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Abstract Assessments of census size (Nc) and effective

population size (Ne) are necessary for the conservation of

species exhibiting population declines. We examined two

populations (Oklahoma and New Mexico) of the lesser

prairie-chicken (Tympanuchus pallidicinctus), a declining

lek-breeding bird, in which one population (Oklahoma) has

larger clutch size and more nesting attempts per year but

lower survival caused by human changes to the landscape.

We estimated demographic and genetic estimates of Ne for

each population and found that both populations have low

Ne estimates with a risk of inbreeding depression. Although

Oklahoma females produce a larger number of offspring,

the proportion of females successfully reproducing is not

higher than in New Mexico. Higher reproductive effort has

likely reached a physiological limit in Oklahoma prairie-

chickens but has not led to a higher Ne or even a larger Nc

than New Mexico. We propose that future conservation

efforts focus on maximizing survivorship and decreasing

the variance in reproductive success because these factors

are more likely than increasing reproductive output alone

to yield population persistence in lek-breeding species.

Keywords Lek � Lesser prairie-chicken � Microsatellite

loci � Mitochondrial DNA � Tympanuchus pallidicinctus

Introduction

Identifying the factors contributing to population decline

and extinction are crucial for the conservation of wildlife.

Wildlife managers primarily assess the health of popula-

tions based on census size (Nc); however, estimates of

effective population size (Ne) are arguably more informa-

tive for determining the extinction risk of small populations

because this measure reflects the actual number of breeders

in the population (Traill et al. 2010). Populations with

small effective population sizes are greatly affected by

genetic drift and loss of adaptive potential and they have an

increased risk of inbreeding depression (Keller and Waller

2002; Frankham 2005). For example in populations with

small Ne, deleterious alleles (which would be selected

against in large populations) may behave as if they are

neutral and are more likely to become fixed compared to

populations with much larger Ne (Ellegren 2009). Thus,

estimates of Ne are necessary for populations that are of

conservation concern, so that managers can properly weigh

extinction risks resulting from demographic and genetic

factors.

In virtually all populations, Ne is smaller than the Nc

because of deviations from a Wright–Fisher ideal popula-

tion (Ne/Nc = 1). These deviations include differences in

demographic factors such as fluctuations in population size

and survivorship and differences in mating systems and

variance in reproductive success (Frankham et al. 2002).
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All else being equal, in polygynous breeding systems

higher variance in reproductive success between sexes

yields lower Ne than in monogamous systems (Nunney

1993; Storz et al. 2002). Thus, species that breed on leks—

where males display in groups to attract a mate but only a

small subset of males breed—have a lower Ne than

monogamous species with the same Nc (Johnson et al.

2004; Stiver et al. 2008). Theoretically, lekking species

that have undergone population declines would have a

higher likelihood of extinction as a result of genetic factors

than monogamous species.

The lesser prairie-chicken (Tympanuchus pallidicinc-

tus), a grouse found only on the south-central prairies of the

United States, is a lek-breeding species that has suffered

large population declines and extirpations over the past

century (Fig. 1; Hagen and Giesen 2005). Loss of habitat

has led to isolated populations affected by human-induced

stresses that differ regionally (Wolfe et al. 2007; Pruett

et al. 2009a, b). Lesser prairie-chickens in Oklahoma have

much lower survivorship than birds in New Mexico, pri-

marily because of increased collisions with fences—there

is a much higher fence density in Oklahoma than New

Mexico (Patten et al. 2005a; Wolfe et al. 2007). However,

Oklahoma prairie-chickens lay larger clutches, hatch more

offspring, and re-nest more often than New Mexico birds, a

posited evolutionary tradeoff to compensate for increased

mortality (Zera and Harshman 2001; Patten et al. 2005a).

Despite this rapid evolutionary response, the Oklahoma

population has been declining for over a decade while the

New Mexico population currently appears to be stable

(Davis et al. 2008), suggesting that increased reproductive

output is not compensating for increased mortality (Patten

et al. 2005a). Precise Nc estimates are lacking for lesser

prairie-chickens and vary widely from 1,000 to less

than 3,000 in Oklahoma and 2,500–6,300 in New Mexico

(D. E. Dusang, M. A. Patten and D. H. Wolfe unpubl data;

Davis et al. 2008).

