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Abstract The use of genetic methods to quantify the

effects of anthropogenic habitat fragmentation on popula-

tion structure has become increasingly common. However,

in today’s highly fragmented habitats, researchers have

sometimes concluded that populations are currently

genetically isolated due to habitat fragmentation without

testing the possibility that populations were genetically

isolated before European settlement. Etheostoma raneyi is

a benthic headwater fish restricted to river drainages in

northern Mississippi, USA, that has a suite of adaptive

traits that correlate with poor dispersal ability. Aquatic

habitat within this area has been extensively modified,

primarily by flood-control projects, and populations in

headwater streams have possibly become genetically iso-

lated from one another. We used microsatellite markers to

quantify genetic structure as well as contemporary and

historical gene flow across the range of the species. Results

indicated that genetically distinct populations exist in each

headwater stream analyzed, current gene flow rates are

lower than historical rates, most genetic variation is parti-

tioned among populations, and populations in the Yocona

River drainage show lower levels of genetic diversity than

populations in the Tallahatchie River drainage and other

Etheostoma species. All populations have negative FIS

scores, of which roughly half are significant relative to

Hardy–Weinberg expectations, perhaps due to small pop-

ulation sizes. We conclude that anthropogenic habitat

alteration and fragmentation has had a profoundly negative

impact on the species by isolating E. raneyi within head-

water stream reaches. Further research is needed to inform

conservation strategies, but populations in the Yocona

River drainage are in dire need of management action.

Carefully planned human-mediated dispersal and habitat

restoration should be explored as management options

across the range of the species.
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Introduction

For freshwater stream fishes in the southeastern United

States, habitat destruction and fragmentation have led to the

genetic isolation of populations in numerous species (Jelks

et al. 2008) and is a leading conservation concern (Warren

et al. 2000; Kuhajda et al. 2008). Reductions in habitat

quality, small population size, and lack of gene flow are

predicted to result in declines and extirpations of populations

(Reed 2008). The Yazoo darter (Etheostoma raneyi) is

endemic to the Yocona River (Yocona R. hereafter) and
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Little Tallahatchie River (Tallahatchie R. hereafter) drain-

ages of the upper Yazoo River basin in north-central Mis-

sissippi, USA (Thompson and Muncy 1986; Suttkus et al.

1994; Johnston and Haag 1996) (Fig. 1). This restricted

range, combined with habitat degradation and fragmentation

within that range, puts the Yazoo darter at risk of extinction.

The species is classified as vulnerable by the Southeastern

Fishes Council (Warren et al. 2000) and American Fisheries

Society (Jelks et al. 2008) and as globally imperiled by the

Nature Conservancy (NatureServe 2011).

The range of the Yazoo darter lies within the Northern

Hilly Gulf Coastal Plain Ecoregion of north-central Mis-

sissippi which consists of low rolling hills 80–180 m in

elevation (Chapman et al. 2004). The region has experi-

enced significant anthropogenic habitat alteration, coin-

ciding with European settlement, over the past

150–180 years. During this period, forests were removed

and land converted to agricultural use which led to wide-

spread and dramatic erosion, filling stream valleys with

sediment and exacerbating flooding problems (Cooper and

Knight 1991; Shields et al. 1994). Localized efforts to

prevent flooding and reclaim valley lands by straightening

and channelizing streams were met with little success

(Shields et al. 1994). The Great Flood of 1927 affected

seven states, including Mississippi, and prompted the fed-

eral government to action. Within the range of the Yazoo

Fig. 1 Major drainages,

watershed units, and cities

within the range of the Yazoo

darter (shaded area) in north-

central Mississippi. Numbered

yellow circles and red circles
correspond to DNA tissue

sample sites and genetic clusters

(GENELAND), respectively

(Table 1). Tallahatchie R.

watershed units are outlined and

lettered as: A Tippah River Unit;

B Tallahatchie River Tributaries

Unit; C Cypress Creek Unit.

Yocona R. watershed units are

outlined and lettered as:

D Yocona River Unit;

E Otoucalofa Creek Unit
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darter, large (*40,400 ha) flood control impoundments

were constructed on each of the two major drainages, the

Yocona R. and Tallahatchie R., extensive stream reaches

were straightened and channelized, and hundreds of small

impoundments were built in headwater streams. This

altered stream gradients which resulted in stream incise-

ment and headcutting in nearly all headwater streams

(Shields et al. 1998). Channelized and incised streams tend

to be shallow, sandy, homogeneous, turbid, and unstable

with flashy flows (Shields et al. 1994, 1998; Simon and

Darby 1997; Adams et al. 2004).

Yazoo darters are small (\65 mm SL, standard length),

benthic insectivores living up to 3 years, though most indi-

viduals do not survive their first year (Johnston and Haag

1996). They are restricted to perennial, small, headwater

streams which are often spring-fed (Thompson and Muncy

1986; Suttkus et al. 1994). Spawning season is dependent on

water temperatures, usually commencing in early March and

ending mid-May (Suttkus et al. 1994; Johnston and Haag

1996). Yazoo darters have relatively low fecundity, attach-

ing their eggs singly to available substrate, and newly hat-

ched larvae are free-swimming (Johnston and Haag 1996;

unpubl. data). This suite of traits is adaptive for headwater

stream fishes and is associated with reduced gene flow

among streams (Turner and Trexler 1998).

Genetic methods are an effective way to assess the impact

of habitat fragmentation on dispersal and resultant popula-

tion structure in fishes (Powers et al. 2004; George et al.

