"' BioOne COMPLETE

Genetic Applications in Avian Conservation

Authors: Haig, Susan M., Bronaugh, Whitcomb M., Crowhurst, Rachel
S., D'Elia, Jesse, Eagles-Smith, Collin A., et al.

Source: The Auk, 128(2) : 205-229

Published By: American Ornithological Society

URL.: https://doi.org/10.1525/auk.2011.128.2.205

BioOne Complete (complete.BioOne.org) is a full-text database of 200 subscribed and open-access titles
in the biological, ecological, and environmental sciences published by nonprofit societies, associations,
museums, institutions, and presses.

Your use of this PDF, the BioOne Complete website, and all posted and associated content indicates your
acceptance of BioOne’s Terms of Use, available at www.bioone.org/terms-of-use.

Usage of BioOne Complete content is strictly limited to personal, educational, and non - commercial use.
Commercial inquiries or rights and permissions requests should be directed to the individual publisher as
copyright holder.

BioOne sees sustainable scholarly publishing as an inherently collaborative enterprise connecting authors, nonprofit
publishers, academic institutions, research libraries, and research funders in the common goal of maximizing access to
critical research.

Downloaded From: https://complete.bioone.org/journals/The-Auk on 18 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use



The Auk 128(2):205-229, 2011
© The American Ornithologists’ Union, 2011.
“_ Printed in USA.

SPECIAL REVIEWS IN ORNITHOLOGY

GENETIC APPLICATIONS IN AVIAN CONSERVATION

SUSAN M. HAIG,""® WHITCOMB M. BRONAUGH,? RACHEL S. CROWHURST,? JESSE D’ELIA,?/3
COLLIN A. EAGLES-SMITH," CLINTON W. EPPS,? BRIAN KNAUS,* MARK P. MILLER,'
MICHAEL L. MOSES,? SARA OYLER-MCCANCE,> W. DOUGLAS ROBINSON,?

AND BRIAN SIDLAUSKAS?

1U.S. Geological Survey, Forest and Rangeland Ecosystem Science Center, 3200 SW Jefferson Way, Corvallis, Oregon 97331, USA;
2Department of Fisheries and Wildlife, Oregon State University, 104 Nash Hall, Corvallis, Oregon 97331, USA;
3ULS. Fish and Wildlife Service, Pacific Regional Office, 911 NE 11th Avenue, Portland, Oregon 97232, USA;
4U.S. Forest Service, Pacific Northwest Research Station, 3200 SW Jefferson Way, Corvallis, Oregon 97331, USA; and
SULS. Geological Survey, Fort Collins Science Center, 2150 Centre Avenue, Building C, Fort Collins, Colorado 80526, USA

A FUNDAMENTAL NEED in conserving species and their hab-
itats is defining distinct entities that range from individuals to
species to ecosystems and beyond (Table 1; Ryder 1986, Moritz
1994, Mayden and Wood 1995, Haig and Avise 1996, Hazevoet
1996, Palumbi and Cipriano 1998, Hebert et al. 2004, Mace 2004,
Wheeler et al. 2004, Armstrong and Ball 2005, Baker 2008, Ellis
etal. 2010, Winker and Haig 2010). Rapid progression in this inter-
disciplinary field continues at an exponential rate; thus, periodic
updates on theory, techniques, and applications are important for
informing practitioners and consumers of genetic information.
Here, we outline conservation topics for which genetic informa-
tion can be helpful, provide examples of where genetic techniques
have been used best in avian conservation, and point to current
technical bottlenecks that prevent better use of genomics to re-
solve conservation issues related to birds. We hope this review will
provide geneticists and avian ecologists with a mutually beneficial
dialogue on how this integrated field can solve current and future
problems.

TAXONOMY

If conservation strives to preserve as much variation as possible
at all levels of biodiversity, then conservation depends upon tax-
onomy. Whether conservation priorities are based on species,
subspecies, or evolutionarily significant units (ESUs), DNA is
increasingly being used to determine the evolutionary and geo-
graphic boundaries of these entities. Far from merely academic
considerations, these groupings are critically important in con-
servation prioritization and can have important legal ramifica-
tions for threatened and endangered species, subspecies, distinct
population segments (DPSs), or ESUs (reviewed in Haig et al.
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2006, Garnett and Christidis 2007, Haig and D’Elia 2010). Despite
the importance of defining these units, boundaries of species, sub-
species, and populations are not always clear, and hybridization
can further conflate taxonomic analyses and conservation options
(Haig and Allendorf 2006). Advances in conservation genetics
have proved helpful in resolving some long-standing taxonomic
questions in birds, but philosophical disagreements over funda-
mental taxonomic concepts remain.

Species.—Although birds are arguably the best-studied
vertebrate group, vigorous debate continues over which spe-
cies definition best applies to them. The three top contenders
include the biological species concept (BSC; see Tobias et al. 2010,
Winker 2010a)—the most commonly used in avian taxonomy—
and two that have emerged from cladistics (the phylogenetic and
monophyletic species concepts; Cracraft 1983,1992; Mishler and
Brandon 1987; McKitrick and Zink 1988; Zink and McKitrick
1995). In part because of the multiplicity of applied species con-
cepts, avian taxonomy is far from stable at any level, and this
has real-world conservation implications. For example, patterns
of endemism in the birds of Mexico (Peterson and Navarro-
Sigiienza 1999) and the Philippines (Peterson 2006) depend on
whether a biological or phylogenetic species concept is used. The
use of different species concepts has also been shown to affect
the composition of lists of endangered birds in Mexico (Rojas-
Soto et al. 2010), and vigorous discussion regarding the appro-
priateness of splitting polytypic species continues (Christidis
and Boles 2008, Chesser et al. 2010). At the same time, new dia-
logues are emerging about the importance of studying specia-
tion patterns in migratory birds, given that differentiation and
speciation appear to be common even in the absence of extended
isolation (Winker 2010b).
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TaBLE 1. Issues addressed by avian conservation genetics.