We examine demographic, current genetic, and long-

term genetic estimates of Ne of the lesser prairie-chicken to

evaluate change in Ne over time. On the basis of these

estimates, we evaluate the effects of population decline,

mortality, and reproductive output on estimates of Ne for

lesser prairie-chicken populations and evaluate the likeli-

hood of long-term population persistence.

Materials and methods

Field methods

From 1999 through 2004 we captured 719 lesser prairie-

chickens in eastern New Mexico and northwestern Okla-

homa (Fig. 1). All birds were fitted with radio transmitters

with a battery life of 1.5–2 years, and blood was drawn for

genetic analyses. Radio-tagged birds were tracked

throughout the year. Females were tracked through the

breeding season to determine the proportion of females

who successfully fledged young and the number of fledg-

lings produced. Survival estimates were based on 155

female and 379 males and reproductive parameters were

based on 90–105 females (Patten et al. 2005a). See Patten

et al. (2005a, b) for details on our field study.

Demographic effective population size

Demographic estimates of effective (NeD) population sizes

were determined using Nunney and Elam’s (1994) minimal

method:

NeD=Nc ¼ 4r 1 � rð ÞT=
�
rAfð1þ IAf

Þ
þ 1 � rð ÞAmð1þ IAm

Þ þ 1 � rð ÞIbm
þ r Ibf

�
;

where r is the sex ratio expressed as the proportion of

males, Af is average adult female life span, Am is average

adult male life span, T is generation time, IAf is standard-

ized variance in female life span, IAm is standardized var-

iance in male life span, Ibf is standardized variance in

reproductive success for females per season, and Ibm is

standardized variance in reproductive success for males per

season.

Values for Af were determined using the formula

Af = 1/(1 - Vf), where Vf is the average survival rate of

adult females. A corresponding formula is used to deter-

mine Am. We determined the ‘life span’ of a bird from the

capture date to the carcass recovery date and constructed

comparative Kaplan–Meier survival curves by sex and

study site to determine survival rates (see Patten et al.

2005a). Generation time (T) or the mean of the average age

of parents of each sex was estimated using the formula

T = Mf - 1 ? Af (corresponding formula used for males),

where Mf is the mean maturation time to adulthood or

the time that first breeding occurs. Values are averaged

across sexes to determine T. Based on the assumption of

age-independent survivorship, standardized variance in

life span (IAf
; IAm

) is equal to average survival rate of

adults (V).

Standardized variance in reproduction for females (Ibf
)

was determined using the formula Ibf
¼ 1� afð Þ=af , where

af is seasonal breeding success and is approximately p, the

proportion of females producing young when their mean

productivity (number of offspring fledged) is greater than 4

(Nunney and Elam 1994), as is the case for lesser prairie-

chickens (Patten et al. 2005a). Lesser prairie-chickens have

a form of dominance polygyny (lek-breeding) in which

only a portion of males secure matings. Thus, standardized

variance for males (Ibm
) was calculated based on am (the
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proportion of males attempting to breed) using the formula

Ibm
¼ K þ 1� amð Þ=am; where K = r/[(1 - r) af]. This

value (am) is based on estimates from Hagen and Giesen

(2005).

We bootstrapped reproductive effort of individual

females (Patten et al. 2005a) 100 times to obtain a spread

of female breeding success (p) for each population in the

two states. Likewise, we bootstrapped survival by sex and

by population (Patten et al. 2005a) 100 times each to obtain

a range of life span (Af and Am) estimates. We used these

bootstrap samples to obtain 100 different estimates of the

NeD/Nc ratio using the demographic formula, from which

we calculated a mean NeD/Nc ratio and its associated

standard error. We performed t-tests to determine if means

of locations were significantly different. Estimates of NeD

were then obtained based on NeD/Nc ratios using estimates

of Nc for each population.

