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Abstract. Mountain Plover (Charadrius montanus) distribution and abundance have been
reduced drastically in the past 30 years and the conversion of shortgrass prairie to agriculture
has caused breeding populations to become geographically isolated. This, coupled with the
fact that Mountain Plovers are thought to show fidelity to breeding grounds, leads to the
prediction that the isolated breeding populations would be genetically distinct. This pattern,
if observed, would have important management implications for a species at risk of extinc-
tion. Our study examined genetic variation at two mitochondrial regions for 20—30 individ-
uals from each of four breeding sites. We found no evidence of significant population
differentiation in the data from the control region or the ATPase 6/8 region. Nested-clade
analysis revealed no relationship between haplotype phylogeny, and geography among the
47 control region haplotypes. In the ATPase 6/8 region, however, one of the two clades
provided information suggesting that, historicaly, there has been continuous range expan-
sion. Analysis of mismatch distributions and Tajima's D suggest that the Mountain Plover
underwent a population expansion, following the Pleistocene glacial period. To explain the
lack of detectable genetic differentiation among populations, despite their geographic iso-
lation and fidelity to breeding locations, we specul ate that there is sufficient female-mediated
gene flow to homogenize gene pools among populations. Such gene flow might ensue if
pair bonds are formed in mixed flocks on wintering grounds rather than on the summer
breeding grounds.

Key words: Charadrius montanus, gene flow, genetic diversity, mitochondrial DNA,
Mountain Plover, population genetics.

Andalisis Genéticos de Poblaciones de Charadrius montanus Usando Secuencias
de ADN Mitocondrial

Resumen. La distribucion y la abundancia de Charadrius montanus se han reducido
drasticamente desde hace 30 afos y las poblaciones han quedado mas aisladas geografica-
mente debido a la transformacion de las praderas de pastos cortos a tierras agricolas. Estos
cambios, combinados con el hecho de que se cree que C. montanus presenta fidelidad a sus
areas de nidificacion, sugieren que las poblaciones reproductivas aisladas podrian ser distin-
tas genéticamente. De observarse este patron, tendria consecuencias importantes para el
manejo de esta especie en peligro de extincion. En nuestro estudio, investigamos el patron
de variacion genética en dos regiones mitocondriales en 20—30 individuos de C. montanus
provenientes de cuatro sitios de nidificacion. No encontramos evidencia de diferencias po-
blacionales significativas en los datos de la region de control, ni en la region de ATPasa 6/
8. Un andlisis de clados anidados revel6 que no hay ninguna relacion entre haplotipos
filogenia y geografia entre los 47 haplotipos de la region de control. Sin embargo, en la
region ATPasa 6/8, uno de los dos clados provey6 informacion que sugiere que la especie
ha aumentado historicamente su rango de distribucion. Andlisis de distribuciones *‘mis-
match” y de la D de Tajima sugieren que la poblacion se expandid después del periodo
glacia del Pleistoceno. Para explicar la falta de diferenciacion genética entre las pobl aciones,
a pesar de su aislamiento geogréfico y de la fidelidad a sus sitios de nidificacion, especu-
lamos que €l flujo de genes es controlado por las hembras de la poblacion de tal modo que
los acervos génicos son bastante homogéneos entre las poblaciones. Dicho flujo de genes
podria ocurrir si se formaran las pargjas en las bandadas mixtas en €l invierno, no en el
verano cuando estan en sus areas de nidificacion.
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INTRODUCTION

Historically, the breeding range of the Mountain
Plover (Charadrius montanus) extended
throughout the Great Plains and southwestern
United States in shortgrass-prairie habitat dom-
inated by herbivores such as prairie dogs
(Cynomys spp.), bison (Bison bison), and prong-
horn (Antilocapra americana). Much of the east-
ern part of that range no longer supports Moun-
tain Plovers, with extinctions in South Dakota
and North Dakota, and only remnant isolated
populations in Kansas and Nebraska (Knopf
1996). Changes in agricultural practices, live-
stock and native ungulate grazing regimes, hu-
man expansion into breeding habitat, and fire
suppression have led to a 60% decline in num-
bers over three decades during the late twentieth
century (Leachman and Osmundson 1990,
Knopf 1996). Further, because Mountain Plovers
need large, open areas with low vegetation and
bare ground, they have been positively associ-
ated with prairie dog colonies (Knowles et al.
1982, Knowles and Knowles 1984) and have
suffered population declines in conjunction with
the elimination of prairie dog colonies due to
intentional extirpation and to disease outbreaks
(Leachman and Osmundson 1990, Knopf 1996).
Similarly, while Mountain Plovers once win-
tered across the southwestern United States, they
are now primarily restricted to areas in the Cen-
tral and Imperia Valleys of Californiawhere ag-
ricultural land-use practices may aso have a
negative impact on populations.