Taxonomy (Meta) populations

Landscapes

e What are the evolutionary and o
geographic boundaries of species,
subspecies, and management units?

e What is the extent of introgression or
hybridization? o

e Which species are represented in

illegal wildlife trade?

e What cryptic species have been (pedigree analyses)?

misclassified?

e How is biodiversity changing in
response to climate change?

e What s the identity of a hybrid,
cryptic specimen, or the remains
of an ancient or recent specimen?

reintroduction?

* What is the best avian tree of life for
prioritizing biodiversity conservation
by phylogenetic diversity?

What are levels of genetic diversity, o
population structure, effective

population size, or gene flow and

how have they changed over time? .
What is the best strategy for managing

small populations to maximize o
conservation of genetic diversity

e What is the extent of population .
connectivity or isolation?

e Which populations would be the
best source for a translocation or

What are the effects of landscape features and
landscape heterogeneity on genetic diversity
and population structure?

How are phylogeographic patterns of birds
changing in response to climate change?
Which populations or life stages are most
affected by contaminant exposure; are certain
genotypes more vulnerable?

In mixed-stock populations, what proportion
of each stock is being harvested or affected by
environmental perturbations?

e How do individuals and populations
move throughout the annual cycle?

e How are disease transmission
pathways linked to bird movements?

While debate over species concepts endures, the increasing
ease and affordability of DNA sequence analysis provides new
power for discriminating among morphologically similar taxa,
and continues to change our understanding of avian taxonomy
(insets 1 and 2; Bickford et al. 2007). Nearly all easily recognized
bird species were thought to be described decades or centuries
ago, leading ornithologists to conclude by the 1950s that there
were few undiscovered bird species or geographic races (Zimmer
and Mayr 1943, Stresemann 1975). However, continued discovery
of new avian taxa into the 21st century indicates that conclusion
to have been premature. Just within the antbirds (Thamnophili-
dae), the American Ornithologists’ Union (AOU) has recognized
an additional 15 species since 1983 and elevated 12 subspecies to
full species status while lumping just two species together (Remsen
et al. 2010).

Genetic analyses have been critical to most recent discov-
eries of new birds because these are usually cryptic species with
subtle or indistinguishable external characters resulting from
evolutionarily conservative morphology, a reliance on nonvisual
mating cues, or convergent morphological evolution (Bickford
etal. 2007, Trontelj and Fiser 2008). In the case of the Gray-crowned
Palm-Tanager (Phaenicophilus poliocephalus), Sly et al.’s (2010)
identification of two taxa, with one being Haiti’s only endemic
bird, led to renewed interest in protecting a threatened biodi-
versity hotspot on the Tiburon Peninsula. Studies of tapaculos
in the genus Scytalopus (Rhinocryptidae) also demonstrate the
ability of genetic data to reveal unrecognized biodiversity. These
small mouse-like birds of the Andes and southeastern Brazil
inhabit the dark undergrowth of forests and scrub. Scytalopus
song has often been used to define species’ limits because their
morphology is so static over evolutionary time that they often
vary more within than among species (Krabbe and Schulenberg
2003). Thus, it was quite surprising when Mauricio et al. (2008)
tested Scyatlopus monophyly with molecular data and discov-
ered a cryptic genus, Eleoscytalopus. Subsequently, Mata et al.
(2009) used mitochondrial and nuclear DNA sequences to reveal
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four potential cryptic species, one within the White-breasted
Tapaculo (E. indigoticus) and three within the Mouse-colored
Tapaculo (S. speluncae).

Once putative cryptic species are identified with genet-
ics, analyses of song and closer inspection of morphology often
provide additional support for the species status. However, spe-
cies will not always diverge equally in all character systems, as
demonstrated by recent studies of warbler finches (Certhidea)
in the Galdpagos. These morphologically conservative birds are
the most basal and widespread of Darwin’s finches and do not
exhibit any premating isolation due to song, so they have tradi-
tionally been treated as one species (Grant and Grant 2002). Re-
cent discovery of large intraspecific genetic differences resulted
in recognition of two species (C. olivacea and C. fusca; Freeland
and Boag 1999, Petren et al. 1999). These genetic differences
were not correlated with geography, as in most cases of cryptic
diversity, but were instead associated with habitat differences
(Tonnis et al. 2005).