Microsatellite methods

DNA from the blood of 31 lesser prairie-chickens from six

leks in New Mexico and 30 individuals from five leks in

Oklahoma trapped in the springs of 2003–2005 was

extracted using a DNeasy tissue extraction kit (QIAGEN,

Inc.). Eight microsatellite loci (Table 1) were amplified for

all individuals using primers developed for galliform spe-

cies (Bouzat et al. 1998; Bellinger et al. 2003; Taylor et al.

2003) and PCR amplification procedures were carried out

as described in Piertney and Dallas (1997). Samples were

genotyped using an ABI 3730 sequencer (Applied

Fig. 1 Location of study sites

and the estimated historical and

current occupied range of lesser

prairie-chicken in south-central

United States (reproduced with
permission from the Lesser
Prairie-Chicken Interstate
Working Group). Lesser prairie-

chickens are not evenly

distributed in the current

occupied area but are highly

fragmented into islands of

suitable habitats (Hagen and

Giesen 2005)
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Biosystems). We used FSTAT (ver. 2.9.3.2; Goudet 1995)

for Hardy–Weinberg equilibrium tests and for calculating

descriptive statistics with Weir and Cockerham’s (1984)

estimators of F-statistics. Linkage disequilibrium tests

were performed using ARLEQUIN (version 3.11, Excoffier

et al. 2005). We used the Bonferroni method (Sokal and

Rohlf 1995) to correct for Type I error due to multiple

comparisons.

Tests for genetic isolation using microsatellite loci

We used several methods to determine whether or not

populations were isolated from one another and lacked

gene flow. We used a Bayesian clustering approach

(STRUCTURE ver. 2.2, Pritchard et al. 2000; Falush et al.

2003) to examine how well New Mexico and Oklahoma

populations corresponded to genetic clusters (K). In this

analysis, individual genotypes are assigned to clusters such

that Hardy–Weinberg equilibrium and linkage equilibrium

are achieved within each cluster. STRUCTURE uses a

Markov Chain Monte Carlo approach to cluster individuals

into genetic groupings (K) given the observed genotypes.

We ran STRUCTURE three times for each user-defined

K (1–5 clusters) with an initial burn-in of 105 followed by

106 further iterations on the total dataset. We used the

admixture model and the correlated allele frequency model

and did not use prior information on the population of

origin of each individual. When the K with the maximum

likelihood was found, the proportion of membership of

each predefined population within each genetic cluster was

determined. To ensure that this was the correct number of

clusters, we used the method of Evanno et al. (2005). We

performed 10 runs for each K (1–5 clusters) with initial

burn-in of 50,000 and 50,000 subsequent iterations for each

analysis.

We investigated whether the leks within the samples and

the samples between the study sites in the two states were

genetically divergent with a hierarchical locus by locus

AMOVA based on conventional F-statistics in ARLE-

QUIN. We evaluated spatial partitioning of molecular

variance in allele frequencies among groups (i.e., states;

FCT), among subpopulations within groups (i.e., leks; FSC)

and among individuals with 16,000 permutations following

Excoffier et al. (2005).

We also used an assignment test to infer gene flow

between New Mexico and Oklahoma lesser prairie-chick-

ens (GENECLASS 2; Piry et al. 2004) using the Bayesian

algorithm of Rannala and Mountain (1997) and resampling

method of Paetkau et al. (2004). Individuals were excluded

from their location of origin when the probability of

exclusion was greater than 99% (a = 0.01). Individuals not

assigned to any population (P \ 0.01) were assumed to be

from an unsampled population.

Effective population size estimates based

on microsatellite loci

We used two single-sample methods to estimate current Ne

based on genetic variance. First we used a method based on

linkage disequilibrium (LDNE; Waples and Do 2008) that

includes a bias correction for alleles at low frequency

(Waples 2006) and has been shown to provide estimates

that are comparable to temporal-based methods. We

excluded alleles with frequencies of \0.02 and used the

jackknife method to estimate 95% confidence intervals

around the Ne estimates (Waples and Do 2008). Second, we

used an approximate Bayesian computation method to

estimate Ne (ONeSAMP; Tallmon et al. 2008). This

method uses summary statistics and population simulations

to provide mean Ne and 95% confidence intervals for

estimates and has been shown to accurately reflect Ne for

single population samples and requires a lower and upper

bound on prior distributions of Ne (Tallmon et al. 2008).

