas distinctmanagement urstfor

conservation because of the uniqgue mtDNA alleles foustr@ams that meander on the

complex boundary between the Valley and Ridge and Pietpmhysiographic provinces

(Tallaseehatchee, Kahatchee, Fourmile, and Beeswax crBeksiKuhajda and Mayden (2002)

for a detailed assessment of relative abundance of and threats to hakitapiocf.ditrema

Below we provide descriptions of the twanagement units anidt the source of samples used

in our genetic analyses. Source localities are followed by University of Alabama Ichthyological

Collection (UAIC) catalog numbers.

1. Valley and Ridge group
As currently knownthis group is found in TlEseehatchee, Kahatchee, Fourmile, and

Beeswax creeks. We consider this group as a distinct management unit from the Piedmont group

(see below) because some individdakp. cfditremaf r om t hese s Etdégsmahave u

Il i ked mt DNA s mignadamthe discussio,shisiis dikely the result of past (but not

ongoing) hybridization events with. ditrema These unique mtDNA sequences are not found in

the Piedmont grougsenetic variability of this group was high compare&taitremaand we

detected no evidence for recent decline in effective population size (Table 3). Source of

individuals for genetic analysis:

! Unnamed spring tributary to Tallaseehatchee Creek, 4.5 miE of Bon Ar 8% 1 8 0 N,
86°L50330W) (T20S, R4E, quea®)dTalladedaZ@ )AladaBh i | der s
UAIC 12172.03, 15737.01.
1 Waters Branch (Kahatchee Creek) at County Road 008 3% 5 7 ®M,0 286 W)

Talladega Co., Alabama. UAIC 15738.01, 15729.01.
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1 Kahatchee Creek at County Road 008133 6 1 8 ®M,0 20® W) , oTal | adega
Alabama. UAIC 15730.01.
1 Fourmile Creek at Co. Rd. 55, next to Co. Rd. 61, just S of Fourmile @3 5 0 0 N,
86330670W) (T20S, R1E, S33 W 1/2) (ULl umbi an
15724.01.
1 Unnamed tributary to Fourmile Creek at Co. Rd. 61, 1.BlEhof Fourmile
B1506438BR,01®OHW) (T20S, R1E, S28 SE 1/4) (W
Alabama. UAIC 15728.01.
1 Unnamed tributary to Beeswax Creek at AL Hwy 25, 0.5 mi ENE of Nelson
31306328BM,046N) (T21S, R1E, S8 9hsbyCd,4) (Col
Alabama. UAIC 15723.01.
2. Piedmont group

As currently known, this group is found in the Waxahatchee Creek system (Camp
Branch, Buxahatchee Creek, Mill Creek) and Blue Gut Creek. Genetic variability of this group
was high compared t6. ditremaand we detected no evidence for recent decline in effective
population size (Table 3). Source of individuals for genetic analysis:

1 Unnamed tributary to Camp Branapprox. 100 ft. $f Camp Branch bridge oAL
Hwy 25, 0.7 mi NE of Shelby Springs (8®&0 N, 48 &M (T22S, R1W, S6
(Bounds Lake quad.), Shelby Co., Alabama. UAEZ719.01.

{1 Buxahatchee Creek abb, 0.8 mi SSE of Calera (385 6 3 7 N, 0 08860 W) ( T24N,
R13E, S1 NW 1/4) (Ozan quadShelby Co., Alabama. UAIC 15718.02.

1 Mill Creek at or gpstream of Co. Rd. 311, 4.1 mi S of Shelby’838 2 3 0°Bl4 6 8 B 0 W)

(T24N, R15E, S21 NW 1/4) (Shelby quadhelby Co., Alabama. UAIC 15722.02.
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1 Blue Gut Creek at County Road 61{827 6 4 7 83N\5,6 18660 W) , Chi |l t on Co.

UAIC 15720.01.

1 Blue Gut Creelat AL Hwy 145 (325 9 6 2 2 83N5,6 58660 W) , Chi |l t on Co. ,
UAIC 15721.01.
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Table 1Location of taxa used in this study, showing locality identifier (ID; see Fig. 1), number
of individuals genotyped for microsatellite DNA lo&i nDNA), sequenced for the

mitochondrial ND2 geneN mtDNA), and sequenced for nuclear inttbof S7protein(N S7).

The mtDNA haplotypes are indicated for focal tax#éhe Cahaba and Coosa rivers

Species/Locality ID N mDNA N mtDNA haplotype N S7
Etheostoma ditrema
Deveell Spring 1 24 5 1 1
Colvard Spring 2 24 5 1,3 T
Cohutta Spring 3 24 5 2 T
Moseley Spring 4 24 5 4 T
Todd Spring 5 24 5 4,5 T
Smart Spring 6 24 5 5 T
Ballplay Creek 7 24 5 4 T
Glencoe Spring 8 24 5 6 T
Little Canoe Creek 9 21 5 7 T
Edwards Spring 10 24 5 8 T
Blue Spring 11 24 5 9 T
Coldwater Spring 12 24 5 10, 11, T
Poorhouse Branch 13 24 5 12, 13,14 1
E. sp. cf.ditrema
Tallaseehatchee Creek 1 9 4 15, 16,17 T
Kahatchee Creek 2 16 5 18, 19, 20, 21 T
Fourmile Creek 3 24 5 18, 19, 22 T
Beeswax Creek 4 24 5 18, 23 T
Camp Branch 5 24 5 24, 25, 26 T
Buxahatchee Creek 6 24 5 27, 28, 29 T
Mill Creek 7 24 5 24, 25, 30 i
Blue Gut Creek 8 21 5 31, 32 1
E. swaini
Cahaba Rive(CR)
Lightsey's Pond 1 30 2 34 T
Horse Branch 2 T 2 34,35 T
Lick Branch 3 T 1 36 T
Sprott island 4 T 1* 33 1*
Alabama River
Little Mulberry Creek 5 i 1* T 1*
Tombigbee River
Luxapalilla Creek T 1* T 1*
Black Warrior River 6
Wolf Creek 7 T 1* T 1*

*DNA sequences obtained from GenBank (see Table 2); Cahaba River (CR)
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Table 2 Additional taxa used in estimatesdi¥ergence times and all taxa used in the
morphological analysis. GenBank accession numbers for outgroups are listed for the
mitochondrial ND2 gene and tineiclear ribosomal S7 intron 1.

Taxon/Locality ND2 S7
Percina caprodes EF027178 EF035498
Nothonotis jordani EF027175 EF035495
Etheostoma asprigene EF027180 EF035500
E. nuchale
Glenn Spring HM856125 HM856115
Roebuck Spring HM856127 HM856115
E. proeliare EF027214 EF035534
E. swaini
Cahaba River
Sprott island HM856134 HM856121
Alabama River
Little Mulberry Creek HM856132 HM856119
Tombigbee River
Luxapalilla Creek HM856124 HM856137
Black Warrior River
Wolf Creek HM856131 HM856118
E. trisella EF027226 EF035546
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Table 3Sample sizes amgenetic diversit estimates (averaged over eighitrosatelliteDNA
loci) for STRUCTUREbased populations &theostomalitrema E. sp. cf.ditremg andE.
swaini Population numberdescribed ad mapped in Table 1 and Fig.@enetic diversity
estimates i@ followed bycritical M values(Mc), M-ratios, and associated significance as
performed using the methods of Garza and Williamson (2001). Significant vRlae@5)
shown in bold

Species/population N NA A AR PA Ho He M. M P-value

E. ditrema
1,2 48 74 925 7.04 087 049 0.64 0.69 0.66 0.0204
3 24 58 7.25 6.93 0.83 055 0.69 0.65 0.48 0.0000
4 24 52 650 6.02 0.26 0.58 0.65 0.66 0.67 0.0736
5,6 48 45 563 470 0.26 059 0.61 0.69 0.48 0.0000
7 24 88 11.00 10.18 0.49 0.76 0.83 0.65 0.65 0.0552
8 24 65 813 7.44 0.14 0.78 0.76 0.65 0.44 0.0000
9 21 52 650 6.24 028 054 0.71 0.65 0.47 0.0000
10 24 57 7.13 6.63 0.26 056 0.64 0.65 0.63 0.0217
11, 12 48 91 1138 7.94 109 059 0.71 0.69 0.65 0.0090
13 24 58 7.25 6.66 0.83 0.59 0.69 0.65 0.39 0.0000
population mean 64 800 6.98 053 0.60 0.69 T T T