Male and female Mountain Plovers have been
observed to maintain fidelity to the same breed-
ing ground year after year (Graul 1973, Knopf
1996). Chicks born in a certain area are thought
to return and breed there as adults (Knopf 1996),
yet evidence of this is limited. While fidelity to
wintering sites is unknown (Knopf 1996), if
mate choice occurs on the breeding grounds, fi-
delity to a certain breeding location would lead
to the prediction that genetic interchange among
breeding sites would be low and hence genetic
differentiation among sites high. Because loss
and fragmentation of this species habitat have
caused remaining breeding populations to be in-
creasingly small and isolated, gene flow islikely
even further restricted and genetic drift may be
further influencing genetic differentiation among
populations.

To date, movement data among Mountain Plo-
ver populations has been based on banding stud-
ies that, while informative, are not comprehen-
sive. While these studies have focused on esti-
mating demographic parameters, they have in-
cidentally found movements among breeding
populations in Colorado, yet it is unknown
whether those individuals stayed to breed (M. B.
Wunder and E L. Knopf, unpubl. data). Move-
ment (and subsequent breeding) of even just a
few individuals between populations can be
enough to offset genetic drift and prevent sig-
nificant genetic differentiation among popula-
tions (Lacy 1987). Here we document levels of
genetic variation within populations and genetic
differentiation between populations in an at-
tempt to estimate levels of gene flow among
breeding locations.

METHODS
STUDY AREA

Mountain Plover samples (blood or embryo tis-
sue) were collected from individuals in four
breeding populations. The northern plains pop-
ulation is in southern Phillips County in south-
central Montana. The central plains population
is comprised of birds nesting on the Pawnee Na-
tiona Grassand in Weld County, Colorado
while the southern plains population spans a
larger range, including Lincoln, Pueblo, and
Baca Counties in Colorado, and Morton County,
Kansas. The montane population is located in a
discrete area (essentialy a prairie basin sur-
rounded on all sides by mountain peaks) in Park
County, Colorado, at a much higher elevation
2600-3500 m (Wunder et al. 2003) than other
study sites.

GENETIC ANALYSIS

Approximately 20-30 birds were sampled from
each population. Only one embryo per nest was
used in the study. Approximately 36% of the
individuals used in the study were breeding
adults. DNA was extracted from blood samples
using a phenol-chloroform protocol as described
by Kahn et al. (1999) and from embryos using
the Wizard Genomic DNA Purification System
(Promega), following the manufacturer’sinstruc-
tions.

We targeted two areas in the mitochondrial
genome for sequencing: the hypervariable con-
trol region | and the ATPase 6/8 region. Primers
were developed using sequences from several
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avian species whose entire mitochondrial ge-
nome had been previously sequenced. These
species included Chicken (Gallus gallus, acces-
sion number NC_001323), Japanese Quail (Co-
turnix japonica, accession number AP003195),
Ostrich (Struthio camelus, accession number
AF338715), Redhead (Aythya Americana, acces-
sion number NC 000877), Rhea (Rhea Ameri-
cana, accesson number NC 000846), Rook
(Corvus frugilegus, accession numberY 18522),
and Village Indigobird (Vidua chalybeate, ac-
cession number NC 000880).