2008; Skalski et al. 2008). However, most studies of south-

eastern stream fishes to date have not compared observed

patterns of genetic structure with historic estimates of dis-

persal (but see Fluker et al. 2010). In highly fragmented

stream systems, this may lead workers to conclude that

contemporary population structure is a result of habitat

fragmentation without considering the possibility that pop-

ulations were always fragmented (Chiucchi and Gibbs 2010;

Reed et al. 2011), which is a distinct possibility in headwater

stream fishes (Turner and Trexler 1998; Turner and Robison

2006). Our goal here is to quantify contemporary population

genetic structure, and to contrast our results with historic and

contemporary estimates of dispersal between populations

across the range of the Yazoo darter.

Materials and methods

Sample collection and site locations

Tissue samples were collected by taking small fin clips

from 212 individual Yazoo darters at 17 sites (Table 1;

Fig. 1). With the exception of voucher specimens from

streams where Yazoo darters had not been sampled before,

individuals were released alive and tissue samples were

immediately stored in 95% ethanol. Fish were captured

using single-pass backpack electrofishing, seines, and dip

nets. Yazoo darters were collected up- and downstream of

two small impoundments (Chewalla and Puskus lakes) and

in tributaries separated by channelized stream reaches

which were hypothesized to be barriers to dispersal. Tissue

samples were also collected across the range of the species

including all major stream systems. Within the Yocona R.

drainage, samples were collected from two sites (l9, m10)

in the Yocona R. watershed and four sites (n11, o11, p11,

q11) within the Otoucalofa Creek watershed. Within the

Tallahatchie R. drainage, samples were collected from one

site (f5) in the Big Spring Creek watershed, five sites (a1,

b2, c3, d4, e4) within the Tippah River watershed, and five

sites (g6, h6, i6, j7, k8) within the Cypress Creek water-

shed. This allowed for characterization of population

structure within and between watersheds of each river

drainage (Fig. 1).

Microsatellite amplification and allele scoring

Nuclear DNA was extracted using standard phenol–chlo-

roform methods (Taggart et al. 1992) and target sequences

were amplified by PCR using 10 microsatellite primers

developed for other species of Etheostoma: Esc 26b, Esc

18, Esc 187 (Etheostoma scotti) (Gabel et al. 2008); Etsp

224, Etsp 227, Etsp 208, Etsp 219 (Etheostoma spectabile)

(Hudman et al. 2008); Eche 010 (Etheostoma chermocki)

(Khudamrongsawat et al. 2007); and EosD 116, EosD 108

(Etheostoma osburni and E. variatum) (Switzer et al.

2008). PCR reaction volume (11.5 ll) contained 109

reaction buffer (Genesee Scientific San Diego, CA),

50 mM MgCl2 (Genesee Scientific San Diego, CA),

160 lM each dNTP, 1 lM each primer, and 1 U Taq

polymerase (Apex Taq, Genesee Scientific San Diego,

CA). The PCR cycle was 94�C/1 min followed by 20

cycles of: 94�C/30 s, 60�C/25 s decreasing every cycle by

0.3C�, 72�C/40 s; then 8 cycles of: 94�C/30 s, 56�C/25 s,

72�C/40 s and a final extension of 72�C/30 min. PCR

product was genotyped on an ABI 3730 sequencer

(Applied Biosystems) and fragment sizes scored using

Peak Scanner software (Applied Biosystems), manually

checking all scores. All homozygous individuals and sub-

sets of heterozygous individuals were amplified and scored

for each locus at least twice to check for consistency.

Population differentiation and genetic analysis

The program GENELAND ver. 3.2.4 was used (Guillot

et al. 2005; Guillot and Santos 2009) to determine the

number (K) of genetically distinct population clusters and

their membership for further analyses. Because population

structure was expected to be largely due to recent habitat
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alteration of landscape features such as channelized stream

reaches, the spatial and correlated model options were

chosen as suggested by Guillot and Santos (2009). The

correlated model in GENELAND uses a Bayesian clus-

tering algorithm and spatial data (georeferenced coordi-

nates) to assign individuals probabilistically to clusters or

populations without a priori knowledge of population units

accounting for null alleles and isolation by distance. The

model assumes populations are in Hardy–Weinberg equi-

librium, loci are not linked, and genotypes are spatially

correlated. Computations are carried out through the

Markov Chain Monte Carlo (MCMC) method. Ten inde-

pendent runs of the program were used, allowing K to vary

from one to seventeen clusters and 106 MCMC iterations to

check for consistent convergence on a solution, using the

modal value of these runs to infer the number of clusters.

The resulting populations were tested for significant dif-

ferentiation (genic and pairwise FST), gametic equilibrium,

and departure from Hardy–Weinberg equilibrium as

described later.

STRUCTURE ver. 2.3.3 (Pritchard et al. 2000), another

clustering program, was used to check for consistency with

GENELAND results. Six independent runs of 300,000

replicates and 30,000 burn-in cycles were used, varying the

number of populations from K = 1–13. The admixture

model was used which allows individuals in a given pop-

ulation to have mixed ancestry. The ‘‘Locprior’’ (Hubisz

et al. 2009) option was chosen which uses a priori sampling

location data (georeferenced coordinates). The correlated

allele frequency option (Falush et al. 2003) was used

which, similar to GENELAND, assumes that allele fre-

quencies are correlated among populations due to dispersal

or shared ancestry. The rate of drift (Fk) was allowed to

assume a different value for each population, and K was

estimated using the ad hoc summary statistic DK (Evanno

et al. 2005).

All individuals were grouped into eleven populations as

determined by GENELAND for the following analyses.