E. sp. cf.ditrema
1,2,3,4 73 184 23.00 14.08 197 0.79 0.90 0.70 0.76 0.2725
56,7,8 93 152 19.00 12.73 2.47 0.77 0.88 0.71 0.76 0.2216
population mean 168 21.00 1340 222 0.78 0.89 i i i

E. swaini(CR)
1 30 70 875 759 209 0.71 0.78 0.67 0.69 0.0991

Number of individuals); total number of allelesNA); mean number of allelgser locus A);
allelic richnessAR); private allelic richnessPA); heterozygosity observedg); heterozygosity
expectedKle); Cahaba River (CR)
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Table 4 MicrosatelliteDNA based pa#wise population fixation indice$§) amongSTRUCTUREbased populatianof Etheostora
ditrema E. sp. cf.ditrema andE. swaini Population numberdescribed ad mapped in Table 1 and Fig. 1

Species (locality) 1 2 3 4 5 6 7 8 9 10 11 12 13
1 E. ditrema(1,2) T
2 E. ditrema(3) 0.24 i
3 E. ditrena (4) 034 031 7
4 E. ditrema(5,6) 0.34 029 034 i
5 E. ditrema(7) 0.24 0.18 0.18 0.18 i
6 E. ditrema(8) 0.28 0.23 0.21 0.21 0.09 i
7 E. ditrema(9) 0.25 0.23 0.29 0.28 0.16 0.22 i
8 E. ditrema(10) 0.33 030 0.29 0.33 0.20 0.24 0.29 i
9 E. ditrema(11,12) 0.28 0.26 0.22 0.31 0.19 0.19 025 0.23 i
10 E. ditrema(13) 0.32 0.29 0.25 0.32 0.18 0.23 0.23 0.27 0.23 i
11 E.sp.cfditrema(1,2,3,4) 0.18 0.16 0.17 0.20 0.09 0.12 0.15 0.15 0.12 0.13 i
12 E.sp. cfditrema(5,6,7,8) 0.17 0.16 0.19 0.22 0.11 0.14 0.15 0.18 0.15 0.16 0.04 i

13 E. swaini(1) 028 0.26 0.28 0.29 0.18 0.22 025 024 0.25 0.24 0.12 0.13 i

All values significant P < 0.0001)
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Table 5Microsatellite based estimates oéth a ( U) creglibildy inGryadls calculated in
LAMARC, followed bythe corresponding estimates of letggm effective population siz&ly).
Population numberdescribed ad mapped in Table 1 and Fig. 1

Species/Population U Ned) 0.05 0.95 Long-termNe 0.05 0.95
E. ditrema

9 2.660 2.053 3.649 1330 1026 1824

13 1.468 1.078 2.076 734 539 1038
E. sp. cf.ditrema

1,2,3,4 10.957 9.944 11.619 5479 4972 5810

56,7,8 11.128 10.079 11.716 5564 5039 5858
E. swaini

1 5.054 4.056 7.117 2527 2028 3559

€ = mutation rate/site/generation
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Table 6 Rates of migrationM), 0.05, and 0.95 credibility intervals inferred using Lamarc.
Number of effective immigrants per generatioNi@, 0.05, and 0.95 credibility intervals were

obtained by multiplying eacMtimes t heta (U; Tabl e
numbergdescribed ad mapped in Table 1 and Fig. 1
Population/comparison M 0.05 0.95 ANm 0.05 0.95
E. ditrema(9)
from E. ditrema(13) 0.087 0.053 0.194 0.232 0.140 0.515
fromE. sp. cf.ditrema(1,2,3,4) 0.154 0.052 0.219 0.410 0.138 0.583
fromE. sp. cf.ditrema(5,6,7,8) 0.074 0.032 0.167 0.197 0.084 0.444
from E. swaini(1) 0.037 0.015 0.095 0.097 0.039 0.252
E. ditrema(13)
from E. ditrema(9) 0.157 0.066 0254 0.230 0.097 0.373
fromE. sp. cf.ditrema(1,2,3,4) 0.180 0.081 0.277 0.264 0.119 0.407
fromE. sp. cf.ditrema(5,6,7,8) 0.171 0.073 0.295 0.251 0.108 0.433
from E. swaini(1) 0.042 0.017 0.139 0.062 0.025 0.205
E. sp. cf.ditrema(1,2,34)
from E. ditrema(9) 0.033 0.019 0.071 0.363 0.210 0.779
from E. ditrema(13) 0.053 0.028 0.094 0.579 0.306 1.032
fromE. sp. cf.ditrema(5,6,7,8) 0.558 0.406 0.758 6.112 4.449 8.303
from E. swaini(1) 0.029 0.014 0.076 0.320 0.158 0.834
E. sp. cf.ditrema(5,6,7,8)
from E. ditrema(9) 0.032 0.014 0.066 0.354 0.160 0.740
from E. ditrema(13) 0.060 0.025 0.101 0.672 0.281 1.124
fromE. sp. cf.ditrema(1,2,3,4) 0.720 0.629 0.808 8.012 6.998 8.990
from E. swaini(1) 0.137 0.065 0.185 1.522 0.723 2.056
E. swaini(1)
from E. ditrema(9) 0.028 0.013 0.065 0.140 0.068 0.326
from E. ditrema(13) 0.027 0.013 0.061 0.135 0.066 0.310
fromE. sp. cf.ditrema(1,2,3,4) 0.071 0.021 0.123 0.360 0.105 0.621
fromE. sp. cf.ditrema(5,6,7,8) 0.157 0.146 0.301 0.796 0.740 1.521

92

5 Popoldtiont h e

r

e (



Fig. 1(a) Map of the Mobile Basin and species ranges (gray shadirifthebstoma ditrema

(black circle) E. sp. cf.ditrema(yellow circle),E. nuchalgsquare), ané. swaini(yellow

triangle). (b) Sample locations for taxa used in this study. Physiographic provinces are indicated
by color. (c) Hypothesis of relationships of taeswainicomplex based on allozyme data

(redrawn from Mayden et al. 2005). Taxon labels are foltblseriver drainage or specific

localities in Fig. 1B
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Fig. 2 Chronogranfor the Etheostoma swairdomplex of the Mobile Basimp(uned from the
BEAST analysis with centrarchid and darter outgroups) based on the combined analysis of
mitochondrial (ND2) ad nuclear (S7) gene sequences. Letters at nodes cordesfib age
estimates in text and nodes with posterior probability < 0.95 are indicated wihaysbars at
nodes represent the 95% highest posterior density of age estimates. Tagsrarafolloved by
codes corresponding to Table 1 and Fig. 1
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Fig. 3(a) Maximum clade credibility tree from the discrete phylogeographic analysis of the
complete mtDNA data set f@theostoma ditreméd. sp. cf.ditrema andE. swaini(CR).