Many have pointed out that using multiple lines of evidence
(DNA, song, morphology, ecology, etc.) in taxonomic decisions
may lead to incongruent results (Zink 1989, O’Brien and Mayr
1991, Ball and Avise 1992, Zink 2004), leading some to advocate
use of mitochondrial DNA (mtDNA) over other data in making
such delineations (Ball and Avise 1992, Zink et al. 2000, Zink
2004). Others have emphasized the need for multilocus data
(Edwards and Beerli 2000) and more inclusive approaches that
combine genetic data with data from plumage, morphology,
song, and behavior (Dizon et al. 1992, Vogler and DeSalle 1994,
Haig et al. 2006, Alstrom et al. 2008). Tobias et al. (2010) took
this a step further and proposed using a scoring system based
on biometrics, plumage, and song to measure divergence be-
tween undisputed sympatric species as a yardstick for assess-
ing the taxonomic status of allopatric forms. Although it needs
further testing, their approach yielded relatively few changes to
avian taxonomy in Europe. They argued that the benefits of this
approach include a systematic and defensible approach that can
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HIGH-THROUGHPUT SEQUENCING AND SINGLE-NUCLEOTIDE POLYMORPHISMS

High-throughput sequencing technology offers the capacity to quickly collect a tremendous amount of genetic data from select individuals
(Hudson 2008) and has created a new gold standard for multilocus data sets that sample across many unlinked portions of the genome (Mardis
2008, Lerner and Fleischer 2010). The analytical power afforded by large genetic data sets is revolutionizing genomic studies of birds at ev-
ery spatial and temporal scale (Edwards et al. 2005, Hackett et al. 2008, Jennings et al. 2011). Where previous avian population or phylogeo-
graphic studies might employ 8 to 10 variable microsatellite loci at best, now hundreds of thousands of variable loci are easily attainable and
at far lower costs in supplies and personnel.

Molecular markers used in traditional studies were thought to be selectively neutral and sampled only a minute portion of the genome,
particularly in avian studies. A limitation of such studies, however, lies in their assumptions that the detected level of neutral genetic variation in
a population is correlated with levels of functionally important variation and that low levels of functional variation lead to low fitness and low
ability to adapt to future change. High-throughput sequencing and other advances in genomics allow for not only the expansion of the amount
of the genome examined but also the detection and characterization of functional genes that are responsible for survival and adaptation.

This new ability to scan the entire genome for variation is extremely useful in genomic studies, as in cases where nominal subspecies of
birds differ greatly in morphology, song, or behavior but not in the se-
quence of commonly used molecular markers such as cytochrome b or
cytochrome oxidase | (Zink 2004). In some cases, genome-wide scans
may help pick out fast-evolving loci that contribute to the observed phe-
notypic differences (for a celebrated example in mice, see Hoekstra et
al. 2006), thereby reconciling apparent conflict between molecules and
morphology.

Conversely, the success of many recent studies in employing a con-
cise set of mitochondrial and nuclear markers to delineate species and
subspecies (Barrowclough et al. 2004, Oyler-McCance et al. 2005b,
Peters et al. 2005, Barker et al. 2008, Ross et al. 2010) and the multi-
plicity of available methods for species delimitation (Sites and Marshall
2003, Wiens 2007) demonstrate that solid taxonomic conclusions can
be drawn from small fractions of the genome. In that light, traditional
Sanger sequencing of many individuals for relatively few, carefully cho-
sen loci may continue to present a cost-effective approach to problems
in taxonomy for many years to come. However, next-generation high-
throughput sequencing represents an important new addition to the
conservation genetic toolbox.

Perhaps the newest aspect of utilizing high-throughput sequencing
for avian conservation geneticists is the use of single-nucleotide polymor-
phisms (SNPs; Fig. 1). SNPs are the most abundant type of genetic poly-
morphism in any genome, and those found within a coding sequence
are of particular interest because they are more likely to alter the biologi-
cal function of a protein. Although an individual SNP has limited poly-
morphism (there are only four states given the two nuceleotides), use of
high-throughput sequencing provides easy access to the development of
hundreds of SNPs for a particular study. Thus, they are increasingly be-
ing used as markers in natural population studies because they provide
an opportunity to assess a large number of unlinked loci for a range of
questions (Slate et al. 2009). However, SNP use in avian studies is just be-
ginning: their distribution, linkage mapping, and so on have been inves-
tigated only recently (Backstrom et al. 2006, 2008; Kimball et al. 2009).
Precious few avian conservation studies have used SNPs thus far. Garcia
and Arruga (2006) used SNPs to differentiate species of partridges for re-
introduction, and Vadli et al. (2010) used them to examine hybridization
between two species of spotted eagles in Europe. Clearly, the future is
upon us, given the power of high-throughput sequencing and the associ-
ated power utility of SNPs.

FIG. 1. A single-nucleotide polymorphism (SNP) is a DNA se-
quence variation that occurs when a single nucleotide differs
between members of a species or paired chromosomes in an in-
dividual. Thus, it is a change of a nucleotide at a single base-pair
location on DNA. In the example shown here, two sequenced
DNA fragments from different individuals contain a difference
in a single nucleotide (AAGCCTA to AAGCITA). Therefore,
there are two alleles: Cand T. Most SNPs have only two alleles.
(Figure by D. Hall.)

be applied across taxa worldwide. This sort of methodology, ex-
panded to include genetic data, could benefit conservation by
providing a consistent approach that includes multiple lines of
taxonomic evidence by combining neutral genetic markers with
phenotypic data that likely reflect the influence of reproduc-
tive isolation (Haig et al. 2006, Garnett and Christidis 2007).
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Thus, one may capture variation due to multiple influences on
speciation and move toward a taxonomy that best reflects likely
separations among gene pools, even when it is not possible to
demonstrate strict reproductive isolation.