FSTAT ver. 2.9.3.2 (Goudet 2001) was used to test for

Hardy–Weinberg equilibrium within populations using the

heterozygote excess method (15,000 permutations), to esti-

mate FIS per population and locus, to calculate unbiased gene

diversity (HS) (Nei 1987) and to calculate allelic richness

(AR) per population using rarefaction. The permutation test

in FSTAT (15,000 permutations) was used to test differences

in AR, HO, and HS between the Yocona R. and Tallahatchie

R. drainages. GENEPOP (Raymond and Rousset 1995;

Rousset 2008) was used to estimate frequency of null alleles

per locus and to test for gametic disequilibrium and popu-

lation (genic) differentiation. To calculate observed hetero-

zygosity (HO), expected heterozygosity (HE), pairwise FST

between populations and to test for significance of FST esti-

mates, ARLEQUIN ver. 3.5.1.2 was used (Excoffier et al.

2005). A modified false discovery rate (FDR) (Benjamini

and Yekutieli 2001; Narum 2006) correction was used to

prevent Type I errors whenever multiple tests were per-

formed. To test for isolation by distance, a Mantel test

(Mantel 1967; Bohonak 2002) of linearized FST versus

geographic distance was used as implemented in the program

IBD (Jensen et al. 2005). Geographic and FST distance values

Table 1 Site ID (corresponding to Fig. 1), population assignment, sample size, watershed unit, stream and location of each Yazoo darter tissue

sample site used for DNA analysis

Site ID Population n Watershed unit Stream Latitude Longitude

a 1 13 Tippah River Yellow Rabbit Creek 34.819 89.105

b 2 21 Tippah River South Chilli Creek 34.682 89.172

c 3 11 Tippah River Tippah River Tributary 34.708 89.255

d 4 9 Tippah River Chewalla Creek Tributary upstream of dam 34.76 89.332

e 4 6 Tippah River Chewalla Creek Tributary downstream of dam 34.725 89.305

f 5 22 Tallahatchie R. Big Spring Creek Tributary 34.663 89.412

g 6 5 Cypress Creek Puskus Creek upstream of dam 34.395 89.372

h 6 11 Cypress Creek Puskus Creek upstream of dam 34.428 89.394

i 6 10 Cypress Creek Puskus Creek upstream of dam 34.431 89.375

j 7 21 Cypress Creek Puskus Creek downstream of dam 34.445 89.336

k 8 19 Cypress Creek Cypress Creek 34.393 89.286

l 9 12 Yocona R. Taylor Creek Tributary 34.123 89.641

m 10 11 Yocona R. Morris Creek 34.282 89.543

n 11 7 Otoucalofa Creek Johnson Creek 34.123 89.641

o 11 13 Otoucalofa Creek Otoucalofa Creek Tributary 34.125 89.61

p 11 5 Otoucalofa Creek Gordon Branch 34.14 89.549

q 11 16 Otoucalofa Creek Mill Creek 34.166 89.52
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were tested for isolation by distance across all populations

and across all populations within the Yocona R. drainage and

the Tallahatchie R. drainage, respectively.

To further investigate population structure, analysis of

molecular variance (AMOVA) as implemented in ARLE-

QUIN (Excoffier et al. 1992) was used. This method per-

forms a standard analysis of variance (ANOVA) where the

total variance is partitioned in covariance components due

to variation among individuals, among populations, and

among groups of populations. Fixation indices are calcu-

lated with the covariance components among groups of

populations (FCT), among populations within groups (FSC),

and among individuals within populations (FIS). Signifi-

cance levels were obtained with 30,000 permutations. A

hierarchical design (Fig. 1) was used to group populations

as defined by GENELAND. To examine structure between

the two major river drainages, populations within the

Yocona R. and Tallahatchie R. drainages were grouped. To

examine structure between watersheds within the Yocona

R. drainage, the Yocona R. watershed populations were

grouped and compared to the population in the Otoucalofa

Creek watershed. Within the Tallahatchie R. drainage,

populations in the Cypress Creek watershed, the Tippah

River watershed, and the Big Spring Creek watershed were

grouped for comparison. To examine structure within a

watershed, the four populations within the Tippah River

watershed were compared.

Estimating contemporary and historical gene flow

MIGRATE ver. 3.2.1 (Beerli and Felsenstein 1999) was

used to estimate historical levels of migration and

BAYESASS ver. 1.3 (Wilson and Rannala 2003) was used

to estimate contemporary levels of migration. MIGRATE

uses a coalescent approach to estimate mutation-scaled

migration rates (M) for each population analyzed over

about the last 4Ne generations (Beerli 2010), a period of

time estimated to range from between 100 and 500 years

depending on generation time. Generation time for Yazoo

darters was not calculated because of lack of information to

do so. However, a generation time of 1.0–1.5 years was

estimated because most fish do not survive their first year

and few survive to their third year (Johnston and Haag

1996). Computations were carried out through the MCMC

method. The major assumptions of the model are that all

populations exchanging genes have been sampled, popu-

lation sizes and migrations rates have not changed over

time, mating is random, loci are neutral, and recombination

occurs at low to moderate levels. The maximum likelihood

option, the Brownian motion mutation model, and the

matrix migration model were used. Fifteen short chains

were run, sampling every 100 generations until 500 gene-

alogies were recorded from 50,000 genealogies sampled

after a burn-in of 30,000, and then four long chains were

run sampling every 400 generations until 20,000 genealo-

gies were recorded from 8 9 106 genealogies sampled

after a burn-in of 30,000. The ‘‘summarize over all chains’’

option was chosen because this is recommended for diffi-

cult data sets (Beerli 2010). This option combines the

results of long chains to estimate parameters. Three inde-

pendent runs were performed to ensure that the program

was producing consistent parameter estimates.