For the control region, DNA was amplified by
Polymerase Chain Reaction (PCR) using the
primers 16076H (ATCCCCATATACATACCTC
TGC) and 16775L (Quinn 1992) in 25 pL re-
actions following Quinn (1992) using the fol-
lowing thermal profile: denaturation, 94°C for 40
sec; annedling, 55°C for 1:30 min; extension,
72°C for 1 min (35 cycles). PCR was used to
amplify the ATPase 6/8 region using the primers
2ATP8F (GACTAGCCTTCTCACTAGTCATT
CAA) and 2ATP8R (AGTGGTTGGGGTGAA
GGTATAA) with a similar thermal profile ex-
cept we used an annealing temperature of 60°C.
Sequencing was conducted using a dye termi-
nator cycle sequencing reaction (Beckman Coul-
ter CEQ8000), using the above primer sets. In
these instances, double-stranded PCR products
were cleaned using Amicon Microcon-PCR
Centrifugal Filter Devices (Millipore, Billerica,
Massachusetts), following the manufacturer’sin-
structions. The cycle sequencing and subsequent
purification of the dye-labeled products was per-
formed using the manufacturer’'s protocols.
These samples were then run on the CEQ8000
Genetic Analysis System (Beckman Coulter,
Fullerton, California).

All sequences were aligned manualy and
haplotypes were identified using the program
GeneTool 1.0 (BioToals, Inc., Edmonton, Alber-
ta). These haplotypes have been submitted to
Genbank under accession numbers (AY 794544—
AY794598). We used ARLEQUIN 2.000
(Schneider et al. 1999) to estimate nucleotide
diversity (w, Nei and Tajima 1983), haplotype
diversity (h, Nei 1987), Tgiimas D (Tgima
1989), and F<. We aso investigated population
structure by conducting an analysis of molecular
variance (AMOVA) using ARLEQUIN as de-
scribed by Excoffier et al. (1992). This program
produces estimates of variance components and
® statistics (analogous to F statistics) to reflect
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haplotype diversity at different hierarchical lev-
els. We documented the variation among popu-
lations as one level and the variation among in-
dividuals in a population as a second level. The
amount of sequence divergence among haplo-
types was modeled using the Tamura method
(Tamura 1992) because haplotypes had unequal
frequencies of A, C, T, and G and because the
transition to transversion ratio was much higher
than 2, as is typical of mitochondrial data. We
calculated pairwise population genetic distances
that incorporate both the Tamura (1992) cor-
rected sequence divergence among haplotypes
and the haplotype frequencies in each popula-
tion. Tests of pairwise population Fg values
were also completed. Further, we estimated di-
rectional levels of gene flow using the maxi-
mum-likelihood approach of Beerli and Felsen-
stein (1999) in the program Migrate (Beerli
1997), which is based on coalescent theory. We
used the default settings in Migrate except we
used a transition to transversion ratio of 5.3 (as
calculated from our datad) and the number of
trees sampled for the short and long chains were
increased to 50 000 and 500 000 respectively.

We investigated the possibility of a postgla-
cial population expansion using a mismatch dis-
tribution of pairwise genetic differences in the
prograns ARLEQUIN (Schneider et al. 1999)
and DnaSP (version 3.4, Rozas and Rozas
1999). DnaSP graphicaly compares the ob-
served and expected distributions for popula-
tions at equilibrium and expansions using Rog-
ers method of moments (Rogers 1995).

We used nested-clade analysis to differentiate
patterns of population history and gene flow by
generating an unrooted-haplotype cladogram us-
ing the statistical parsimony software TCS (ver-
sion 1.13, Clement et al. 2000). The cladogram
was constructed following the algorithm of Tem-
pleton et a. (1992) with ambiguities resolved
following Crandall and Templeton (1993) and
Crandall et al. (1994). The resulting cladogram
was then nested using procedures from Temple-
ton et a. (1987) and input along with geographic
coordinates of al populations in the software
progran GEODIS (version 2.2, Posada et a.
2000). Program GEODIS calculates the clade
distance (D), nested clade distance (D), and
the average interior distances minus the average
tip distances (1-T), and (I-T),. These four statis-
tics were used in conjunction with the key orig-
inally provided by Templeton (1998), and sub-
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sequently updated (Templeton 2004), to examine
whether the observed clade structure provided
information about biological processes such as
restricted gene flow, allopatric fragmentation, or
long-distance migration events.