Two recent investigations exemplify the use of multiple
lines of evidence to assess taxonomic boundaries: studies of the
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BARCODING

DNA barcoding is a powerful genetic tool that seeks to sequence specific short portions of the genome (in animals, typically cytochrome
oxidase | [COI]) of all organisms on the planet to aid in species identification (Fig. 2; Hebert et al. 2003, Moritz and Cicero 2004, Hebert and
Gregory 2005, Ratnasingham and Hebert 2007, Baker et al. 2009). Barcodes promise an easy way to reliably determine species membership
even in cases where morphology-based identification is difficult, as in the case of juveniles, isolated feathers, or the remains of birds unlucky
enough to be sucked into jet engines. As sequencing becomes less expensive and easier to perform, barcodes also offer a powerful way for
non-experts, citizen scientists, and people in the developing world to conduct biodiversity surveys.

Barcoding has attracted major funding over the past decade (see, e.g., www.dnabarcoding.ca/), and the corresponding rise of ini-
tiatives such as the Barcode of Life project (www.barcodeoflife.org) sparked debate in taxonomic circles over the relative merit of mo-
lecular and morphological approaches to taxonomy (Tautz et al. 2003, Hebert et al. 2004, Wheeler et al. 2004, Will and Rubinoff 2004,
DeSalle et al. 2005, Hebert and Gregory 2005, Hajibabaei et al. 2007). In the face of major criticism that the information contained in
a single gene could not be used to reliably reconstruct phylogeny or delimit species (Will et al. 2005, Brower 2006, Rubinoff 2006) be-
cause of introgression, insufficient signal, incomplete lineage sorting, and various other problems, advocates of barcoding pointed out
that barcodes could still yield remarkably reliable identifications for known species, as in a pioneering study of birds that found that COI
sequence variation among species typically exceeded variation within species by 18-fold (Hebert et al. 2004). A later, more comprehen-
sive study (Kerr et al. 2007) revealed instances in which COl failed to provide sufficient information to identify all bird species tested, but
even so, the success rate was 94%, with difficulties being mostly confined to clusters of recently diverged species or cases of possible
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and Baker 2008). On the basis of those successes, broad utility of
the approach for assigning unknown individuals to known species
is now accepted by many, but there are still important caveats. The
barcoding approach relies on the existence of a comprehensive
reference database (Ekrem et al. 2007), and such databases can
be misled by the presence of nuclear mitochondrial pseudogenes
(Song et al. 2008). Furthermore, multiple barcode loci may be re-
identification declines precipitously in groups that lack a well-stud-  the ease with which species can be quickly identified and differen-
ied taxonomy (Meyer and Paulay 2005). tiated. (Image prepared by Kevin Kerr, U.S. National Museum.)

For all its strengths, barcoding is best seen as an enhancement
to, and not as a replacement for, conventional taxonomic investigations. Although barcode approaches can recognize whether a test sequence
does or does not closely match those already in the database (and thus suggest the presence of a potential new species in the latter case), reli-
ance on barcode data alone can overlook species (Hickerson et al. 2006, Brower 2010), and species delimitation is best accomplished with
multiple genes and multiple lines of evidence (Moritz and Cicero 2004, Will et al. 2005). For example, in a recent comprehensive defense

hybridization. A similar study found that single-locus barcodes can : : k I i

L
quired for reliable identification in certain taxa (CBOL Plant Work- I
ing Group 2009, Kress et al 2009), the barcode method still fails
of single-locus barcoding, Baker et al. (2009) explicitly stated that “more rigorous methods of species delimitation should be favored using
coalescent-based techniques that include tests of chance reciprocal monophyly, and times of lineage separation and sequence divergence.”

identify 98% and 93% of known marine and freshwater fishes, re-
spectively (Ward et al 2009). Even most pairs of sister species can
be reliably separated by COI barcodes (Hebert et al. 2004, Tavares
- i

L. - e

‘ ‘ | - i Il -
to discriminate a small but important percentage (<8%) of known o
species in even well-studied groups (Meyer and Paulay 2005, Kerr FIG. 2. Color-cot.:zled b.arcodes for the Black Tern (Ch/ldon/.as niger,
et al. 2007, Ward et al. 2009), and the reliability of barcode-based top) and the White-winged Tern (C. leucopterus, bottom) illustrate
Their statement is far from an indictment of barcode-based approaches to identification; it simply acknowledges that the database underlying
barcode identifications should be based on the most rigorous taxonomy and species delimitation possible, and that barcoding can enhance
but should never replace the many contributions of trained systematists.

Spotted Bush-Warbler (Bradypterus thoracicus) complex by
Alstrom et al. (2008) and studies of the Stripe-headed Brush-
Finch (Arremon torquatus) complex by Cadena and Cuervo (2010).
The former compared plumage, morphology, egg coloration, song,
mtDNA haplotypes, habitat—altitudinal distribution, and behav-
ior and suggested that B. thoracicus, B. davidi, and B. kashmirensis
should be recognized as full species because they differ in most
aspects. Similarly, Cadena and Cuervo (2010) used data from song,
morphology, ecology, and genetics to suggest recognition of eight
full species in a group formerly treated as a conglomerate of 14

Recent splitting of Greater Sage-Grouse (C. urophasianus)
into two species (now including Gunnison Sage-Grouse [C. mini-
mus]; Young et al. 2000) illustrates how recognition of cryptic spe-
cies can carry major conservation implications (Hazevoet 1996).
The Gunnison Sage-Grouse comprises less than 5,000 individu-
als, and threats are considered imminent and of high magnitude,
whereas the population of Greater Sage-Grouse, although sig-
nificantly reduced from historical numbers, is still estimated to
exceed 100,000 individuals, and threats to this species are con-
sidered moderate in magnitude (U.S. Fish and Wildlife Service

subspecies.
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[USFWS] 20104, b). Although both species are now considered
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candidates under the U.S. Endangered Species Act (ESA; i.e., they
were found to warrant ESA protection but listing is currently pre-
cluded by higher-priority listing actions), the Gunnison Sage-
Grouse has a higher listing priority than the Greater Sage-Grouse,
which means that it is likely to receive ESA protection sooner than
the Greater Sage-Grouse, and sooner than it would have if it were
listed as a subspecies or DPS. It is also possible, given the higher
level of threats and smaller population size, that the Gunnison
Sage-Grouse could ultimately receive a higher level of protection
under the ESA than the Greater Sage-Grouse.