BAYESASS is another Bayesian inference MCMC pro-

gram which estimates asymmetric migration over the last

two to three generations (Wilson and Rannala 2003) or about

3–5 years using 1.0–1.5 years per generation for Yazoo

darters (Johnston and Haag 1996). Unlike MIGRATE,

deviations from Hardy–Weinberg expectations do not vio-

late the assumptions of the model. The program was run for

3 9 107 iterations, sampling every 2,000 iterations with a

burn-in of 3 9 106 iterations. Delta, a parameter that defines

the maximum value a parameter can change in each iteration,

was set to 0.1, 0.2, and 0.1 for allele frequency, migration

rate, and inbreeding respectively. Ten independent runs were

performed, each with a different initial seed value, and then a

Bayesian deviance measure was used which determined the

run that best fit the data (Spiegelhalter 2002). Using the

initial seed value from the best run, the number of iterations

was increased to 9 9 107 for a final run with a burn-in of

1 9 107 (Chiucchi and Gibbs 2010). Reported results are

from this final run. In addition, mean ancestry values (q) were

also used from the six independent STRUCTURE simula-

tions where K = 11 to identify migrants (Estes-Zumpf et al.

2010). Individuals were considered migrants if they had

[70% ancestry from a population other than that from which

they were sampled.

Separate analyses were performed in MIGRATE and

BAYESASS for the Yocona R. and Tallahatchie R. popu-

lations based on results from Powers and Warren (2009)

indicating that these populations are genetically isolated

with respect to one another. Because we were interested in

dispersal across watersheds within river drainages and across

tributaries within watersheds, and to reduce the number of

pairwise comparisons, populations were grouped as descri-

bed previously for AMOVA. Individuals sampled upstream

of Puskus Lake and Chewalla Lake were not included in

these groups because they are currently isolated from other

individuals downstream that are included in the analysis.

Results

Cluster analyses

Each independent GENELAND run grouped Yazoo darters

into eleven clusters of identical composition (Table 1;
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Fig. 1). Within the Yocona R. drainage, the four sites in

different tributaries of Otoucalofa Creek were grouped

together (n11, o11, p11, q11). However, the two sites (l9,

m10) in neighboring tributaries of the Yocona R. were

genetically distinct though the two tributaries are only

about 5 km apart. Within the Tallahatchie R. drainage, the

three sites upstream of Puskus Lake in Puskus Creek (i6,

h6, g6) and two of its tributaries were grouped together and

were distinct from the single site downstream of Puskus

Lake (j7). Within Chewalla Creek, the sites upstream and

downstream of Chewalla Lake were not distinct, forming a

single cluster (d4, e4). All three sampling sites (c3, b2, a1)

within the Tippah River watershed contained distinct

genetic clusters. Posterior probabilities of population

membership assigned all individuals within a sampling site

to the same cluster.

Post hoc analysis of STRUCTURE output (Evanno et al.

2005) supported seven rather than eleven clusters. This

clustering was consistent with GENELAND results in that

the additional clusters found by GENELAND were the

result of subdivision of those recovered by STRUCTURE.

For the STRUCTURE runs where K = 11, cluster assign-

ment of individuals was identical to GENELAND results.

Genetic diversity and population structure

Null alleles were estimated to be \0.05% for any given

locus. Two pairs of loci of 45 pairs tested (adjusted

a = 0.0114) were significantly out of gametic equilibrium

overall after correcting for multiple tests (Etsp 219 and

Etsp 224, p B 0.0001; Esc 26b and Esc 187, p B 0.0001).

However, tests of linkage disequilibrium within each

population showed that, after correction for multiple tests

within each population, only Etsp 219 and Etsp 224

remained significantly out of equilibrium, and only for the

Otoucalofa Creek population. Based on these results we

assume that all loci are unlinked.

Our tests for heterozygosity excess show that five popu-

lations were significantly out of Hardy–Weinberg equilib-

rium after correction for multiple tests (adjusted a = 0.016;

Morris (m10), p B 0.0005; Big Spring (f5), p B 0.002;

Chewalla (d4, e4), p B 0.003; Tippah River tributary (c3),

p B 0.001; and Cypress (k8), p B 0.0005) and three others

(Yellow Rabbit (a13), p B 0.08; Chilli (b2), p B 0.07; and

Puskus downstream of Puskus Lake (j7), p B 0.02) are

marginally significant. FIS scores for all populations were

negative and ranged from -0.326 to -0.013. The number of

alleles per locus ranged from six to 51. Allelic richness

(p B 0.007), observed heterozygosity (p B 0.007), and

unbiased gene diversity (p B 0.006) were all significantly

higher in the Tallahatchie R. drainage than in the Yocona R.

drainage. Likewise, estimates of mean allelic richness of four

other species of Etheostoma (Edberg 2009; Fluker et al.

2010) are higher than in Yazoo darters (Table 2), though

confidence intervals overlap with those of Yazoo darters

from the Tallahatchie R. drainage, but not the Yocona R.

drainage. Mean observed and expected heterozygosity of

nine other species of Etheostoma (Tonnis 2006; Beneteau

et al. 2007; Khudamrongsawat et al. 2007; Switzer et al.

2008; Gabel et al. 2008; Hudman et al. 2008; Haponski et al.

2009; Fluker et al. 2010) show that for mean observed het-

erozygosity, confidence intervals overlap in all cases.