Branches are colored acding to the most probable location of their descendant nodes. Pie
charts represent posterior probability distributions of ancestral locations. Nodes with > 0.95
posterior probability are shown with an asterisk and 95% highest posterior density of rde age
are shown below focal clades E, F, and G. Taxon labels correspond to Table 1 and Fig. 1. (b)
STRUCTUREDbar plos showing the most likely genetic structure Boditrema(K = 10)andE.

sp. cf.ditremaplusE. swaini(CR) K = 3) from independent analysef microsatellite data

Bars correspond to multilocus genotypes of individuals and colors represent the probability of
ancestry to each clustdf)( Colors do not correspond to Fig. 3A
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Fig. 4 Bar plots from th&&TRUCTUREanalysis of microsatellite dafrom all 505 individuals dEtheostomalitrema E. sp. cf.

ditremag andE. swaini (a) the most likely genetic structure it samplesK = 14). Possible lower levels of genetic structure for all
samples (bK = 6; ¢,K = 4).Bars correspond to multdois genotypes of individuals and colors represent the probability of ancestry to
each clusterK). Taxon labels correspond to Table 1 and Fig. 1
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CONSERVATION GENETIG OF THE RUSH DARTERETHEOSTOMA PHYTOPHUWM):
IMPLICATIONS FOR CONSERVATION OF SPRINGENDEMIC
FISHES IN THE SOUTHRSTERN UNITED STATES
Introduction
Organismsnhabitingfreshwater springpresent unique challengesdonservationists.
Thenaturally fragmented distribution of spring species render them extremlabrableto fine-
scale diturbance and spriisgare among the most anthropogenically expldieshwater
habitats(Meffe and Vrijenhoek 1988; Hubbs 1995; Etnier 1997; Timpe et al. 2009; Fluker et al.
2010; Martin 2010). Spring endemic species are often confined to spring poslsoand
stretches of spring runs, with interconnecting streams and rivers acting as major barriers to
dispersalStarnes and Etnier 198&)onsequently, spring endenggeciesshould share several
characteristics with island endemic species, i.e. small igafigtstructured populations with low
genetic diversity, making them more susceptible to local extinction compared to their mainland
relatives (Frankham 1997; Wilsat al. 2009). Recent studiesspfring taxa support this
hypothesis in terms of genetiziecture (Martin and Wilcox 2004; Hurt and Hedrick 2004;
Wilmer and Wilcox 2007) and small population sizes with low genetic diversity (Duvernell and
Turner 1999; Fluker et al. 2010). Most genetic studigsath American spring end@c species
have focued on taxa fronarid lands (Vrijenhoek et al. 1985; Meffe and Vrijenhoek 1988;
Echelle et al. 1989; Thompson et al. 2002; Martin and Wilcox 2004; Hurt and Hedrick 2004;
Bernardi et al. 2007) where demarfidsn municipal and agricultural usefor groundwagr have
long conflictedwith biodiversity conservation (Deaconadt 2007). Relatively few genetic

studies have been conductadhe southeastern United Statesweverwhere recent
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groundwater demands due to rapid human population growth threatéchtdesersity of
coldwater spring endemics (Hubbs 1995; Etnier 1997; Mirarchi et al. 2004).

The southern Appalachian Highlands (SAgtipvides an intriguing landscagpebetter
understandhe origin ancpopulationgenetic characteristics of coldwater sprappted species
endemic tdhe southeastern United States. This region is dissected by diverse physiographic
characteristics (Fig. 1), providing an abundance of soluble substrates that support at least 10
coldwater springdependent fisheg8oschung andlayden 2004 Because of their endangered
status, or extinction (i.€&undulus albolineatusVilliams and Etnier 1982), many aspects of the
origin and genetic characteristics of spradppted fishes from the SAH are poorly understood
(Warren et al. 2000; Behung and Mayden 2004; Mirarchi et al. 2D@evious studies
indicate that the upland spring endeifatbeostomanuchaleexhibits highly structured
populations and likely arose via peripheral isolation from the lowland stirdzabitingE.
swaini(Maydenet al. 2005; Fluker et al. 201@luker et al. (2010jurther demonstrated thit
nuchaleexhibitedsmall longterm population sizes and suggested that habitat stability promoted
long-term persistence in highly isolated spring habitats dekpitgeneic diversityand
prolonged bottlenecks. However, previous studies lacked temporal information to provide age
estimates of the origin &. nuchaleand subsequent diversification among isolated spring
populations. Additionally, genetic dataneeded fromdditional spring endemic species t
betterunderstand patterns of spring endemism in the biodiversity rich SAH.

The Rush Dartelitheostoma phytophiluns known from three disjunct populations
within upland portions of the Black Warrior Rivitig. 1B),where it is exclusive to springsdn
springfed reaches of streanBart and Taylor 1999). This speciesisterto the Goldstripe

Darter €. parvipinng, which is widespread throughout the Gulf €@ Plain (G®) from
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Texas to Georgia where it typicallyhabits small firsorder streams, seeps, and springs.
Together, the two species comprise the darter subdreracsitelun(Page 1981; Near et al.

2011). Two of the three known populationgofphytophilunoccupy the Valley and Ridge
physiographic provincé/RP) with E. nuchale however, they do not naturally-c@cur in the

same creek systems. Within the VRR phytophilums found in a few spring tributaries of

Turkey Creek (TC) of the Locust Fork and Little Cove Creek (LC) of the upper Locust Fork
(Fig. 1B). The third population resides in the Clear Creek system of the Sipsey Fork (SF) in the
Cumberland Plateau physiographic praér{Fig. 1B). The TC population jsopardized by

rapid urbanization of the greater metropolitan Birmingham area, resulthngpitat loss due to
channelization of spring runs and spriiegl creeks, modification and/or removal of spring

habitat, and reduced recharge of spring aquifers due to increased impervious surfaces throughout
the watershed (Bart 2004; Fluker et al. unmiidd data). In the upper Locust FdEk,

phytophilumis extremely rare (only 53 collected individuals since 1975) and suffers from spring
modifications and stream channelization. Although the SF population appears secure and some
sites benefit from proté&ion within the Bankhead National Forest (Bart and Taylor 1999), the
population is threatened by increased sediment input putatively caused by poor timber harvest
practices (Johnston and Kleiner 200B)e United StateBish and Vildlife ServicelistedE.
phytophilumas federally endangeréa@sed omestricted distribution, sporadic occurrence, and
imminent threats twater quality deterioteon and habitat destruction (Ussh and Wildlife

Service 2011). Currently, genetic and ecological data are laakikg phytophilummand there

are no recovery strategies in place for this endangered species with the exception of a pilot

captive propagation program (Rakes and Shute 2005; Petty and Rakes 2009).
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Our goal in this study was &xamne the origin and postolonization evolution oE.
phytophilum First, weusedata from three mitochondrial (mt) X\regionsto reconstruct the
phylogeographic history d&. phytophilumandE. parvipinne Second, we use nuclear (n) and
MtDNA sequence data to estimate the tempmrale ofcolonization of spring habitats in the
upper Black Warrior Rivelby bothE. nuchaleandE. phytophilumIf both species have occupied
this shared region over the same time scale, they have likely experienced similar historical and
contemporary esnts that have shaped the current patterns of genetic variation. Third, we use
microsatellite (m) DNA loci to evaluate pesplonization differentiation and gene flow among
populations oE. phytophilunrelative to widespread lowland populationgofparvpinne
Based on prior results froi. nuchalgFluker et al. 2010), we predict higher levels of genetic
structure and lower levels of gene flow among populatios phytophiluncompared to levels
among populations d&. parvipinne We also test the hgghesis that population genetic diversity
is lower inE. phytophiluntompared to populations &t parvipinne Finally, we use mDNA to
estimate longerm and currergffective population sizéNe) and evaluate how demographic
history is reflected in genetdiversity and\e of E. phytophilunsince diverging front.
parvipinne Our results are interpreted in the context of the evolution spdagted species in
the SAH and how data from boih phytophilumandE. nuchalecan inform conservation

decisions fo othercoldwater spring endemic species in the southeastern United States.
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Materials and methods
Samples and DNA extraction

A total of 75E. phytophilunwere collected fromeen localities representing ttieee
knownpopulations (Table 1; Fig. 1B). Tisss from 7IE. parvipinnewere obtained from 22
localities throughout a portion of its range in the GCP, with extensive sampling near the upland
lowland boundary (Fall Line) in the Mobile Basin (Table 1; Fig. 1B). Fishes were fin clipped and
either releastlive or retained as voucher specimens. All tissues and vouchers were preserved in
95% ethanol and formalin, respectively, and cataloged in various ichthyological collections
(Table 1). Genomic DNA was extracted from fin clips using either standard &€hiBoform
extraction procedures or the DNEasy kit (Qiagen, Valencia, CA).
DNA sequencing and mDNA genotyping