Subspecies.—While the goal of species conservation is shared
by all who value biodiversity, the existence, identification, and
conservation of subspecies has received mixed support (Zink
2004, Haig et al. 2006, Haig and D’Elia 2010, Winker and Haig
2010). A “subspecies” is generally defined as a breeding population
that has measurably distinguishable genotypes or phenotypes (or
both) and occupies a distinct geographic area within its species
range (Mayr 1969, Avise 2004, Patten 2010, Remsen 2010). Vari-
ation below the species level can embody evolutionary and de-
velopmental responses to heterogeneous geography, differential
selection, or neutral processes such as bottlenecks and stochas-
ticity. Some of the strongest arguments about the validity of the
subspecies concept describe attempts to delineate its upper and
lower bounds (Winker 2010a). That is, at what point is geographic
variation suitably differentiated to justify subspecific status and at
what level of differentiation do recognized subspecies achieve full
species status?

Although ornithologists have traditionally defined avian
subspecies (and species) using plumage, morphology, and behav-
ior, advances in molecular biology have led to the use of variation
in discrete and presumably selectively neutral genetic markers
(Winker and Haig 2010). These molecular data provide an addi-
tional avenue for taxon delineation, but in many cases the mo-
lecular data sets are not congruent with subspecies defined by
traditional methods (Zink 1989, 2004; O’Brien and Mayr 1991;
Ball and Avise 1992; Burbrink et al. 2000; Funk et al. 2007b;
Draheim et al. 2010; Zink et al. 2010). Zink (2004) argued that
subspecies defined by traditional nonmolecular methods may
actually misinform conservation efforts through misrepresenta-
tion of underlying patterns of intraspecific variation. This lack
of concordance among approaches has led some to suggest that
molecular methods (i.e., reciprocal monophyly among mito-
chondrial sequences) should be used preferentially to define con-
servation units (Moritz 1994, Zink 2004). Others suggest that
discordance should be expected when using neutral molecular
data to examine shallow levels of divergence, as compared with
phenotypic data sets that describe variation that is likely reflec-
tive of processes that are not selectively neutral (Greenberg et
al. 1998, Oyler-McCance et al. 2010, Pruett and Winker 2010,
Winker 2010a).

At present, so few described avian subspecies have received
examination via modern molecular methods that it is difficult
to draw general conclusions about the validity or utility of the
subspecies concept (but see Klicka et al. 2011). Thus, new, ge-
netically informed attention to intraspecific variation across a
greater taxonomic range is warranted (Haig and Winker 2010,
Remsen 2010). As the application of genomic methods become
more widespread among avian taxa, examination of the genetic

Downloaded From: https://complete.bioone.org/journals/The-Auk on 18 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use

basis for adaptation and phenotypic variation may help sort out
the issue (Hoekstra et al. 2006, Mumme et al. 2006, Mitchell-
Olds et al. 2007).

Decisions to recognize or not recognize subspecies have
significant conservation implications under many endangered-
species classification and funding schemes (reviewed in Haig et al.
2006, Haig and D’Elia 2010). For example, there would be no tax-
onomic units below the species level if the phylogenetic species
concept (PSC) were adopted by the AOU. Thus, USFWS, IUCN,
COSEWIC (Committee on the Status of Endangered Wildlife in
Canada), and others would have to reconsider current avian sub-
species listings. In the United States, subspecies would have to
be re-examined for listing as either species or some other entity
such as a DPS or ESU. Elevation of subspecies to species (under the
PSC) could aid conservation efforts because such entities could
be given added weight corresponding to their elevated taxonomic
status under the IUCN criteria. However, many other difficul-
ties could result. For one, the change could make it more difficult
to add species to various endangered-species lists because of the
added workload, cost, and, perhaps, public fatigue from hearing
about many new species being listed simply because a new species
concept has been applied. Furthermore, it could reopen litigation
regarding the listings. Swamping the IUCN list with many new
“species” could reduce the importance of a former “species” with a
wider geographic range. Finally, adopting the PSC and recogniz-
ing many more avian species could exacerbate the difficulty of vi-
sual identification or differentiation of species by law-enforcement
agents around the world who often struggle to identify particular
species under even the BSC criteria. Overall, the changes to pol-
icy that would arise from adopting the PSC argue neither for nor
against the biological validity of that concept, but effectively illus-
trate that the species-concept debate carries major implications
for conservation.