However, mean expected heterozygosity was marginally

lower for the Yocona R. drainage than the Tallahatchie R.

drainage and other Etheostoma species and similar between

other Etheostoma species and the Tallahatchie R. drainage

with overlapping confidence intervals (Table 2). We did not

test for differences in genetic diversity between other Ethe-

ostoma species and Yazoo darters because we have data for

only a few other Etheostoma species, sampling methods

differ among studies, sample sizes are small for these spe-

cies, and because many of these species are of conservation

concern with small population sizes: five of nine species used

for comparing heterozygosity are considered Endangered,

Table 2 Mean (±95% CI)

allelic richness (AR), gene

diversity (HS), observed

heterozygosity (HO), and

expected heterozygosity (HE)

for Yazoo darters in the Yocona

R. and Tallahatchie R. drainages

with a comparison of mean

(±95% CI) AR, HO, and HE of

other species of Etheostoma
darters

AR HS HO HE

Yocona R. drainage

Mean 4.66 0.585 0.676 0.608

±95% CI 0.92 0.1 0.1 0.09

n 30 30 29 29

Tallahatchie R. drainage

Mean 6.89 0.745 0.822 0.766

±95% CI 0.59 0.05 0.05 0.05

n 80 80 78 78

Etheostoma

Mean 7.63 – 0.735 0.779

±95% CI 0.85 – 0.1 0.08

n 34 – 96 96
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Threatened, or Vulnerable, and one of four species used for

comparing allelic richness was classified as Endangered

(Warren et al. 2000).

Pairwise FST values ranged from 0.034 to 0.123 within

the Tallahatchie R. drainage, from 0.17 to 0.21 within the

Yocona R. drainage and from 0.17 to 0.29 between the

Yocona R. and Tallahatchie R. drainages (Table 3). All

pairwise FST values were significant (adjusted a = 0.0109,

p B 0.0001), and population differentiation was significant

(adjusted a = 0.0109, X2 = ?, p B 0.0001) for all pairs.

The test of isolation by distance was significant over all

populations (r = 0.86, p = 0.0002), within the Yocona R.

drainage (r = 0.89, p \ 0.0001) (Fig. 2), and within the

Tallahatchie R. drainage (r = 0.50, p = 0.015) (Fig. 3).

When comparing genetic variation (AMOVA, Table 4),

most of the genetic variation occured between the Yocona

R. and Tallahatchie R. drainages (FCT = 0.137, df = 1,

p \ 0.007), but a significant amount of variation also

occured among populations within each drainage

(FSC = 0.097, df = 8, p \ 0.0001). No significant varia-

tion occured among individuals within populations, but

there is a significant amount of variation within individuals

(FIT = 0.85, df = 196, p \ 0.0001). Comparisons among

groups of populations within watersheds within each

drainage show that most of the significant genetic variation

is among populations within watersheds (Yocona R.:

FSC = 0.172, df = 1, p \ 0.0001; Tallahatchie R.:

FSC = 0.063, df = 5, p \ 0.0001) and that lower (insig-

nificant) amounts of among-watershed variation occur in

the Yocona R. drainage (FCT = 0.047, df = 1, p \ 0.33),

but marginally significant amounts of among-watershed

variation exist in the Tallahatchie R. drainage

(FCT = 0.032, df = 2, p \ 0.013). There is no significant

variation among individuals within populations or within

individuals of any watershed. Comparisons among

Table 3 Pairwise FST scores below diagonal, pairwise geographic distances (km) above diagonal; letter and number codes for populations are

cross-referenced with Table 1 and Figure 1

n, o, p, q11 m10 l9 f5 d, e4 a1 c3 b2 k8 j7 g, h, i6

n, o, p, q11 0 34.12 33.75 158.3 171.2 195.1 174.1 182.4 172 171.75 176.05

m10 0.219 0 11.9 166.65 179.9 203.3 182.06 191.05 180.9 180.15 184.5

l9 0.199 0.17 0 166.1 179.34 202 181.6 190.8 180.25 179.75 184.05

f5 0.28 0.267 0.225 0 46.7 68.3 48.2 57 46.4 45.6 50.1

d, e4 0.248 0.229 0.172 0.104 0 39 19.3 28.9 53.1 52 56.75

a1 0.24 0.201 0.165 0.091 0.04 0 20.9 25.5 74.3 74 78.5

c3 0.254 0.228 0.187 0.102 0.063 0.034 0 10.2 54.3 53.7 58.25

b2 0.287 0.276 0.221 0.063 0.086 0.08 0.109 0 63.8 63.5 68

k8 0.293 0.285 0.262 0.103 0.095 0.097 0.124 0.114 0 9.5 13.8

j7 0.271 0.26 0.211 0.069 0.079 0.078 0.085 0.07 0.051 0 4.3

g, h, i6 0.281 0.265 0.223 0.094 0.01 0.083 0.117 0.088 0.064 0.047 0

Fig. 2 Plot of Mantel test for isolation by distance across all

populations in the Yocona R. drainage (r = 0.89, p \ 0.0001) Fig. 3 Plot of Mantel test for isolation by distance across all

populations in the Tallahatchie R. drainage (r = 0.5, p = 0.015)
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populations within the Tippah River watershed show,

again, a significant amount of genetic variation among

populations (FST = 0.078, df = 3, p \ 0.0001), but no

significant variation among individuals within populations

or within individuals. In all cases, variance among indi-

viduals within populations was a non-significant negative

value. Negative values can sometimes occur because esti-

mates are calculated by subtraction of other components of

variance from the overall variance observed. Non-signifi-

cant negative values indicate that there is no genetic

structure (Excoffier et al. 1992, ARLEQUIN website

http://cmpg.unibe.ch/software/arlequin/software/2.000/

doc/faq/faqlist.htm).

Contemporary and historical migration

Migration estimates indicated dispersal occurred histori-

cally among watersheds in each major drainage. Historical

dispersal is indicated among the Tippah River, Cypress

Creek and Big Spring Creek watersheds within the Talla-

hatchie R. drainage (MIGRATE, Table 5) and between all

populations across watersheds in the Yocona R. drainage

(Table 6). All populations within the Tippah River water-

shed (Table 7) also showed evidence of past connectivity.