RESULTS

Of the 262 base pairs sequenced from the con-
trol region, we identified 47 haplotypes among
96 individuals (Table 1). Throughout this se-
quence, 40 sites were variable, including 32
transitions, 6 transversions, and 2 insertions or
deletions. Each population contained a high
number of haplotypes ranging from 11 in the
montane population to 22 in the central plains
population. Three haplotypes were shared
among all populations and each population also
contained unique haplotypes. The high number
of substitutions and haplotypes per population
led to high estimates of nucleotide diversity and
haplotype diversity (northern, = = 0.0014, h =
0.97; southern, m = 0.0009, h = 0.93; central,
m = 0.0017, h = 0.97; montane, m = 0.0016, h
= 0.89). Tgimas D was negative for al popu-
lations yet not significantly different from zero
(northern, D = —1.12, P = 0.14,; southern, D =
—1.55, P = 0.06; central, D = —1.23, P = 0.11;
montane, D = —0.24, P = 0.43).

AMOVA reveded that 97% of the variation
could be explained by within-population varia-
tion as opposed to 3% explained by among-pop-
ulation variation. Pairwise population Fg; tests
were not significant for any pair of populations
using a Bonferroni corrected P-value of 0.08.
Pairwise F4 vaues ranged from 0.005-0.045
with an average of 0.025. Migration estimates
were large, ranging from less than one migrant
per generation from the central population into
the montane population, to 360 individuals per
generation moving from the central population
into the southern population (Table 2). However,
the profile-likelihood intervals surrounding these
estimates are quite large, suggesting that these
estimates are not very precise.

The mismatch distribution calculated among
haplotypes was unimodal for each population
(Fig. 1) and we found no significant differences
between each population’s distribution and the
model of expanding population growth (Good-
ness-of-fit tests: northern, sum of squared devi-
ations = 0.004, P = 0.56; southern, sum of
squared deviations = 0.002, P = 0.68; central,
sum of squared deviations = 0.004, P = 0.51;

TABLE 1. Haplotype frequencies from the control
region | of mitochondrial DNA from four populations
of Mountain Plovers sampled in the northern (n = 20),
southern (n = 27), and central (n = 29) plains and a
montane population (n = 22). Dashes indicate that the
haplotype was not present in the population.
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TABLE 2. Theta (® = 4 X effective population size X mutation rate per site per generation) and migration
estimates (95% profile likelihood interval) for all pairs of Mountain Plover populations. Migration estimates in
each column represent the migration estimate from each specific population into al others.

(G} Northern Southern Central Montane
Northern 0.04 - 28.0 (18.3-40.5) 148.1 (124.6-1745)  27.6 (18.0-40.1)
Soﬂltﬂg'sn 0.13 75.7 (43.0-121.6) 360.8 (283.5-450.9) 179.8 (126.9-245.6)
Ceﬂt?;ll ° 0.21 162.1 (130.1-199.4) 84.1 (62.2-110.8) - 175.9 (143.1-214.0)
Mg:l?agz 0.02 4.3 (3.1-5.6) 14 (0.8-2.2) 0.1 (0.1-0.5) -

montane, sum of squared deviations = 0.014, P
= 0.24).

In the nested-clade analysis, statistical parsi-
mony revealed one network and 28 clades nest-
ed within it (Fig. 2). The 95% plausible set of
the network was comprised of 47 haplotypes and
contained several ambiguous connections that
were resolved using the frequency and topology
criterion. We rejected the null hypothesis of no
relationship between the mitochondrial haplo-
type genealogy and the geographic distribution
of haplotypes for only one of the 28 clades in
the analysis. The one significant clade was un-
informative: categorized as inconclusive using
the updated key by Templeton (2004).

For the ATPase 6/8 region, eight haplotypes
were identified among the 120 individuals se-

A
,,,,,,, Observed
Expected
0 5 10 15 20 25 30
Pairwise Differences
[
----- Observed
Expected
20 30

Pairwise Differences

quenced (Table 3). Of the 325 base pairs se-
quenced, 13 sites were variable (8 transitions
and 5 transversions). Haplotype A was common
and widespread; represented in 97 of 120 indi-
viduals sequenced. Haplotype C was aso found
in all populations. All other haplotypes were rel-
atively rare. AMOVA revealed that nearly all the
variation (97%) was attributed to within popu-
lation variation rather than among population
variation (3%). Pairwise population Fg; tests us-
ing the Tamura correction showed no significant
differences among all pairwise combinations of
populations.