Hybridization.—Hybridization and introgression can result in
extinction of native fauna when nonindigenous species are intro-
duced or disperse into novel environments (Rhymer and Simberloff
1996, McCarthy 2006, Mallet 2008). Molecular methods are the
fastest and most accurate means of revealing boundaries between
known taxonomic entities that are permeable or under erosion,
as in the case of hybridization. Allendorf et al. (2001) developed
hybrid categorization guidelines to assist with management deci-
sions. These are particularly useful for those species that receive
protection under the ESA and where law-enforcement agents need
to accurately identify taxa to decide whether or not a violation of
the ESA’s prohibited acts (ESA section 9) has occurred. Hybrids are
not protected under the ESA, IUCN, or SARA (Species at Risk Act),
which has caused numerous debates, especially for species listed
under the ESA (for review, see Haig and Allendorf2006). Problems
arise when a listed species hybridizes with a nonlisted species and
the hybrids are not visually distinguishable from the listed taxa,
leaving law-enforcement agents unable to prosecute a person who
has harmed or killed the listed species, unless they have access to
molecular tools that can sort hybrids from listed species.

Owls in genus Strix exemplify the utility of genetic tools in
resolving conservation issues complicated by hybridization. Hy-
bridization between threatened Northern Spotted Owls (Strix
occidentalis caurina) and invasive Barred Owls (S. varia) occurs
and viable offspring are produced (Hamer et al. 1994, Kelly and
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Forsman 2004). However, Strix hybrids that backcross with Spot-
ted Owls produce fewer offspring, which potentially reduces their
fitness (Haig et al. 2004, Kelly and Forsman 2004). Mitochondrial
DNA and amplified fragment length polymorphism (AFLP) anal-
yses have proved to be reliable methods for accurate identifica-
tion of Strix hybrids (Haig et al. 2004). Additionally, Funk et al.
(2007a) identified four diagnostic microsatellite loci that suc-
cessfully differentiated F, hybrids from backcrosses where AFLP
and field identification methods failed. These markers are use-
ful to law-enforcement officials who must be able to discern be-
tween “take” of Spotted Owls and hybrids to effectively protect
the Spotted Owl.

Genetic markers may also be useful in identifying site-
specific management actions for removing hybrids. Hawaiian
Ducks (Anas wyvilliana), or Koloa, are a Federal and State en-
dangered species endemic to the Hawaiian islands and readily
hybridize with introduced feral Mallards (A. platyrhynchos)
(Fowler et al. 2009). Fowler et al. (2009) used AFLPs and micro-
satellites to distinguish between hybrids and Hawaiian Ducks
and then to evaluate the relative contributions of Mallards and
Hawaiian Ducks to the hybrids. They found differences in the
contribution of hybrids on different islands, suggesting that
island-specific management actions may be warranted. Finally,
because they were able to effectively differentiate hybrids and
Hawaiian Ducks using molecular tools, a morphological field
key is being created and tested with molecular data to help guide
hybrid-removal actions.

Levels of hybridization and introgression of the critically en-
dangered New Zealand Black Stilt or Kaki (Himantopus novaeze-
landiae) with the self-introduced congener, the Pied Stilt or Poaka
(H. himantopus leucocephalus), were documented using a Bayes-
ian admixture analysis of microsatellite data with mitochondrial
DNA sequence data (Steeves et al. 2010). From this analysis it was
demonstrated that hybrids could be identified by plumage charac-
teristics and that, despite extensive and bidirectional hybridiza-
tion, there was almost no evidence for introgression from Poaka to
Kaki, which is likely attributable to reduced reproductive success
in female hybrids and a transient male-biased Kaki sex ratio. Such
a finding was counter to popular beliefs and critical to deciding
whether or not to promote hybridization to facilitate genetic res-
cue, or whether to prevent it.

Conservation prioritization.—Even after taxa are delineated,
limited resources force biologists, managers, and policymakers to
implement triage when allocating funds for conservation (Bottrill
etal. 2008). Various taxonomy-based prioritization schemes have
been proposed. For example, phylogenetic diversity measures
may be used to prioritize biodiversity conservation based on evo-
lutionary history, thereby affording increased protection to dis-
tinctive taxa (Vane-Wright et al. 1991, Faith 1992) at any level of
taxonomic hierarchy (Avise 2000). Phylogenetic approaches to
conservation are flexible and powerful, but they are dependent on
phylogenetic hypotheses that are themselves works in progress
and can sometimes change considerably when new data or meth-
ods of analysis become available. For example, the last three an-
nual supplements to the AOU Check-list of North American Birds
(Banks et al. 2008; Chesser et al. 2009, 2010) added four orders
and 15 families to the previous list as a direct result of new stud-
ies on the avian tree of life (Hackett et al. 2008). Such changes
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greatly affect phylogenetic diversity measures when they result
in long branches associated with higher taxa with few extant
species, or even species that form monotypic families or genera.
For example, in the New World, recent molecular studies have
resulted in the erection or resurrection of monotypic families
for the Osprey (Pandionidae: Pandion haliaetus), Magellanic
Plover (Pluvianellidae: Pluvianellus socialis), Sharpbill (Oxy-
runcidae: Oxyruncus cristatus), and Black-capped Donacobius
(Donacobiidae: Donacobius atricapilla) (Remsen et al. 2010). Di-
versity in the order Ciconiiformes has been reduced from 117 to
19 species with the transfer of Ardeidae, Scopidae, Balaenicipiti-
dae, and Threskiornithidae to the Pelecaniformes (Chesser et al.
2010). Similarly, phylogenetic analysis of molecular data sets of
New Zealand “honeyeaters” showed that the rare Stitchbird (No-
tiomystis cincta), extirpated from North Island and numbering
fewer than 2,000 individuals on an offshore island, represents a
monotypic family (Notiomystidae) with a divergence of 34 mil-
lion years ago (Ma) from its closest relatives, the New Zealand
Wattlebirds (Callaeidae; Driskell et al. 2007). The Hawaiian Hon-
eycreepers (Mohoidae) are a similar case: all four species were
lost before they were identified to science (Fleischer et al. 2008). If
a goal of conservation is to preserve as much of the tree of life as
possible, consideration should be given to protecting regions that
harbor these highly divergent taxa. Molecular data can often pro-
vide a clear window into the true structure of that tree.