The complete mtDNA cytochrontegene (cyb), NADH dehydrogenase subunit 2 gene
(ND2), and a prtion of the control region ¢(tbop) was amplified ér 45 darters (Table 1) using
the following primers: cyb, f or wa r-GTGACTITGPAAAAGCACCGTTG3 6 and
rever s e-ChGCATCECCGBTITACAAGAG3 6 ( Song et al .- 1998) ;
TAAGCTATCGGGCCCATACG3 6 an d -TGATIAGGBOTTTGAAGGCTE3 6; -and d
loop, L p-AACTCIBACCCCTAGCTCCCAAAG3 6and TPhenR 506
CTAGGGCCCATCTTAACATCTTCAG3 6 (Porter et al. 2002). Amp
in 25/ 50 pL reactions with the GoTag* Flexi DNA polymerase kit (Promega) and cifuded
ND2 thermal protocol of Lang and Maen (2007) A subset of seven individuals recovered in
distinct mtDNA clades (Table 1; Fig. 1A) was amplified for the first intron of the nuclear
ribosomal protein S7 using primers and conditions in Lang and Mayden (2007). PCR products

were purified withthe QIAquick PCR purification kit (Qiagen), cycle sequenced using BigDye®
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Terminator v3.1 chemistry and read on an ABI PRISM® 3100 Genetic Analyzer (Steven
Johnson Molecular Systematics Laboratory, University of Alabama). Cycle sequence reactions
for mtDNA regions utilized the amplification primers listed above and internal primers were

designed f orATMPITICTTGEVYTAGCACIAAA-306; 292-L_par, 5

o

ATTACTCTTGCCTTAGCCCTAAA3 6 ; 8 b g-CEIAAAATTCTTGCYTAYTC-3 0 .

A total of 128 individuals consisting @3 E. phytophilumand 55E. parvipinnefrom
three populations of each species (Table 1) were genotyped for nine mDNA loci using primers
designed foE. caeruleun{EcalOEPA, EcallEPA, Eca48EPA, Eca71EPA; Tonnis 2606),
osburni(EosC6, EosC112, EosD108witzer et al. 2008), arf. scotti(Esc26b, Esc132b; Gabel
et al. 2008). Genotypdfl. parvipinnewere from populations with close relationships to disparate
populations oE. phytophilumbased on the mtDNA phylogeny (Fig. 1A). The relatively small
samplesizes ofE. parvipinnesamples used in mMDNA analyses represent our best efforts to
obtain larger number of specimens from the three populations from2207 this species has a
spotty occurrence despite its widespread distribution throughout the GCBdR&B77; Mettee
et al. 1996; Boschung and Mayden 2004; McAdiist al. 2007). Amplification of mDNA loci
followed protocols detailesh Fluker et al. (2010). Genotypes were read on an ABI 3730 DNA
analyzer (University of Maine DNA sequencing facilinging HEX or 6FAM fluorescent labels
and GeneScanE 500 or 1000 ROXE Size Standard
performed using FLEXIBIN v2.0 (Amos et al. 200Tdathe dataset was screened for
genotyping errors with MICRE&HECKER (van Oosterhat et al. 2004).
Phylogeographic analysis: mtDNA

To reconstruct spring colonization By phytophilumBayesian phylogenetic inference

was performed in MrBayes v3.12 (Ronquist and Huelsenbeck 2003) using a concatenated
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alignment of three mtDNA regions deed from this species and from al&dparvipinne

samples from the Mobile Basin and neighboring drainages (Tallllijue haplotypes were
determined for both species using DnaSP v5.10 (Librado and Rozas 2009) and the resulting
haplotypes were aligned withutgroupsPercina caprodeandE. edwini(Table 2) Cytb and

ND2 genes weregstitioned by codon position;ldop was treated as a single nooding

partition, and besdfit substitution models were determined for each of the seven partitions (Table
3) uang Akaike information criteriom the program Modeltest v3.P¢sada and Crandall 1998;
Posada and Buckley 2004). Four partitioned MrBayes runs were conducted for 10 million
generations with sampling every 1,000 generations using unlinked variablddipicbrs

(Table 3). Convergence was assessed via examination of the standard deviation of the split

frequencies and runs prior to convergence (> 0.01) were discarded as burnin to construct the 50%

majority-r ul e consensus phyl o groapnobabiltyovere considdéredto O O .

have significant support.
Divergence time estimates: mtDNA and nDNA

To estimate the timing of colonization and subsequent diversification of sriegnic
darters in the upper Black Warrior Riy&EAST v1.6.1 (Drummaothand Rambaut 2007) was
used with concatenated NE&7 sequences &. phytophilumandE. parvipinneg(Fuscatelum
group) anckE. nuchaleand its closest relativek (asprigenepecies group) (Table 2). The
Fuscatelungroup included a single individual frorhd threeE. phytophilunpopulations, a
single individual ofE. parvipinnefrom each of the two distinct lineages containing
phytophilum and a single individual from a western populatioi oparvipinng(Table 1; Figs.
1, 2). TheE. asprigenggroup cosisted of a single individual &. nuchalérom two distinct

populations (Valley and Village creeks), a single individudt afwainifrom closely related
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upland (Mulberry Fork) and lowland (Alabama River) populations, and a single individual of the
wesern Mud DarteE. asprigendsee Fluker et al. 2010; Table 2; Figs. 1,@jrters are poorly
represented in the fossil record and fossils of close relatives sianadhave been difficult to
assess (Cavender 1986). Thus, we employed external fogsibttah methods of Hollingsworth

and Near (2009), which utilized DNA sequence data and five fossil calibration points for the
closely related family Centrarchidae (Near et al. 200b¢se methods have generated consistent
estimates of time of most commuaetent ancestor (TMRCA) for Centrarchidae and major darter
groups (Near and Benard 2004; Near and Keck 2005; Keck and Near@0d.@hal alignment
consisted of concatenated N{3Z sequences frofuscatelunmandE. asprigengyroups listed

above, 47 Cenairchid taxa (GenBank accession nos. listed in Near et al. 2005), and
representative darter outgroups (Table 2). The S7 data set was alignedUSG¢.E v3.8

(Edgar 2004yith heterozygous positions coded as ambiguous based on standard nomenclature
of thelUPAC (Domingues et al. 2005; Ray et al. 2008p2 sequences were easily aligned by

eye, and the partitions were concatenated in Geneious v5.1.7 (Biomattelhet@EAST

analysis was implemented with priors for minimum bound lognormal age estimates on
Centrarchid fossil calibration points used in Hollingsworth and Near (2009) and substitution
model s were unlinked among ND2 (Tr N + | + Q)
uncertainty in substitutions rates on adjacent branches, an uncorrelataunalgriock model

(UCLN, Drummond et al. 2006) was employed with a Yule process speciation tree prior. Four
independent runs of 40 million generations were conducted and tree and log files were combined
with 40% of the generations discarded as burnin usoggCombiner v1.6.1 (Drummond and
Rambaut 2007). ThRBEAST analysis was replicated with an empty alignment (sampling from

the prior only) to evaluate the influence of calibration priors on divergence time estimates.
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Tracer v1.5 (Rambaut and Drummond 20@@s used to assess convergence and to determine
whether chains mixed well (effective sample size > 200) dBEAST and MrBayes runs.
Genetic diversity and population structure: mDNA

Departures from HardWeinberg equilibriun{HWE) andlinkage disequilibum were
assesseth GENEPORv4.0.10(Rousset 2008) under a Markov Chain algorithm with 10,000
dememorizations, 200 batches and 10,000 iterations per Gaobtic diversity estimates, i.e.
the mean number of alleles per locA% Observed heterozygogifH,), and expected
heterozygosityHe) were calculated iIGENEPOPR We also calculated allelic richnegsR) and
private allelic richnessPA), measures of allelic variation that control for differences in sample
sizes and missing data, usiH&-RARE (Kalinowski 2005) FSTAT v2.9.3.2 (Goudet 2001) was
used to evaluate the significance of differences in genetic diveddityH,, andH¢) betweerk.
phytophilumandE. parvipinne MannWhitney U tests were performed to further evaluate the
significance of diferences in genetic diversity parameters among populations within species.