We used several priors on Ne including 2–100, 2–500,

10–1,000, and 10–5,000. Regardless of the prior, the New

Mexico samples had similar results with overlapping con-

fidence intervals. However, we did observe slightly higher

estimates with wider priors for the Oklahoma population

(10–1,000 and 10–5,000 priors) but these values stabilized

at 10–1,000 priors and did not increase at wider priors.

Therefore, we present the results of the analysis that

included a prior range of 10–1,000 on Ne.

Table 1 Summary statistics for mtDNA and microsatellite loci

Locus FST New Mexico Oklahoma

N H FIS A N H FIS A

mtDNA – 40 0.641 – – 40 0.840 – –

Microsatellite (Msat)

ADL44 0.044* 31 0.844 0.083 9 30 0.824 0.312* 9

ADL146 0.044* 30 0.557 0.282 4 30 0.717 0.070 7

ADL230 0.032 31 0.825 -0.016 10 30 0.868 -0.037 9

LLST1 0.042 31 0.668 0.131 6 30 0.825 0.152 8

LLSD4 0.049* 31 0.875 0.336* 14 28 0.953 0.101 19

LLSD9 0.026 31 0.737 0.168 8 29 0.833 0.131 10

SGCA6 0.127* 31 0.700 0.171 12 30 0.891 0.289* 16

SGCA9 0.029* 31 0.916 -0.057 18 29 0.922 -0.047 14

Msat mean 0.050* 31 0.744 0.128* 10 30 0.844 0.120* 11

A Number of alleles/locus; H gene diversity (mtDNA, haplotype diver-

sity); N number of individuals genotyped; FST represents the fixation index

quantifying genetic differentiation over the sampling sites while FIS

measures the degree of deviation from Hardy–Weinberg expectations

within localities (Weir and Cockerham 1984)

* Significant at the 0.05 alpha level after Bonferroni correction for mul-

tiple tests (18 tests; P \ 0.0028)
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Mitochondrial DNA methods

We analyzed a 384 base-pair fragment from Domain I of

the mtDNA control region taken from 80 individuals in

New Mexico and Oklahoma (40 each). These sequences

were previously used by Van den Bussche et al. (2003). We

used the program DNAsp (Rozas et al. 2003) to determine

haplotype diversity (Hd) for each location and to compute

Tajima’s (1989) D and Fu and Li’s (1993) F* statistic to

test neutrality of mtDNA sequences.

We used a coalescent-based genealogical analysis to

determine long-term female effective size (Nef) and popu-

lation growth or decline for each location (FLUCTUATE;

Kuhner et al. 1998). FLUCTUATE provides estimates of

the parameters h (2Nefl; l is the neutral mutation rate per

site per generation) and g (exponential growth rate with

units 1/l generations). Watterson’s (1975) segregating sites

estimate was applied to obtain the initial estimate of h for

each run. One hundred short chains (1,000 steps per chain

with sampling increment of 200) followed by 10 long

chains (500,000 steps per chain and increment of 50)

ensured convergence of the Markov Chain Monte Carlo

run. Estimates of Nef were determined using mutation rates

estimated for prairie-chickens (Johnson et al. 2007) and

generation times estimated by the above demographic

method.

Results

Demographic effective population size

The NeD/Nc ratio, based on the minimal method, for Okla-

homa (0.341 ± 0.002) is significantly smaller (P \ 0.02)

than that for New Mexico (0.377 ± 0.001) lesser prairie-

chickens. These differences are caused by the substantially

lower average survival rate (Vf) for females in Oklahoma

and the slightly lower proportion of females that success-

fully produced at least one offspring (p) in Oklahoma than

in New Mexico (Table 2). The number of offspring pro-

duced per female does not affect the NeD/Nc estimates of

lesser prairie-chickens because of the Poisson variance

model incorporated into the minimal method and the high

number of offspring per successful female (Patten et al.