POPULATION STRUCTURE

Development of microsatellite markers in the 1990s revolution-
ized our ability to understand population structure in birds. New
sequencing technology has exponentially increased this capabil-
ity (inset 1; Lerner and Fleischer 2010). Further, comparing mi-
crosatellite results with mitochondrial sequence data juxtaposes
recent population processes with changes in population structure
over evolutionary time. Thus, detailed estimates of genetic diver-
sity, population structure, effective population size, and gene flow
are now possible and robust where previously such estimates were
problematic in bird studies.

Consideration of demographic information with genetic data
further strengthens our understanding of detailed population
structure. Funk et al. (2010) used this approach to identify recent
population bottlenecks for Northern Spotted Owls (Strix occi-
dentalis caurina) and found that genetic results were correlated
with long-term demographic trends from the same sites. A severe
ancient bottleneck was also detected in the British Golden Eagle
(Aquila chrysaetos), although in this case the bottleneck did not
appear to affect demographic stability (Bourke et al. 2010). Con-
versely, Brekke et al. (2010) found severe inbreeding depression
among a reintroduced population of the endangered Hihi (Notio-
mystis cincta) in New Zealand.

Integration of ancient DNA (inset 3) into analyses of popula-
tion structure can provide a more direct view of historical popu-
lation structure and identify otherwise cryptic phylogeographic
patterns. For example, using ancient mtDNA from bones pre-
served in lava tube caves, Paxinos et al. (2002) found a previously
unknown radiation of geese in the Hawaiian archipelago associ-
ated with the independent evolution of flightlessness and gigan-
tism on different islands.
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ANCIENT DNA

The discovery that DNA survives in (and can be amplified from) museum
and archeological specimens has enabled considerable progress in avian
conservation studies (Fig. 3; Wayne et al. 1999, Willerslev and Cooper
2005, Lee and Prys-Jones 2008, Rawlence et al. 2009). Use of ancient
DNA (aDNA) provides a means to address issues in all the major subdis-
ciplines of taxonomy and population genetics that benefit from a direct
historical perspective. Although initially limited to studies of mtDNA, re-
centadvances in primer design now permit sexing of museum specimens
and phylogenetic reconstructions using ancient nuclear DNA for some
taxonomic groups (Huynen et al. 2003, Irestedt et al. 2006, Bantock et al.
2008, Lambert et al. 2009). Thus, using ancient mitochondrial and nu-
clear DNA, we can elucidate the tempo and mode of evolution (Lambert
et al. 2002, Ritchie et al. 2004, Baker et al. 2005), determine historical
population sizes (Groombridge et al. 2009, Lambert et al. 2009), recon-
struct cryptic population histories (Paxinos et al. 2002, Groombridge et
al. 2009, Huynen et al. 2010, Peery et al. 2010), compare population his-
tories with geological or anthropogenic events (Ritchie et al. 2004, John-
son etal. 2010, Peery etal. 2010), examine the evolutionary relationships
of extant and extinct birds (Sorenson et al. 1999, Fleischer et al. 2000,
Baker et al. 2005, Bunce et al. 2005), and evaluate hypotheses regarding
extinction processes (Cooper et al. 1996, Allentoft et al. 2010).

Technical problems remain with extracting and amplifying aDNA and
the resulting allelic dropout. The reliability and repeatability of demograph-
ic reconstructions based on aDNA have also been challenged by postmor-
tem DNA instability (Binladen et al. 2006, Axelsson et al. 2008). However,
methods for accommodating the effect of aDNA damage on inferences of
demographic histories are available (Rambaut et al. 2009).

Ancient DNA can be obtained from a variety of avian tissues. To
date, methods have been developed to amplify aDNA from bones (Lam-
bert et al. 2002), museum skins (Mundy et al. 1997), feathers (Rawlence et
al. 2009), eggs (Lee and Prys-Jones 2008), sediment deposits (Haile et al. FiG. 3. (A) Jesse D’Elia (Oregon State University, U.S. Fish and
2007), and, most recently, prehistoric fossil eggshells (Oskam et al. 2010). Wildlife Service) at Eureka High School’s Hall of Ornithology,
The number of complete ancient mitochondrial genomes has increased
rapidly with the advent of high-throughput sequencing techniques (inset 1;
Ho and Gilbert 2010). Although amplification of the whole mitochondrial
genome is now a reality, gains provided by increasing the amount of mi-
tochondrial sequence data may be tempered by increased probabilities of

taking a toe-pad sample from a California Condor (Cymnogyps
californianus) that was collected in northern California in the
late 1800s. Condors were extirpated from the Pacific Northwest
~100 years ago, and ancient DNA can provide insights into his-

contamination and failure (Lee and Prys-Jones 2008). torical population size and structure, which may help inform