The nested-clade analysis revedled one net-
work with only 2 clades nested within it (Fig.
3) and the 95% plausible set of the network had
no ambiguous connections and was comprised

0.25 - B
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Expected

0 10 20 30
Pairwise Differences

----- Observed
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20 30
Pairwise Differences

FIGURE 1. Mismatch distributions of the observed mtDNA control region haplotype variation in Mountain
Plovers compared to the theoretical distribution representing population expansion for (A) the northern plains
population, (B) the central plains population, (C) the southern population, and (D) the montane population.
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FIGURE 2. Unrooted estimated 95% parsimony cladogram of 47 haplotyopes detected in the control region
of Mountain Plover. Haplotypes are represented by letters. Lines connecting haplotypes represent single muta-
tional events, and dots represent intermediate haplotypes not found in our sample but necessary to link haplotypes
that were found. Solid-lined boxes represent first-level nesting, dotted-line boxes represent second-level nesting,
and dashed-line boxes represent third-level nesting. Numbers represent the level of nesting in the analysis.

of only 8 haplotypes. We rejected the null hy-
pothesis of no relationship between the mito-
chondrial haplotype genealogy and the geo-
graphic distribution of haplotypes for both of the
2 clades in the anaysis. One significant clade
(1-1) was uninformative, categorized as incon-
clusive using Templeton's (2004) updated key
and the other (1-2) was characterized by contin-
uous range expansion.

DISCUSSION

Current Mountain Plover population estimates
range from 5000—11 000 (U.S. Fish and Wildlife
Service 2003) having declined 60% in a recent
30-year period due to significant habitat loss and
fragmentation (Leachman and Osmundson 1990,
Knopf 1996). In Colorado, the majority of
Mountain Plovers are thought to occur in the
southeastern region and in Park County (mon-

TABLE 3. Sample size (n) and haplotype frequencies from the ATPase 6/8 region of mitochondrial DNA from
four sampled populations of Mountain Plovers. Dashes indicate that the haplotype was not present in the pop-

ulation.
Haplotypes
n A C E F K
Northern plains 29 23 1 1 - - 2 - 2
Southern plains 35 30 - 2 2 - - 1 -
Central plains 34 26 - 7 - 1 - - -
Montane 24 18 2 3 - - 1 - -
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FIGURE 3. Unrooted estimated 95% parsimony
cladogram of the 8 haplotypes detected in the ATPase
6/8 region of Mountain Plover. Haplotypes are repre-
sented by letters. Lines connecting haplotypes repre-
sent single mutational events. Numbers represent the
level of nesting in the analysis.

tane population) with a smaller number occur-
ring in the northeast. The Montana population
of Mountain Plovers is much smaller with esti-
mates closer to 200 individuals (U.S. Fish and
Wildlife Service 2003). Isolated small popula-
tions generally suffer from decreased genetic di-
versity and larger influences of genetic drift
(Frankham 1996). Similarly, fluctuations in pop-
ulation size, presumably from changes in agri-
cultural practices and fluctuations of prairie dog
colonies, would further contribute to lower ge-
netic diversity and changes in allele frequencies
due to genetic drift. Additionally, Mountain Plo-
vers are thought to maintain fidelity to the same
breeding sites (Graul 1973, Knopf 1996), further
suggesting that genetic interchange among
breeding sites would be low and genetic differ-
entiation among sites high.

Our data are contrary to these expectations of
highly differentiated populations with low
amounts of genetic diversity. We found no sig-
nificant genetic differentiation among popula-
tions and our results suggest that aimost all the
variability could be attributed to within-popula-
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tion variation. The most highly variable data
(control region) showed considerable levels of
variation (47 haplotypes identified over 96 in-
dividuals across 262 bp) among individual
Mountain Plovers, with a high number of hap-
lotypes per population even in smaller-sized
populations. This amount of variation in the hy-
pervariable control region | is comparable to
other avian species (Wenink et al. 1993, Moum
and Arnason 2001, Benedict et a. 2003, Van
Den Bussche et a. 2003) yet the number of hap-
lotypes per sampling population is higher than
reported for other range-wide avian surveys
(Wenink et al. 1993, Moum and Arnason 2001,
Benedict et al. 2003). Further, our analysis of the
control region revealed no geographical relation-
ship of haplotype phylogenies, as has been re-
ported in many avian species (Avise and Nelson
1989, Ball and Avise 1992, Wenink et al. 1993,
Wenink et al. 1996).