2005a). To attain the NeD/Nc ratio of New Mexico in the

Oklahoma population using the current survival rate in

Oklahoma, the proportion of females producing at least one

offspring would need to be almost double its present value

(Fig. 2). Alternatively, increasing the female survival rate

in Oklahoma to New Mexico levels would also increase

NeD/Nc to that currently found in New Mexico (Fig. 2). In

Oklahoma, if both female and male survival were as high as

that found in New Mexico, NeD/Nc would be equivalent

(0.374) because of similar breeding success in Oklahoma

and New Mexico. Estimates of Nc range from 1,000–3,000

adults in Oklahoma and 2,500–6,300 in New Mexico, thus,

statewide Ne based on the above demographic parameters is

341–1,023 in Oklahoma and 944–2,375 in New Mexico.

Genetic summary statistics

Tests for Hardy–Weinberg equilibrium among microsatel-

lites showed that three loci were deficient in heterozygotes

after adjustments for multiple comparisons although not at

both localities (Table 1). Therefore, we re-genotyped these

loci to ascertain that the heterozygote deficiencies were not

caused by genotyping errors. We ran analyses with these

loci excluded and included and found very similar results.

Table 2 Parameters (mean ± standard error based on 100 bootstrap replicates) for estimating demographic effective population size using the

minimal method

Parameter Definition Source OK NM

r Sex ratio Hagen and Giesen (2005) 0.50 0.50

Af Adult female life span* Af = 1/(1 - Vf) 1.59 ± 0.02 2.82 ± 0.02

Am Adult male life span* Am = 1/(1 - Vm) 2.26 ± 0.01 2.49 ± 0.01

T Generation time* T = M - 1 ? A 1.92 ± 0.01 2.66 ± 0.01

M Age at first breeding Hagen and Giesen (2005) 1.00 1.00

Iaf Variance in female life span* Vf 0.36 ± 0.01 0.64 ± 0.00

Iam Variance in male life span* Vm 0.56 ± 0.01 0.60 ± 0.00

Ibf Variance in female reproduction Ibf = (1 - af)/af 1.11 ± 0.03 0.95 ± 0.02

af Female breeding success p 0.48 ± 0.01 0.52 ± 0.01

Ibm Variance in male reproduction Ibm = [r/[(1 - r) af]] ? (1 - am)/am 4.48 ± 0.01 4.52 ± 0.01

am Proportion of males breeding Hagen and Giesen (2005) 0.20 0.20

An asterisk (*) indicates significant difference between means (P \ 0.05)

OK Oklahoma; NM New Mexico
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We provide estimates based on 8 loci. All loci were in

linkage equilibrium. Oklahoma lesser prairie-chickens had

slightly higher gene diversity, haplotypic diversity, and

more alleles per locus than the New Mexico population

(Table 1). Tajima’s D and Fu and Li’s F* statistics did not

differ from neutral expectations (D = 0.352, P [ 0.10;

F* = 1.31, P [ 0.10).

Population structure

Lesser prairie-chickens in New Mexico and Oklahoma

were genetically differentiated (Table 1; multilocus

FST = 0.050, P \ 0.001). We did not detect genetic

structure among the leks within states (FSC = 0.0001,

P = 0.46; the sample sizes are however small) although

the genetic difference between the states was significant in

the AMOVA analysis (FCT = 0.053, P \ 0.001). The most

likely number of genetic clusters (K) identified by

STRUCTURE and the Evanno et al. (2005) method was 2

(Fig. 3). Assignment tests with GENECLASS did not

exclude any individuals from their population of origin,

with the mean Bayesian probability for Oklahoma of 0.588

and New Mexico of 0.641. However, assignments of

individuals based on the STRUCTURE analysis indicated

that six individuals from Oklahoma and three individuals

from New Mexico assigned strongly (q [ 70% probability

of membership; Fig. 3) to the other population. This dis-

crepancy is likely caused by the conservative exclusion

method of GENECLASS, that STRUCTURE assumes all

populations of lesser prairie-chicken were sampled, or

a combination of these two factors (Manel et al. 2002;

Kalinowski 2010).