Comparison of historical migration rates (MIGRATE)

with contemporary rates (BAYESASS) revealed signifi-

cantly less dispersal among watershed units within the

Tallahatchie R. drainage (t = 7.18, df = 5, p \ 0.0004)

(Table 8), the Yocona R. drainage (t = 3.63, df = 5,

p \ 0.008) (Table 9), and among sites within the Tippah

River watershed unit (t = 5.49, df = 11, p \ 0.0001)

(Table 10). However, in most cases 95% confidence

intervals overlap between estimates, mainly due to wide

confidence intervals generated by BAYESASS. Ancestry

analysis (from STRUCTURE data) did not identify any

migrant individuals in any population.

Table 4 Analysis of molecular variance (AMOVA) between groups of populations from the Yocona R. and Tallahatchie R. drainages, between

groups of populations from watersheds within each drainage, and between populations within the Tippah River watershed

Source of variance df Sum of

Squares

Variance

component

Variance (%) Fixation

index (p)

AMOVA between the Yocona R. drainage and L.T.R. drainage

Among groups 1 126.87 0.588 Va 13.68 FCT (0.007)

Among populations within groups 8 145.01 0.417 Vb 9.69 FSC (\0.0001)

Among individuals within populations 186 550.18 -0.337 Vc -7.84 FIS (1.0)

Within individuals 196 712 3.63 Vd 84.47 FIT (\0.0001)

AMOVA between the Yocona R. and Otoucalofa Creek watersheds

Among groups 1 37.58 0.164 Va 4.69 FCT (0.33)

Among populations within groups 1 15.68 0.575 Vb 16.42 FSC (\0.0001)

Among individuals within populations 61 151.97 -0.270 Vc -7.71 FIS (1.0)

Within individuals 64 194 3.03 Vd 86.61 FIT (0.07)

AMOVA between the Tippah River, Big Spring Creek, and Cypress Creek watersheds

Among groups 2 48.22 0.126 Va 3.2 FCT (0.013)

Among populations within groups 5 57.09 0.24 Vb 6.12 FSC (\0.0001)

Among individuals within populations 137 438.99 -0.355 Vc -9.04 FIS (1.0)

Within individuals 145 567.5 3.91 Vd 99.72 FIT (0.96)

AMOVA between tributaries within the Tippah River watershed

Among populations 3 35.96 0.299 Va 7.84 FST (\0.0001)

Among individuals within populations 56 179.23 -0.316 Vb -8.29 FIS (0.99)

Within individuals 60 230 3.83 Vc 100.46 FIT (0.93)

Table 5 Mean (±95% CI) historic migration rate (migrants per generation, Nm) estimates from MIGRATE across watersheds in the Talla-

hatchie R. drainage

Migration into Big Spring Creek (1) Tippah River (2) Cypress Creek (3)

From 2 From 3 From 1 From 3 From 1 From 2

Mean 1.86 1.34 2.28 2.16 1.25 1.32

Lower 95% CI 1.56 1.1 1.95 1.86 1.02 1.04

Upper 95% CI 2.23 1.62 2.71 2.51 1.51 1.58
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Table 6 Mean (±95% CI) historic migration rate (migrants per generation, Nm) estimates from MIGRATE across watersheds within the

Yocona R. drainage

Migration into Otoucalofa Creek (1) Morris Creek (2) Taylor Creek (3)

From 2 From 3 From 1 From 3 From 1 From 2

Mean 1.62 1.92 1.36 1.76 3.16 4.07

Lower 95% CI 1.32 1.69 1.16 1.52 2.64 3.44

Upper 95% CI 1.85 2.18 1.59 2.04 3.77 4.83

Table 7 Mean (±95% CI) historic migration rate (migrants per generation, Nm) estimates from MIGRATE across tributaries within the Tippah

River watershed

Migration into Chili Creek (1) Chewalla Creek (2) Yellow Rabbit Creek (3) Tippah R. Tributary (4)

From 2 From 3 From 4 From 1 From 3 From 4 From 1 From 2 From 4 From 1 From 2 From 3

Mean 0.62 0.73 0.37 1.82 3.47 3.37 2.71 2.99 2.7 1.14 1.81 1.56

Lower 95% CI 0.46 0.58 0.28 1.27 2.81 2.63 2.11 2.26 2.08 0.9 1.48 1.26

Upper 95% CI 0.77 0.9 0.47 2.34 4.33 4.21 3.41 3.74 3.42 1.44 2.21 1.92

Table 8 Mean (±95% CI) contemporary migration rate (migrants per generation, Nm) estimates from BAYESASS across watersheds in the

Tallahatchie R. drainage

Migration into Big Spring (1) Tippah River (2) Cypress Creek (3)

From 2 From 3 From 1 From 3 From 1 From 2

Mean 0.55 0.32 0.83 0.42 0.44 0.62

Lower 95% CI 0.004 0.004 0.008 0.006 0.005 0.005

Upper 95% CI 2.7 1.65 3.64 1.87 1.94 2.83

Table 9 Mean (±95% CI) contemporary migration rate (migrants per generation, Nm) estimates from BAYESASS across watersheds within the

Yocona R. drainage

Migration into Otoucalofa Creek (1) Morris Creek (2) Taylor Creek (3)

From 2 From 3 From 1 From 3 From 1 From 2

Mean 0.66 1.44 0.017 0.16 0.273 0.33

Lower 95% CI 0.01 0.105 0.001 0.001 0.002 0.002

Upper 95% CI 2.75 4.59 0.71 0.67 1.21 1.56

Table 10 Mean (±95% CI) contemporary migration rate (migrants per generation, Nm) estimates from BAYESASS across tributaries within the

Tippah River watershed

Migration into Chilli Creek (1) Chewalla Creek (2) Yellow Rabbit Creek (3) Tippah R. Tributary (4)