The most plausible explanation for the lack of
phylogeographic structure is a recent population
expansion following the Pleistocene glaciation.
This phenomenon has been reported for several
other avian species including Marbled Murrelet
(Brachyramphus marmoratus, Congdon et al.
2000), Great Spotted Woodpecker (Dendrocapus
major, Zink et a. 2002), and King Eiders (So-
materia spectabilis, Pearce et a. 2004). Our re-
sults are consistent with these studies as our hap-
lotype phylogeny was shallow, our mismatch
distribution was unimodal, and our values of Ta-
jima’'s D were negative. Further, the results from
our analysis of the ATPase 6/8 region reveaed
that one clade was characterized by continuous
range expansion, again supporting the idea of a
postglacia population-expansion event.

It has been argued that the Great Plains was
subjected to massive ecological perturbation as-
sociated with the Pleistocene, resulting in many
extinction events (Mengel 1970). A comparison
of species compositions across North America
has suggested that the avifauna associated with
the Great Plains is small (in the number of spe-
cies) and relatively undifferentiated morpholog-
ically (Mengel 1970). It is reasonable to believe
that the Mountain Plover underwent a significant
bottleneck during the Pleistocene as glaciation
geographically reduced, or shifted, the grassland
habitat. Following this period, it appears that
Mountain Plover populations expanded in con-
cert with the expanding grasslands.
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From a conservation standpoint, our data
show that no single population was genetically
unique, suggesting that populations have not
been genetically isolated from each other for a
significant amount of time. Thus from a genetic
perspective, no one population, in and of itself,
deserves preferential protection. The very recent
history of the Mountain Plover shows pro-
nounced population declines and habitat loss.
Given that the relatively small populations in
this study have maintained comparable levels of
mitochondrial genetic diversity and have
showed no impact from genetic drift, we spec-
ulate that levels of female gene flow remain high
enough to mediate these factors. Our pairwise
population Fg; values and estimates of migration
rates both support this assertion. These estimates
of current movement among breeding locations
are consistent with observations from banding
studies which report movements among breed-
ing sites in subsequent seasons, yet it is un-
known whether those individuals remained to
breed (M. B. Wunder and F L. Knopf, unpubl.
data). Thus, even though adult Mountain Plovers
are thought to have strong site fidelity to breed-
ing areas (Graul 1973, Knopf 1996), there ap-
pears to be sufficient female-mediated gene flow
among sampled populations to negate the factors
associated with small population size, genetic
drift, and breeding fidelity that lead to popula-
tion differentiation.

Gene flow could occur by adult females
changing breeding locations in subsequent years.
The populations sampled in this study, however,
are quite distant geographically making this pos-
sibility unlikely given previous field observa-
tions regarding breeding site fidelity. Alterna-
tively, juvenile females could be establishing
breeding grounds in places other than their natal
areas, possibly a result of pair bonding on the
wintering grounds or during migration. Other
studies of migratory birds have shown that pairs
can form during spring migration or on the win-
tering grounds (Cooke et al. 1975) and Mountain
Plovers, from across the breeding range, have
been observed intermixing on wintering grounds
(M. B. Wunder and F L. Knopf, unpubl. data);
thus, possibly helping to explain the lack of ge-
netic variation among populations.

In summary, mismatch analysis suggests that
postglacial population expansion has resulted in
a historical increase in genetic diversity, which
likely produced a homogeneous, panmictic

group of Mountain Plovers. Recent biological
stresses, such as population declines and habitat
loss, coupled with site fidelity to breeding areas
would predict population differentiation or loss
of genetic diversity in small populations. Our
findings indicate that even small Mountain Plo-
ver populations (particularly in the northern
plains) do not exhibit reduced variability or sub-
division that is typically associated with genetic
drift. Thisleads usto speculate that thereis like-
ly some amount of female-mediated gene flow
to offset such effects. Because mtDNA is ma-
ternally inherited, we cannot address whether
males are also moving in similar ways. More
information from banding studies, stable-isotope
analysis, and nuclear genetic data are currently
being collected and will help clarify this issue.
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