Genetic effective population size

We assessed both current (based on microsatellite loci) and

long-term (based on mtDNA) effective population size and

Fig. 2 The effects of female survivorship (Vf) and reproductive

success (p) on effective population size to census size ratios (Ne/Nc) in

lesser prairie-chickens (Tympanuchus pallidicinctus) based on the

demographic method and the association between Ne and Nc, given

different demographic and genetic Ne/Nc ratios in relation to

inbreeding depression and population viability. Based on values from

the Oklahoma population, (a) the increase in the proportion of

females producing at least one offspring and the increase in female

survivorship (b) necessary to attain Ne/Nc levels found in New

Mexico; dotted lines represent 95% confidence intervals based on 100

bootstrap replicates. Dashed lines show the Ne/Nc ratio in Oklahoma

(lower line) and New Mexico (upper line). Increase in census size

(c) necessary to attain effective sizes that are high enough to limit the

chances of inbreeding (dotted line at Ne = 50), mutational meltdown

(dotted line at Ne = 100), and to maintain adaptive potential (dotted
line at Ne = 500) based on Ne/Nc ratio for an average monogamous

species (Ne/Nc = 0.66 based on five monogamous bird species;

Nunney and Elam 1994; dashed line) based on demographic

estimates, for Oklahoma lesser prairie-chickens (double line) based

on demography, for New Mexico lesser prairie-chickens (dotted line)

based on demography, and for lesser prairie-chickens based on

contemporary genetic estimates (solid line)

New MexicoOklahoma
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Fig. 3 Plot of STRUCTURE groupings based on microsatellite

genotypes of lesser prairie-chicken with each color corresponding to a

cluster (K = 2) and each bird corresponding to a vertical bar
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found that current size for both locations was considerably

smaller than long-term size (Table 3). The two methods

that we used to estimate contemporary Ne gave comparable

results (Table 3) and suggest a Ne/Nc ratio of approxi-

mately 0.01–0.07 based on census sizes of 1,000–6,300.

We also examined a subset of individuals (N = 13 from

each population) that were the same age (all were sampled

as first-year birds in the same month) to see if overlapping

generations greatly affected estimates of Ne using the

LDNE method. We found that the results of the reduced

dataset (New Mexico 50 (95% confidence interval

25.2–336.1); Oklahoma 77.1 (95% confidence interval

41.5–369.0)) were similar to those reported using the entire

dataset (Table 3). Long-term Nef in Oklahoma is much

larger than New Mexico suggesting a larger historical size

in Oklahoma (Table 3). FLUCTUATE results for growth

rate (g) suggest a stable population size in Oklahoma

(g = 90 ± 109) and a population decline in New Mexico

(g = -292 ± 150).

Discussion

Demographic estimates of effective population size

Comparisons between NeD/Nc ratios and Nc show that New

Mexico prairie-chickens have a higher ratio and a larger Nc

than prairie-chickens in Oklahoma. We believe that this

difference is the result of higher female survival rates in

New Mexico, where less mortality results from fence col-

lisions but mortality from predation is roughly equal

(Patten et al. 2005a; Wolfe et al. 2007). The higher

reproductive effort of Oklahoma females, which attempt

nests more often within a season and lay, on average,

markedly larger clutches during each attempt compared to

New Mexico females (Patten et al. 2005a), does not offset

the higher mortality caused by human-caused habitat

modification in Oklahoma because the proportion of

females producing at least one offspring is similar to the

New Mexico population (Wolfe et al. 2007; Table 2). This

suggests that if survivorship declines in Oklahoma, or even

stays at its current low rate (Table 2), this population may

experience inbreeding depression, thereby likely reducing

its adaptive potential (Willi et al. 2006). Inbreeding effects

have been observed in a closely related species; the greater

prairie-chicken (Tympanuchus cupido) had a significant

reduction in hatching-success following a decline in pop-

ulation size and reduced genetic diversity (Westemeier

et al. 1998; Bouzat et al. 2009).