From 2 From 3 From 4 From 1 From 3 From 4 From 1 From 2 From 4 From 1 From 2 From 3

Mean 0.18 0.15 0.15 1.42 0.82 0.82 0.65 0.63 0.67 0.22 0.27 0.22

Lower 95% CI \0.01 \0.01 \0.01 \0.01 \0.01 \0.01 \0.01 \0.01 \0.01 \0.01 \0.01 \0.01

Upper 95% CI 0.99 0.84 0.84 5.72 5.11 4.97 2.45 3.26 2.9 1.03 1.46 1.13
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Discussion

Our study has four primary conclusions. First, although

overall patterns of population structure are similar between

the two major river drainages inhabited by the Yazoo

darter, the Yocona R. populations show significantly less

genetic diversity and a higher degree of population struc-

ture. Second, populations within the major drainages are

highly structured with almost all genetic variation parti-

tioned among populations and not among watersheds.

Third, relative to historical rates, contemporary dispersal

has declined among headwater streams in both major river

drainages, likely as a result of habitat loss and alteration.

Fourth, roughly half of the populations analyzed possessed

significant excess heterozygosity relative to Hardy–Wein-

berg expectations, perhaps due to small population size and

binomial sampling error.

Cluster analyses

Population structure analyses (GENELAND, STRUC-

TURE) recovered eleven genetically distinct populations

from our sampled sites (Fig. 1). This is corroborated by

significant differences in FST values between populations,

significant results of population differentiation tests and the

results of our AMOVA analyses that identified significant

genetic variation among populations. GENELAND results

showed that sample sites in tributaries separated by larger,

straightened, channelized stream reaches such as four of

the five sites (a1, b2, c3, d4, e4) in the Tippah River

watershed (*970 km2) and the two sites (l9, m10) in the

Yocona R. watershed (*763 km2) were genetically iso-

lated, but sample sites separated by smaller, relatively

unaltered stream reaches were grouped together such as the

three sites (g6, h6, i6) in the Puskus Creek watershed

(*32 km2) upstream of Puskus Lake and the four sites

(n11, o11, p11, q11) in the Otoucalofa Creek watershed

(*251 km2). Although sample sites upstream (g6, h6, i6)

and downstream (j7) of Puskus Lake were separated in the

analyses, those upstream (d4) and downstream (e4) of

Chewalla Lake (constructed in 1966, *29–43 generations)

were not, possibly as a result of small sample sizes relative

to samples from up- and downstream of Puskus Lake. An

important point, however, is that GENELAND clustering

was powerful enough to detect recently isolated popula-

tions because Puskus Lake was only impounded in 1962

(*31–47 generations).

Genetic diversity and population structure

Our finding that populations in the Yocona R. drainage

have less genetic diversity and a higher degree of struc-

turing relative to the Tallahatchie R. drainage is important.

Differences in the amount of genetic diversity present in

the populations endemic to each drainage can be explained

by the amount of suitable habitat available to darters in the

two different drainages. Currently, the Yazoo darter is

known from only four small tributaries of the Yocona R.

and the Otoucalofa Creek watershed within the Yocona R.

drainage (Sterling et al. 2011). Past workers noted that the

Yazoo darter appears to be limited to groundwater depen-

dent perennial streams (Thompson and Muncy 1986; Sut-

tkus et al. 1994), and this type of habitat appears to be less

common in the smaller (*1,014 km2) Yocona R. drainage

than in the larger (*2,755 km2) Tallahatchie R. drainage.

This may limit the number of genetically distinct popula-

tions and effective population sizes relative to the Talla-

hatchie R. Our measures of allelic richness and

heterozygosity from the Yocona R. drainage are similar to

estimates obtained for Etheostoma nuchale, a darter

endemic to several springs of the upper Black Warrior

River drainage in northern Alabama (Fluker et al. 2010)

with few populations and small effective population sizes.

Another, non-exclusive possibility is that the Yocona R.

drainage has experienced more anthropogenic disturbance

and fragmentation than the Tallahatchie R. drainage. Of 93

known locations with Yazoo darters, 63 are on or within

2 km of land managed by state or federal agencies. Of

these 63 locations, 53 are within the Tallahatchie R.

drainage and only seven are within the Yocona R. drainage

(Sterling et al. 2011). Populations in the Tallahatchie R.

drainage are mostly on land managed by state and federal

agencies which may have afforded them some protection

from disturbance over the last 70 years. In contrast, little to

no protection exists for streams in the Yocona R. drainage

where agriculture is more widespread, and the cities of

Water Valley and Oxford continue to expand. For example,

Oxford’s population increased by 61% from 2000 to 2010

with densities increasing from 742 to 1,194 persons per

square mile. Increased disturbance and concomitant frag-

mentation may have contributed to smaller effective pop-

ulation sizes which would increase rates of genetic drift.

Differences in the degree of population structure

between the two drainages suggest that populations in the

Yocona R. drainage have undergone greater genetic drift

which implies that population sizes in the Yocona R.

drainage are smaller than the Tallahatchie R. drainage.

Evidence for this is shown in the lower measures of allelic

richness and expected heterozygosity in the Yocona R.

drainage compared to the Tallahatchie R. drainage and

other Etheostoma species (Table 2). In addition, there were

significantly lower levels of allelic richness, observed

heterozygosity and unbiased gene diversity in the Yocona

R. drainage than in the Tallahatchie R. drainage (FSTAT).

Because measures of genetic diversity are influenced by

sampling design and effort, and because some confidence
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intervals overlapped (e.g. HO, Table 2), these results must

be interpreted with caution. However, the potential risks of

on-going loss of genetic diversity should be of concern to

managers. Clearly, those populations isolated in smaller

watersheds may be at greater risk relative to populations in

larger watersheds within each drainage.