The Bayesian clustering method®TRUCTUREV2.3.3 (Pritchard et al. 2000) was used
to determine the number of genetically differentiated cluskr§¢m combinecE. phytophilum
and E. parvipinnenDNA samples (Table 1) withoatpriori designationsGiven the close
relationship oE. phytophilumandE. parvipinnepopulations based on our phylogenetic analyses
(Figs. 1A, 2), we implemented models allowing admixture of genotypesarelated allele
frequencies (Falush et al. 2003). Ten replicates of 400,000 iterations (100,000 burnin) were
conducted foK values ranging from 1 to 7. Besstimates oK were determined using the ad
hoc s umma rK(Evannaet al. 8005) &s ingmented iltSTRUCTUREharvester

v0.6.7 (Earl 2011) and bar plots were constructed u3isiguctvl.1l (Rosenberg 2004).
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Population genetic structure, differentiatiényy, and associated significance were
assessed by analysis of molecular variance (AMO&A)Mplemented IARLEQUIN v3.5
(Excoffierand Lischer 2010) with 10000 permutations. In the first AMOVA, we treated both
species as a single group to test the null hypothesis that the six popuBtiphgtophiluniSF,
TC, LC] andE. parvipinngPascagulaRiver (PR, Tyro Creek (TY), Cahaba River (JJR
represent an arbitrary subsample relative to the entire sample. Next, the two species were
analyzed independently to test the null hypothesis that individuals from each population
represent an arbitrasubsample relative to the respective species. FirelyAT v2.9.3.2
(Goudet 2001) was used to assess whéigediffered significantly betweeR. phytophilumand
E. parvipinne
Neestimates, migration, and demographic history: mDNA data
Bayesian coakrent analyses were implemented with mDNAAMARC v2.1.6
(Kuhner 2006) t o e Ng)ianddanmmegratioh ratedy)dor pppulatiors of U ( 4
both species. Mulpopulation analyses were conducted independently for each species. Initial
runs wee conducted with final chains of 600,0Q0000,000 steps to evaluate convergence of
parameter values among runs. Final runs consisted of five initial chains of 100,000 steps (5000
trees sampled every 20 reps, burr= 20,000) and one final chain of 2,0000 steps (100,000
trees sampled every 20 reps,isur = 50,000) using an adaptive heating scheme with 4
temperatures (1.0, 1 M tangedfron®1,0 x I0t030.0andPLiOx Hr s f o r
to 1000, respectively. Number of effective immigrants per generatidm)4dvas estimated for
each poplation pair by multiplyingby i ts esti mate of U for the
2006; Kuhner and Smith 2000)AMARC b ased esti mates of U and the

(¢) of 5 X 10* (Goldstein and Schistterer 1999; Yue et al. 2007) were substitutethe
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eqguat i batodstimate bngermN.. Because longermN, may not reflect recent
population history, LDNe (Waples and Do 2008) was used to estimate dusizaded on the
linkage disequilibrium method with a bias correction (Hill 1981; Ws2006).

Two complementary bottleneck tests were conducted to evaluate whether populations
have experienced recent decline®inThe first methodiH. excess test implemented in the
programBOTTLENECKVv1.2.02 (Cornuet and Luikart 1996; Piry et al. 19%8kes advantage
of the observation that gene diversitle) will be significantly greater than heterozygosity
expected based on number of alleles and samplet&igar( recently bottlenecked populations
(Luikart and Cornuet998; Luikart et al. 1998ry et al.1999. We conducted 10,000 replicates
using a twephase model (TPM), in which 95% of mutations were sistg@ with a 12%
variance of multistep mutationsRiry et al. 19939 Significance of deviations betwekl and
HeqWere assessed with Wigon signeerank tests. The second method estimated the ratio of
number of alleles to the range in allele siZ® &énd compared them to population specific critical
M values M) using M_P_Val.exe and Critical_M.exe (Garza and Williamson 2001). As
suggestd by Garza and Williamson (2001), a conservative parameter set was used to estimate
M-ratios for populations of both species:tw® t t | e ne c k KNv=5,600);;aeesageof 10 (
size of non onatep mutations = 3.5; and TPM with 90% singlep mutationsThe probability
that a smalleM-ratio would be expected under equilibrium conditions was tested with 10,000

simulations.

107



Results
Phylogenetic analyses and divergence time estimates

Amplification of the three mtDNA regions was successful foEalbhytopiilum andE.
parvipinneused in the phylogeographic analysis. The complete ND2 gene (1047 bp) was
obtained for all individualsyhereas doop and cytb sequences were truncated to 82Jahg
990 bp, respectively. Theldop sequences had four alignment gamd cyb aligned with bases
58i 1047 of the complete 1140 bp sequencE.gsarvipinne Of the 45 darters sequenced, 24
unigue composite mtDNA haplotypes were identified ghytophilune 5, E. parvipinne= 19;
Table 1). When aligned with outgroup seqees) the composite mtDNA data set (2866 bp)
exhibited 2,125 constant and 386 phylogenetically informative characters. The standard
deviation of split frequencies in MrBayes runs fell below 0.01 in 6.5°y@0erations and, when
visualized in Tracer, paraeter values were highly convergent among runs. Thus, the first 65%
of trees of each run were discarded as burnin to construct the 50% majority rule consensus
phylograms (3500 trees used, 6500 discarded; Fig. 1A). The Bayesian analysis recovered two
major dades with substantial mtDNA divergence (6.74%) corresponding to samples of
Fuscatelunwest (clade 1) and east (clade 2) of the Mississippi River (Fig. 1A). Within clade 2,
E. parvipinnefrom the Tennessee, Hatchie, and Obion river drainages showed reoderat
divergence (1.84%), but unresolved relationships, with respect to focal haplotypes in the well
supported clade 3 comprisedEfphytophilumandE. parvipinnefrom the PR Mobile, and
Chattahoochee river drainages (Fig. 1A, Bheostoma phytophilumaspolyphyletic with
respect td. parvipinnefrom clade 3. However, the SF and Locust Fork (TC, LC) populations
were independely recovered in welsupported clades that correspond to samples west (clade 4)

and east (clade 5) of the divide between the Tighd®e and Alabama river drainages (Fig. 1A,
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B). Moderate mtDNA divergence was revealed between clades 4 and 5.70%) and
comparable levels were found among haplotypes within clades 4 and 51(6%4and 0.04
2.0%, respectively). Althougtelationships were unresolved amdagphytophilumandE.
parvipinnehaplotypes in both clades 4 and 5, populatiorts. gdhytophilunwithin these clades
were well supported with moderate mtDNA divergence compared to other distip&tvipinne
populations (Table 4; Fig. 1A).

The combined NDX57 data set for t BEAST analysis consisted of 1811 characters;
823 constant, 145 variable uninformative, and 843 phylogenetically informative characters.
BEAST runs with empty data yielded substantially olderedyence time estimates when
compared to runs with data, suggesting that model priors did not overpower information in our
data set. Thanalysis recovered darters ammhtrarchids in reciprocally monophyletic groups
(not shown). Tk TMRCA of Centrarchidag3.7 Mya, 95% highest posterior density (HPD):
[27.2, 40.8]) was consistenith a previous estimate (32.6ylél, 95% HPD: [25.3, 39.9]) using
this calibration method (Hollingsworth and Near 2009). FascatelumandE. asprigene
species group chronogrampsined from the larger analysis are shown in Figure 2. Within
Fuscatelumthe TMRCA for focaE. phytophilumandE. parvipinnehaplotypegsee clade 3,
Fig. 1A) was 2.2 Ma, 95% HPD: [1.5, 3.1] (node B; Table 5; Fig. 2). The analysis indicated a
slightly younger split between SE phytophilumandE. parvipinnewest ofthe Alabama River
(node C, 1.2 Ma, 95% HPD: [0.8, 1.9]) when compared to the split between Locust Fork (TC,
LC) E. phytophilumandE. parvipinneeast of te Tombigbee River (node E, 1.9 95%
HPD: [1.2, 2.7]) (Table 5; Fig. 2). The former was comparable to age estimates of TMRCA for
Locust Fork (TC, LC) populations &. phytophilum(node F, 1.2 Ma, 95% HPD: [0.6, 1.8])