To overcome the higher mortality rate in Oklahoma

compared to the New Mexico population, the number of

lesser prairie-chicken females successfully fledging young

would have to double (Fig. 2a), an unlikely event given

that current breeding success (Table 2) in lesser prairie-

chickens is similar to that observed in other grouse species

and, indeed, other temperate birds (Ricklefs 1969; Stiver

et al. 2008). Attempts to reduce predation, the most com-

mon cause of nest loss in this species (Hagen et al. 2004),

do not ensure increased nest success (Dion et al. 2000). Yet

if adult survivorship in Oklahoma increases to New Mexico

levels then the NeD/Nc ratio will also increase to levels

found in New Mexico (Fig. 2b) and the higher reproductive

output in Oklahoma would consequently increase the Nc.

Although, an increase in NeD/Nc ratios will likely have

little effect on immediately reducing extinction risk in

Oklahoma since Nc is already small (Fig. 2c), conservation

efforts should still be directed towards increasing survi-

vorship in this population. This can be accomplished, for

example through habitat improvement (Patten et al. 2005b)

and hands-on management such as marking of fences to

increase their visibility to low-flying birds (Wolfe et al.

2009), which will give the Oklahoma population a greater

chance of obtaining long-term sustainability by reversing

their decline.

Effective population size and genetic diversity

As shown with this study, estimates of demographic Ne can

lend insight into factors influencing current population

declines but because these estimates are based on only a

few years of data, this approach may not take into account

evolutionary histories of populations if they are markedly

different from contemporary processes, and consequently,

may inflate estimates of Ne (Vucetich and Waite 1998).

Table 3 Genetic effective population size estimates (Ne) of Okla-

homa and New Mexico lesser prairie-chickens based on 8 microsat-

ellite loci (LDNE, ONeSAMP) and 384 bp of the mitochondrial DNA

control region (FLUCTUATE). FLUCTUATE estimates of female

effective population size (Nef) are based on mutation rate (substitu-

tions per site per generation) for the control region of grouse (Johnson

et al. 2007)

LDNE ONeSAMP FLUCTUATE

Ne (95% CI) Ne (95% CI) l h Nef (95% CI)

Oklahoma 69.4 (43.8–145.6) 114.7 (81.7–236.9) 2.23 9 10-7 0.011 24,664 (23,234–26,155)

New Mexico 57.6 (32.9–152.3) 54.9 (39.6–123.9) 3.09 9 10-7 0.002 3,236 (2,942–3,540)
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The Oklahoma lesser prairie-chicken population has a

lower NeD/Nc ratio and Ne than that observed in New

Mexico, but they have similar contemporary genetic Ne and

slightly higher genetic diversity. Long-term changes in Ne

as depicted in the mtDNA analyses help explain this dif-

ference: in the past, Oklahoma had an Nef almost 10 times

larger than New Mexico, and coalescence-based analyses

indicate that Oklahoma had a stable population, but New

Mexico’s population was reduced in size. Based on his-

torical evidence, eastern New Mexico has always been at

the western periphery of the species’ range whereas

northwestern Oklahoma was at its center (Fig. 1). Periph-

eral populations often have lower diversity than core

populations, probably because of isolation and small pop-

ulation size (Vucetich and Waite 2004; Gapare et al. 2005).

We infer that the slightly higher genetic diversity in

Oklahoma and current Ne estimates similar to New Mexico

are likely the result of the retention of ancestral diversity

within a historically stable core population.

Another explanation, however, is that Oklahoma

receives immigrants from other locations that are geneti-

cally more diverse or possess alleles found less frequently

in Oklahoma. It is not known if lesser prairie-chickens in

southwestern Kansas, where the majority of lesser prairie-

chickens now reside (Hagen and Giesen 2005; Hagen et al.

2010), disperse to Oklahoma. Such infusion would inflate

diversity estimates. No individuals can be excluded from

their population of origin using the GENECLASS method

but a few individuals did not assign to their population of

origin based on STRUCTURE (Fig. 3). Although we can-

not conclude that there is no gene flow between our sam-

pled locations, the recency of isolation due to habitat

fragmentation (Hagen and Giesen 2005) and limited sea-

sonal movement and dispersal behavior of lesser prairie-

chickens (Hagen and Giesen 2005; Pruett et al. 2009b)

suggests that retention of ancestral alleles and/or homo-

plasy is more likely than ongoing gene flow.