The finding of significant isolation by distance may reflect

lingering effects of historic dispersal and genetic structure

and is not a surprising result for a small, benthic, headwater

fish (Johnson 2007; Beneteau et al. 2009; Lamphere and

Blum 2012, however, see Turner and Trexler 1998). Parti-

tioning of most genetic variation among populations, rather

than among watersheds, is also not surprising given the

significant FST scores between all populations and significant

genic population differentiation. Thus, populations are

experiencing low levels of migration not only across the

largest, channelized stream reaches in the mainstem of the

Tallahatchie R. and Yocona R. but also across the smaller,

channelized stream reaches separating populations within

watersheds such as the Cypress Creek watershed (e.g. sites

j7, k8). If most of the variation had been partitioned among

watersheds, this would indicate that the largest stream

reaches were barriers, but the smaller ones within watersheds

were not. Not surprisingly, we did find that when comparing

the Tallahatchie R. and Yocona R. drainages, most variation

was found between the two drainages. This supports the

findings of Powers and Warren (2009) which estimated

sequence divergence between the two drainages as 1.3%

(SE ± 0.3), concluded that Yazoo darters in the two drain-

ages were reciprocally monophyletic, and suggested that

populations in the two drainages were separated by the cre-

ation of unsuitable habitat due to changing environmental

and geologic conditions at the end of the Pleistocene.

Contemporary and historical migration

Analyses of historical gene flow show that individuals in

the past could disperse across watersheds through the

mainstem of the major river drainages and across tribu-

taries within watersheds. Estimates of the number of

effective migrants per generation (Nm) are all above 1.0

except for migration into Chilli Creek (Tippah R. Water-

shed Unit) (Table 7). If this is correct, before European

settlement, populations of Yazoo darters within the Yocona

R. and Tallahatchie R. drainages likely were far less

structured than they are today.

We detected significant differences between historic and

contemporary migration rates among watershed units and

even among sites within a watershed (Tippah R. unit).

However, the wide 95% confidence intervals around mean

estimates of contemporary migration (BAYESASS) render

conclusions more uncertain than the estimates for historical

migration. Even so, the overall low contemporary mean

rates of dispersal are well supported by the lack of migrants

detected (STRUCTURE) and by the high degree of struc-

ture found between populations, which indicate contem-

porary dispersal among populations is \1.0 effective

migrant per generation. This agrees with all contemporary

estimates of mean migration except for two (Chewalla and

Otoucaolfa creeks), which we question. If rates of migra-

tion were as high as estimated in these two cases, pairwise

FST scores between these populations would not be as large

(0.2 and 0.09, respectively), would not be significantly

different, and tests of population differentiation would not

be significant. Further, as mentioned, we found a signifi-

cant difference between contemporary and historical rates

of migration. For these reasons, we conclude that these two

estimates are anomalous, and that all populations are

effectively isolated.

The weight of evidence suggests that little contemporary

migration occurs among populations and across larger,

channelized streams. In particular, it appears that the chan-

nelized mainstem of the Yocona, Tallahatchie, and the

Tippah Rivers are barriers to dispersal. As discussed earlier,

cluster analysis grouped individuals from sites in smaller and

relatively undisturbed watersheds which indicate that there is

a high enough rate of dispersal in those watersheds to create

panmictic populations. Because there is apparent dispersal

across smaller, unchannelized streams and historically high

rates of dispersal across larger streams, the most parsimo-

nious explanation for current population isolation is habitat

modification and fragmentation.

Excess heterozygosity

Explanations for negative FIS scores include natural selec-

tion favoring heterozygotes (Bensch et al. 2006; Reed 2007),

negative assortative mating (Hallerman et al. 2003), or small

populations where allele frequencies are, by chance, differ-

ent between the sexes (Rasmussen 1979; Pudovkin et al.

1996). Negative FIS scores are relatively uncommon in the

literature and in vertebrates are most associated with

polygynous social mammals such as bats or prairie dogs

(Storz 1999; Storz et al. 2001). In these cases, negative FIS

scores result from male dispersal, female philopatry,

polygyny, and active avoidance of mating among kin. In

such a social structure, allele frequencies are different

between females and the few males that successfully breed,

resulting in elevated levels of heterozygosity.

Our data show that populations have become isolated

which implies that they have become smaller, but whether or

not populations have become small enough for negative FIS

scores due to binomial sampling error is not known. Because

our data do not allow us to assign a cause for negative FIS

scores, investigation of demographic parameters, mode of

dispersal, and mating system may help reveal the
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mechanism(s) producing this interesting finding. However,

because excess heterozygosity thus far is unknown in other

Etheostoma species, it seems more likely to be a result of

demographics than behavior, mating system, or selection.

Management implications

Within the Yocona R. drainage, populations appear to be

genetically depauperate and to have a higher degree of

population isolation relative to the Tallahatchie R. drain-

age. Far fewer known populations of Yazoo darters exist

within the Yocona R. than the Tallahatchie R. drainage.

There is also next to no protection for streams within the

drainage, and anthropogenic pressure is rapidly increasing

on these streams (unpubl. data; person. observ.). For these

reasons, management action appears to be more imperative

for the Yocona R. drainage.

Though our results demonstrate that declines in effective

population sizes due to population fragmentation almost

certainly occured, we do not know when these declines

took place, how severe they may have been or if popula-

tions are currently stable. Further investigation of demo-

graphic parameters and modes of dispersal among streams

are absolutely critical to understanding evolutionary pro-

cesses and effective management of this species. Translo-

cation of individuals among streams within each river

drainage to restore genetic diversity and stream restoration

aimed at restoring connectivity among populations should

be carefully investigated as management options.
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