(Table 5; Fig. 2). Within th&. asprigenespecies group, the TMRCAff uplandE. swaini
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(Mulberry Fork) ancE. nuchalewas 4.6 Ma, 95% HPD: [2.9, 6.4] and. nuchalgyopulatiors
shared a common ancestor 1.8dy195% HPD: [0.7, 2.2] (nodes |, J; Table 5; Fig. 2).
Characteristics of mDNA loci and genetic diversity

All nine mDNA loci amplified were polymorphic; however, loci EosC112 and EosD107
failed to amplify forE. parvipinnefrom PRandE. phytophilunfrom SF, respectively. Due to
the possibility of null alleles in populations amplified for these loci, they were onaitieéthe
remaining seven loci were used in subsequent mMDNA analyses. Followingmanéerrection,
only one 0of37 tests for HWE showed significant deviati@& phytophiluniTC], Locus
Eca71EPA). For locus Eca71EPA, the TC population showed a unigleechfiguration
(555171587 bp) compared to all other population
examination by DNA sequencing revealed a 284 bp insert withitetranucleotide repeat
region.Analyses with and without locus Eca71EPA were highlycootiant, thus it was used in
all mDNA analyses. Pairwise comparisons of all loci revealed no evidence of linkage.

The number of alleles ranged froBn 37122 and
phytophilumandE. parvipinne respectively. Genetic diversitgeasuresA, AR, PA, Ho, He)
varied widely among populations for both species, &itphytophilunshowing slightly lower
means of all buPA when compared t&. parvipinng(Table 6). However, thESTAT analysis
revealed no significant differences betweseecies for the above measures. Pairwise population
comparisons using Marwhitney U tests revealed significant difference& iR, andH.
between PR and LC, TC, TY, and @R< 0.05 for all), however, these were not significant
following Bonferroni corection.

Population structure
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The mean desti mat ed ISTRUPTURBuadriseétKeEgandf t he
|l eveled off, correspondmeighod ¢(met belsdwre)lst i M
also indicated a peak Kt= 4, which corresporetl to a lower level of structure grouping &ll
parvipinnepopulations together (Fig. 1C). When species were analyzed independently, each had
a best estimate & = 3; thus, we interpré€ = 6 to be the most appropriate level of population
structure forthe mMDNA data set (Fig. 1D). Group assignmentsfer6 indicated high
proportions of population membership for b&hphytophilun{0.97 0.98) ancE. parvipinne
(0.90'0.97) toSTRUCTUREDbased clusters.

The AMOVA treating both species as a single groujceted that 65% of the genetic
variation was distributed within individuals (Table 7). However, the analysis revealed a high
degree of structure among populations (aveFage 0.34,P < 0.00001; Table 7) and all pair
wise population comparisons of diféettiation were highly significanP(< 0.0001 for all; Table
4). When species were analyzed separately, genetic structure b&wsdsophilum
populations (averagés;= 0.40;P < 0.00001) was more than double the value observed among
E. parvipinnepopuhtions (averagEs = 0.14;P < 0.00001). Thé&STAT analysis indicated that
the mearf value forE. phytophilumwas significantly greater thda parvipinng(P = 0.048).
Neestimates, migration, and demographic history

Bayesi an est i matlyferdothospecies and astimases of HegmdN,
ranged from 1, 20271 3E.$%tB8phiamdE. parvipihnédgopulat®rs2 f or
respectively (Table 8). LDNe was unable to estimate cuNgfdr TC, but the remaining
populations ranged fronb4i i nf i ni t y a kE.dhyb@hiumandEiparviginge f or
respectively (Table 8). Bayesian estimates of migratibim(dwere below 0.27 amorig)

phytophilumpopul ati ons and val uesE.pavipignepdpulttionsm 0. 3 71
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(Table 9). Redts from theH. excess tests reved a recent bottleneck in the PBpulation of
E. parvipinne but all other populations showed no evidenceHpoexcess (Table 6). Thd
value for only one of the six populations (TE., parvipinng was significantly bew its

respectiveM, value (Table 6).
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Discussion
Spring colonization history of E. phytophilum in the upper Black Warrior River

The Bayesian analysis recovetedphytophilumn two major lineages that each included
lowland populations OE. parvipinne suggesting two independent upland colonization events for
E. phytophilun{clades 4, 5; Fig. 1A). Reciprocal monophyly of clades 4 and 5 strongly
corresponds to a split between eastern and western tributaries of the Mobile Basin (see
exceptions for CottondelCreek [CD] LC, and TC below), suggesting a lack of gene flow since
their MRCA 2.2 Mya, HPD: [1.5, 3.1] (Table 5; Fig. 2). The timing of divergence between these
two lineages (late Pliocerearly Pleistocene) corresponds closely with sea level fluchsatiat
often resulted in extended periods of isolation between the Alabama and Tombigbee rivers
(Swift et al. 1986). Continued isolation of these lineages is likely facilitated by Quaternary
deposits in the lower Mobile Basin that are avoide&bpgarvignneas evidenced by its
distribution (Rohde 1980). Phylogenetic and divergence time estimates suggest that the earliest
upland colonization event Byuscatelumnvolved members of eastern Mobile tributaries,
resulting in the extant Locust Fork populatiaid€. phytophilun{clade 5, Fig. 1A; node E,
Table 5; Fig. 2). Two lines of evidence suggest that the current distributirpbi/tophilumn
the Locust Fork is likely the result of historic intermittent irdesiinage conections between
Cahaba and Btk Warrior Riveror Locust Fork tributaries. First, at least two other fishes
(Cyprinella trichroistiaandNotropis chrosomysshare this peculiar distribution. For example,
each species has the majority of its distribution in tributaries to the Alabamaig Rit each also
has highly restrited populations in the upper Black Warrior Riaexd Locust Fork (Boschung
and Mayden 2004). Second, our phylogenetic analysis revaatnt connection between a

CRand aBlack Warrior Rivempopulationwhere their seam tributaries closely interdigitate
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(CD; Fig. 1. Phylogenetic and divergence time estimates suggest that the extant SF population
of E. phytophilumwas the result of a more recent upland colonizatioRuscatelunfrom
western Mobile tributaries (cled4, Fig. 1A; node C, Table 5; Fig. 2). It seems likely that the SF
was colonized via inteributary movements from tributaries of tB&ack Warrior Riveror
upper Tombigbee rivers (Fig. 1A, B). In fact, the distributions of several fishes including an
undescribed dartel sp. cf.zonistium and two minnowsL{ythrurus bellusandNotropis
baileyi) reveal evidence for stream capture events in the area at the Fall Line where tributaries of
the upper Tombigbee and Tennessee rivers interdigitate with th&&8F1068; Boschung and
Mayden 2004). Given that membersFefscatelumare extreme headwater specialists (Moore
and Cross 1950; Robison 1977; Boschung and Mayden 2004), this sort-ofrantege
dispersal is likely favorable where tributaries interdigitand opportunistic events such as
flooding or stream capture occur. The multiple, upland Plicgdearstocene colonization events
by Fuscatelunrevealed in this study was in stark contrast to the single, older colonization of
upland habitats by the antaisof E. nuchalg(Fluker et al. 2010). Our analyses suggest that the
ancestor of uplané. nuchaleandE. swaini(Mulberry Fork) shared a MRCA with lowlartel
swainiin the lde Mioceneearly Pliocene (7.0 g, HPD: [4.9, 9.5]) and the subsequent split of
uplandE. swainiandE. nuchalepredates upland colonization Byscatelun{Table 5; Fig. 2).
Postcolonization differentiation of spring populations in the upper Black Warrior River