Combining demography and genetic estimates of Ne

By combining results of demographically and genetically

derived estimates of Ne we can determine the effects of

long-term population reduction on lesser prairie-chickens

and provide an assessment of potential extinction concerns.

Although current genetic Ne estimates are similar between

locations, our mtDNA results suggest that the Oklahoma

population had a much larger historical size than New

Mexico or experienced fewer fluctuations in the past. As a

result, the recent rate of decline for the Oklahoma popu-

lation has been much greater than that observed in New

Mexico. This rapid decline was likely caused by lower

survivorship for both females and males in Oklahoma

(Patten et al. 2005a; Wolfe et al. 2007). Although, these

two populations have similar current genetic Ne, it is likely

that the Oklahoma population will continue to decline

because of demographic factors (e.g., fence collisions) that

not only reduce Nc but also the NeD/Nc ratio.

If current genetic Ne remains at the current low level,

within 42–98 generations half of the genetic diversity will

be lost (Frankham et al. 2002). Unless intensive conser-

vation efforts are implemented the ongoing decline will

lead to smaller Ne and an even greater risk of extinction

(Westemeier et al. 1998; Johnson et al. 2004; Bouzat et al.

2009).

Inbreeding risks in lek-breeders

In this system, the evolution of compensatory traits, such as

increased clutch size and the number of clutches per

breeding season, has not led to a higher Ne or Nc and

thereby a lowered risk of extinction. Because of high

variance in reproductive success between the sexes in lek-

breeding species, NeD/Nc ratios are lower than for

monogamous species. This implies that when populations

decline to a small size, lekking species are at greater risk of

extinction than monogamous species due to drift and

reduced genetic diversity (Frankham 2005). Nunney and

Elam (1994) found average demographic Ne/Nc ratios

(0.66) for monogamous bird species, which are almost

double that of the lesser prairie-chicken (Fig. 2c), even for

species that are of conservation concern (e.g., the spotted

owl, Strix occidentalis; Gutiérrez, et al. 1995).

Research on captive-bred animals suggests that Ne [ 50

is needed to limit the chance of inbreeding depression,

Ne [ 100 is needed to decrease the chance of mutational

meltdown, and mathematical models suggest that Ne [ 500

is needed to ensure long-term population viability (Frank-

ham et al. 2002; Keller and Waller 2002; Traill et al. 2010).

Current genetic Ne estimates for New Mexico and Okla-

homa imply that the lesser prairie-chicken has low popu-

lation viability and is at risk of inbreeding depression and

mutational meltdown (Fig. 2c). To reach Ne = 500, a

census size of 1,500–50,000 birds is required given,

respectively, demographic and current genetic estimates of

Ne.

Mathematical models suggest that unless a population

recovers quickly from environmental change it is at high

risk for extinction (Boulding and Hay 2001; Holt and

Gomulkiewicz 2004). We adapted Patten et al.’s (2005a)

simple population model to examine how long and under

what reproductive conditions a census size comparable to

Ne = 500 ([10,000 birds using our current genetic esti-

mates) would be reached. This model takes into account

environmental stochasticity. On the basis of current sur-

vivorship and reproduction, the Oklahoma population has a

high likelihood of going extinct within a few generations
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but the New Mexico population is much more likely to

persist (Patten et al. 2005a). At current survival rates,

Oklahoma females would need to fledge at least 45 young/

years (3 nests with 15 fledglings/attempt) for [50 years to

reach a census size of 10,000 birds, a virtually impossible

outcome given that this species is single-brooded, only

laying a second clutch of eggs when the first is extirpated

or abandoned, and does not breed year round (Hagen and

Giesen 2005).

In this system, higher reproductive output in the form of

larger clutch size and more nesting attempts is not suffi-

cient to rescue populations heavily impacted by anthropo-

genic habitat alteration, which may be a common

constraint for lek-breeding grouse (Stiver et al. 2008).

Short-term evolutionary tradeoffs and conservation efforts

focused towards increased reproduction alone may be

unsuccessful in saving populations from extinction in

species with lek-breeding systems. Conservation efforts,

instead, must focus on maximizing survivorship.
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