We predicted that upland populationsEofphytophilunwould exhibit geater levels of
inter-population genetic structure, thus lower levels of migration, compared to its lowland
relativeE. parvipinne Our prediction was based on the results of Fluker et al. (2010), in which
populations of the spring endentic nuchaleshowel substantially higher levels of among

population genetic structuré4, 0.05 0.29, mean = 0.21) compared to its stredmelling
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relativeE. swaini(Fs, 0.06 0.08, mean = 0.07). Results fré&mRUCTUREand AMOVA
strongly supported our prediction, reveglsignificantly higher levels of genetic structure
among populations d&. phytophilun(Fs; 0.33 0.50, mean = 0.40; Tables 4, 7), when compared
among lowland populations &. parvipinne(Fg, 0.09 0.21, mean = 0.14; Tables 4, 7). The
distinctive, well spported clades d&. phytophilumn our phylogeographic analysis (Fig. 1A),
in conjunction with relatively higher among population mtDNA divergeicelytophilum
mean = 1.7%E. parvipinnemean = 1.2%; Table 4), corroborate the findings based on mDNA.
AlthoughE. nuchalehas a much longer upland history comparefl.tphytophilumthe
timing of divergence between their respective padpania in the SAH ins surprisingly similar
and suggests that Pleistocene events played an important role in theoriqolatles F, J; Table
5; Fig. 2). Features of the SAWthin our study area have remained relatively stable since mid
Mesozoic times andiereunaffected by Pleistocene glaciatiqSsvift et al. 1986) Thus,
changes in climate during this time probably hagtrong influence on colonization of spring
habitats and subsequent diversification of gppopulations in the SAH he overlapping
Pleistocene divergence Bf phytophilumandE. nuchalepopulationscorrespondto the
transition from relatively shontdleistocene glacial cycles (41,000 ygdcsrelatively longr,
more dramatic cycles (100,000 years) approximately 0/8 (HWlewitt 2000; Hewitt 2011). This
is consistent with the hypothesisWilliams (1968) thaPleistocene warming perioficilitated
spring specialization dfottuspaulusin the Coos&iver drainage. Alternativelyxtended
periods of colder, dryer clini@afollowing the onset of 100,000 yeaglacial cycles may have
facilitated adaptation in isolated groundwater outflows.

Genetic divesity, N,, and demographic history
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Relatively little is known about l&ls of genetic diversity antbrrespondingdNe of spring
endemic species in the SAH. However, to really understand if levels of genetic diversity are
6l owd or Or educ &xhpcomparisossia closely related dagaranddknowledge of
demographic history are needed. For example, Fluker et al. (2010) showed that mDNA based
measures oAR were relatively consistent across spring populatiorts. ofuchalg4.41 6.28,
mean = 5.22)yet significantly lower compared to its streawelling progenitoiE. swaini
(9.8712.44, mean = 11.57). Fluker et al. (2010) concluded that the consistently smadiriong
Ne estimates amonf. nuchalegpopulations (approx. 25% the sizekbfswain) wasevidence for
small numbers of founders at speciation, with subsequent bottlenecks, and populations have
likely persisted in stable spring habitats with historically stNalNo such cleacut differences
in genetic variation anlle, were observed betwespring populations dE. phytophilumand its
progenitorE. parvipinne where most values overlapped. These genetic similarities are likely due
to their similarity in habitat preference. AlthouBhparvipinnes wide-spread throughout the
GCP, it occupiespecialized stream habitat, most often found in small springs, seeps, and first
order streams where population numbers are small (Moore and Cross 1950; Robison 1977;
Mettee et al. 1989; Boschung and Mayden 2004). These characteristics render poptl&tions o
parvipinnehighly susceptible to local stochastic events such as drought or habitat alteration and,
interestingly, two of the three populationskofparvipinneshowed evidence for recent
bottlenecks.

The levels of genetic diversity an between Laust Fork (TC, LC) populations &.
phytophilumwere approximately onrkalf the values observed in & phytophilumThese
substantial (but nesignificant) differences are likely a product of their independent upland

colonization events, in which numbemnd genetic variation of founders may have been quite
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different between Locust Fork and SF. That we found no evidence for recent reducief in
any populations oE. phytophilunsuggests that populations have remained stable throughout
recent histoy or have recovered genetic diversity lost in historic bottlenecks (Akst et al. 2002).
As suggested by Fluker et al. (2010), spring populations within the SAH may persist over
evolutionary timescales despite low genetic diversity due to the stabilitg oéd¢iion and

habitat, which is characterized by ridges separating valleys that have potentially hydrologically

isolated ancient aquifers (Timpe et al. 2009).
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Conservation guidelines for spring endemic species and recommendations tor
phytophilum

With theincreased demands on groundwater use in the eastern United States (Sun et al.
2008), conservation of spring habitats and their unique taxa will require highly specific planning
and broad collaborations that extend beyond the scientific community. Beladapéthe
recommendations of Shute et al. (1997), Mirarchi et al. (2004), and George et al. (2009) and
provide examples from this study and previously published works to detail comprehensive
guidelines (listed in order of priority) for conservation plawnof coldwater spring habitats and
their associated taxa in the southeastern United States. We recommend that readers supplement
each of the guidelines listed below with related information cited above.
1. Communication with land owners, stakeholders,thagublic

Conservation planning for spring habitats or species will require broad collaboration
between scientists, conservation managers, private land owners, and the public. Cooperation
from land owners and approved access to springs is the mostamipaspect of conserving
spring habitats and their species. Scientists should work closely with conservation managers to
develop strategies specific to the spring habitat and taxa under consideration. Basic information
about strategies must then be comroated to the landowner, as well as assistance with best
management practices (BMPSs) or other options such as conservation easements (Rissman et al.
2007). Recent events involvirg nuchaleandE. phytophilunprovide evidence for the success
of conservabn strategies when effective communication is in place with land owners,
stakeholders, and the public. All populationgEohuchalereside within urbanized areas of the
greater Birmingham metropolitan area, and conservation strategies have been well

communicated with land owners since discovery of the species in 1964 (Howell and Caldwell
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1965) and subsequent discovery of additional populations through 2002 (Kuhajda 2003).

Working together, scientists, state and federal agenciegyox@rnment organizatisNNGO),

and land owners have provided protection for three of the five known populations. Thomas

Spring was transformed into the Watercress DarteioNakiWildlife Refuge in 1980 (U&ish

and Wildlife Service 1992), conservation managers worked clos#iytive private owners of

Seven Springs where BMPs are in place, and Tapawingo Spring-ethea population) was

purchased by a NGO and is maintained as a naturalEtesostoma phytophilum co

distributed with two other federally endangered daitErehermockandE. nuchalg within the

urban TC drainage. Successful partnerships between NGOs, the city of Pinson, state and federal

agencies, and academic institutions led to the development of the Turkey Creek Nature Preserve,

which serves as a natlilarea and offers education programs to inform the public of the unique

creek system and its rare inhabitants. However, not all examplEsriochaleare success

stories. The Roebuck Spring population in Birmingham recently experienced a fish kill of

approximately 11,760 individuals due to the unplanned removal of a small dam by managers of

the municipal property (Fluker et al. 2009). While previous agreements with USFWS were in

pl ace, the city has not al wayg200een sensitive
This example clearly illustrates how communication bréawwn and mismanagement of

spring habitats can erase decades of conservation planning and implementation. As suggested by

Fluker et al. (2009), annual meetings between all involved partieslingl scientists, local,

state, and federal agencies, stakeholders, and land owners to review the status of populations and

share new information would help ensure successful conservation of spring endemics. In

addition, information providing details abdbe spring habitat and associated species,
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conservation and management goals, and emergency protocols with contact information should
be distributed to the landowners and posted at appropriate sites.
2. Knowledge and maintenance of aquifer and surfacigathab

Spring habitats are unique in that the quality and quantity of their surface habitat is
directly related to the underlying aquifer, and the spaqugifer relationship can be quite
complex. For example, aquifers that feed outflows may be small ealddiocan be quite
extensive with recharge zones hundreds of kilometers from the spring (Hubbs 1995).
Maintaining spring habitats will require a detailed knowledge of the extent of the aquifer
recharge zone and factors that impact the quantity and qoBlitster reentering aquifers
(Kuhajda 2004). Thus, determination of aquifer recharge areas is a critical step in any spring
conservation plan.

The surface habitat of springs is often modified because they provide sources of clear,
clean water. Flow retding structures such as dams, concrete enclosures, and culverts are
common in springs of the southeastern United States. For example, all springs coBtaining
nuchaleandE. phytophilum(with the exception of SF) have flow retarding structures in place
that alter natural volumes and flows within spring basins or runs. Where possible, conservation
strategies should be implemented to carefully plan and remove flow retarding structures, thus
restoring natural flow and volume conditions. Nonp@iatirce polltion is another major factor
jeopardizing the status of southeastern spring endemic fishes (Etnier 1997). For urban springs
such as the TC population Bf phytophilumand allE. nuchalgyopulations, conservation
strategies should minimize the input ofrstevater ruroff, which often transports industrial and
residential toxins and excessive fine sediments. For springs in forested or agricultural settings,

such as LC and SF populationEfphytophilumstrategies should minimize inputs of excessive
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nutrierts and fine sediments, which may be detrimental to native aquatic vegetation and water
guality. Duncan et al. (2010) showed that abundance of Bdalichalevas highly dependent
on withinspring structural diversity, particularly aquatic vegetation. Noore studies suggest
that bothE. nuchaleandE. phytophilumin addition to most spring endemic fishes of the
southeastern United States, are highly dependent on aquatic vegetation for cover, reproduction,
and food (Ramsey and Suttkus 1965; Williams 1$&8yell and Caldwell 1965; Boschung and
Mayden 2004; Duncan et al. 2010; Bart and Taylor 1999). Thus, conservation planning should
seek to maximize structural diversity and minimize the removal (mechanical or chemical) of
native aquatic vegetation. Restitma and maintenance of riparian vegetation contribute to the
stability of spring basin morphology, providing structural diversity and substrate stability for
native aquatic vegetation (Mirarchi et al. 2004; Duncan et al. 2010). Studies similar to Duncan e
al. (2010) are needed to determine specific habitat types udedobytophilum
3. Knowledge of genetic distinctiveness and diversity

Resolving taxonomic uncertainty and population genetic structure is a key component of
conservation planning for impked species (Frankham et al. 2002; Allendorf and Luikart 2007).
The current taxonomic status Bf phytophilunwarrants further attention as populationshe t
Locust Fork and SF are potentiatlistinct species. Bart and Taylor (1999) noted slight
morptological differences between SF and Locust Fork (TC, LC) populations in their original
description. Our phylogenetic analysis showed that SF and Locust Fork populations were the
result of independent colonization events from distinct lineagEs pérvipnne However, these
results were not corroborated by independent analysis of nuclear S7 data (not shown), in which
we found no phylogenetic resolution among focal taxa (clade 3; FiglA). Upland populations of

E. phytophilumarerelatively young (< 2.7 Ma), therefore insufficient time may have passed for
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sorting of both nDNA and mtDNA alleles (Funk and Omland 2003). Regardless of species
status, we identify three genetically distinct population€Efgohytophilunthat should be treated
independently in comsvationand management practices: 1) Sipsey Kbtk Creek and
Wildcat Branch); 2) Turkey Crea¥ the Locust Fork; and 3)ittle CoveCreekof the Locust
Fork.

Understanding the genetic and demographic history of imperiled species and their
populationds a central goal because of the potential to identify processes that contributed to
their current endangered status (DeSalle and Amato 2004; Allendorf and Luikart 2007). For
example, spring populations that are presently genetically structured and kexhigpenetic
diversity may have 1) historically small, stable population sizes or 2) demographic events may
have contributed to recent declines in population size. Uncovering the former scenario may
suggest that spring populations are relatively stalder@guire only simple habitat protection,
whereas the latter would suggest the need for more intensive strategies to recover genetic
diversity. Results here suggest that levels of genetic diverdityphytophilurmare not
significantly different from itsvidespread progenitd. parvipinne Further, we found no
evidence for recent reductionsNlg, suggesting that contemporary events have likely had little
effects on genetic diversity within populationstofphytophilumKnowledge of the levels of
populdion genetic diversity foE. phytophiluntdo, however, allow the prioritization of
populations based on their evolutionary potential (Frankel 1974; Spielman et al 2004; Frankham
2005). Populations ithe Locust Fork, specifically Turkey Creedhowed the lowest levels of
genetic diversity, which increases their susceptibility to stochastic events and environmental

changes, thus conservation efforts should be prioritized aheagisefySork.
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4. Guidelines for propagation, translocation, madtiction, and augmentation (PTRA, George et
al. 2009)

Conservation planning for imperiled species often includes some form of PTRA and, if
conducted properly, can be an integral component of recovery strategies for spring endemic taxa.
However, PTRA is fien considered or implemented for imperiled taxa well before key
prerequisites are in place, which can be detrimental to conservation efforts. For example, from
1965 1988 three translocations Bf nuchalevere conducted in an attempt to establish new
populations in nearby springs, only one of which was successful in 1988 in Tapawingo Spring, a
tributary to TC of the Locust Fork (UBish and Wildlife Service 1992). Unfortunately, this
transplantation was established outside of the native distributi&nmoichale where its success
has likely led to the extirpation of the native spring endemic in Tapawingo Fpring
phytophilum(Bart 2004; George et al. 2009; Fluker et al. 2010). Based on such examples, PTRA
strategies for spring endemic taxa will requiomsiderable planning to be successful. First, any
and all PTRA strategies (especially fishes) should follow the guidelines of George et al. (2009).
Second, PTRA strategies for spring endemic taxa should only be pursued if no other solutions
exist to recoer species or their populations. However, we suggest that pilot captive propagation
studies using stocks from surrogate species or healthy populations of the target species would be
useful to determine the efficacy of PTRA programs if needed in the fédtimadly, if PTRA
programs are deemed necessary, stepoithe guidelines herein should be in place. Without
the proper communication between all involved parties, knowledge of the status of aquifer and
surface habitats, and knowledge of genetic charatits of the species and its populations,

implementation of PTRA strategies may prove more detrimental than helpful.
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Pilot captive propagation studies have already been conductedgaytophilum
showing that the species is easily cultured in agu&akes and Shute 2005; Petty and Rakes
2009). Because spring sites within the TC population are heavily impacted by urbanization and
have the lowest genetic diversity of aayphytophilunpopulation, it would be highest priority
if PTRA strategies werput into place. In particular, the Tapawingo Spring population would be
a likely candidate for rntroduction of. phytophilumbut would currently fail if the nenative
E. nuchalepopulation is not controlled, as it is likely a superior competitordsources (George
et al. 2009).

5. Documentation

Complete and accurate documentation of any and all activities involving spring habitats
and their associated taxa are critical to develop sound, effective conservation plans. These data
serve as startingogmts in the development of recovery plans for endangered species and their
critical habitat in addition to providing a means of measuring success or failure of the
implemented plans.

Results presented here Bnphytophiluncontribute to a growing body &howledge that
spring endemic taxa of the southeastern United States show high levels of genetic distinctiveness
on fine geographical scales (Mayden et al. 2005; Timpe et al. 2009; Fluker et al. 2010). Because
spring habitats are frequently exploited floeir rich sources of clean, clear water (Hubbs 1995;
Etnier 1997; Warren et al. 2000), preserving these habitats and their unique inhabitants will
require planning that goes beyond conservation genetic studies. More importantly, conservation
of spring ancheadwater stream habitats (i.e. intermittent-fimsid seconarder streams) has
broader implications to entire river networks as these habitats provide a myriad of benefits to

residents and migrants by: offering refuge from temperature and flow exineredators, and
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competitors; providing spawning sites, rearing areas, and rich food sources; and creating
migration corridors throughout the landscape (Meyer et al. 2007). The proposed guidelines
herein establish a framework in which to preserve thespiarniabitats and their invaluable
contributions to watershed health and regional biodiversity.
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