Analyses of aDNA have shed light on previously unknown taxa and future reintroduction strategies. (B) California Condor bones
added to our knowledge of biodiversity and ecosystem function. Recent- recovered from an archeological dig near The Dalles, Oregon
ly, aDNA was examined from the Bogota Sunangel (Heliangelus zusii), (radiocarbon dates indicate that these bones may be 7,000—
known only from the holotype collected over 100 years ago and pre- 11,000 years old). Morphometric evidence suggests that condor
sumed extinct (IUCN 2010). Kirchman et al. (2010) used aDNA to show bones from this site may represent an extinct condor species

that the Bogota Sunangel is a valid species and that it is more closely re-
lated to the high-elevation Gray-bellied Comet (Taphrolesbia griseiven-
tris) and sylphs (Aglaiocercus spp.) than to low-elevation Heliangelus
spp., which suggests that it may yet be found in isolated parts of the high
Andes. Ancient DNA was also used to establish the validity of the Large-billed Reed Warbler (Acrocephalus orinus), known for 135 years from
a single specimen collected in India in 1867 (Bensch and Pearson 2002). This revelation led to the discovery, also via aDNA, of 10 additional
museum specimens of Large-billed Reed Warblers, previously misidentified as Blyth’s Reed Warblers (A. dumetorum), and the Large-billed
Warbler’s subsequent rediscovery in Thailand (Round et al. 2007) and Afghanistan (Timmins et al. 2009). Methods based on aDNA were simi-
larly used to examine the relationship between Ivory-billed Woodpeckers (Campephilus principalis) in the Americas. Fleischer et al. (2006)
found that the Cuban subspecies (C. p. bairdii) was not the result of an introduction of C. p. principalis from the United States. Hence, loss of
both taxa represents a more significant loss of biodiversity.

Population studies can benefit from aDNA approaches because incorporating modern and aDNA sequences into population reconstructions
provides a better understanding of why the status of a population changed and what might be done to remedy a decline in effective population size
(Ho 2007, Draheim et al. 2011). However, aDNA can be insufficient to accurately infer population histories, because reconstructions from modern
data rely on extrapolations rather than direct observations of the fossil record (Wayne et al. 1999). This renders them biased toward reflecting recent
or extreme events (e.g., recent population bottlenecks; Groombridge et al. 2009, Ramakrishnan and Hadly 2009, Peery et al. 2010). Thus, caution
is warranted when interpreting results from aDNA studies that rely on specimens from a single period. Inclusion of aDNA across multiple periods
may improve the reliability of historical population reconstructions (Ramakrishnan and Hadly 2009).

(G. amplus). Analysis of ancient DNA is providing an additional
avenue of inquiry into their correct taxonomic placement.
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Comparing results across taxa can also help illuminate small
population processes. Evans and Sheldon (2008) analyzed micro-
satellite data from 194 bird species and found a significant decline
in mean heterozygosity with increasing extinction risk. They sug-
gested that smaller population sizes of threatened species were
largely responsible for this relationship and that bird species at risk
were relatively depauperate in terms of neutral genetic diversity.

Ultimately, results of conservation genetic efforts for popu-
lations are used in defining units for conservation. These discus-
sions are often confusing because there are legal designations of
populations under the ESA (i.e., DPSs; USFWS and National Ma-
rine Fisheries Service 1996) and there are overlapping terms used
in the conservation literature to describe conservation units (e.g.,
Ryder 1986, Moritz 1994). Molecular markers can greatly aid both
efforts, but distinctions between the two aspects of describing
populations of concern must be understood. Often broken down
into ESUs and management units (MUs), there are many ways to
describe conservation units, but none of these have a legal basis
for protection (Fraser and Bernatchez 2001). Conversely, DPSs
carry legal protection for the areas and species identified. The US-
FWS has come to depend more and more on molecular evidence
for ESA-DPS decisions as the costs of generating the data decline
and the need for better quantification of population boundaries
increases (Fallon 2007, Kelly 2010).

Small populations: Pedigree analyses.—Pedigree analyses,
which combine direct observations, molecular markers, and
pedigree models, have been underutilized in avian-conservation
efforts for wild and captive populations (Haig and Ballou 2002,
Kruuk and Hill 2008, Pemberton 2008). The paucity of microsat-
ellites identified in bird studies (Primmer et al. 1997) prior to de-
velopment of fast-throughput sequencing rendered this approach
limiting for avian applications because there was not enough sta-
tistical power to differentiate among individuals, particularly
closely related individuals. However, high-throughput sequencing
technology now provides access to far more microsatellite mark-
ers and single-nucleotide polymorphisms (SNPs) for these impor-
tant analyses (inset 1; Anderson and Garza 2006, Backstrom et
al. 2006, Hauser et al. 2011). Field observations and sampling of
many full families can also add confidence to molecular pedigree
assessments; however, caution is warranted if the mating system
is not well understood (Charmantier and Réale 2005, Wang and
Santure 2009).

Despite these cautions, molecular pedigree assessments have
yielded important information about reductions in effective popu-
lation size in wild animals (Slate 2008, Sillanpaa 2011). Townsend
(2009) found disease-mediated inbreeding depression in a wild
population of cooperative American Crows (Corvus brachy-
rynchus), and Ortego et al. (2007) identified the importance of un-
derstanding individual genetic diversity as it is related to clutch
size and egg volume in small populations. Inbreeding avoidance
or lack thereof has also been investigated in a number of stud-
ies (e.g., Keller and Waller 2002, Hansson et al. 2007, Grant and
Grant 2008, Keller et al. 2008, Jamieson et al. 2009, Szulkin et al.
2009, Bush et al. 2010).

In principle, once molecular markers identify genetic relat-
edness among pedigree founders and confirm parentage, pedi-
gree models use the subsequent pedigree to evaluate the current
status of a population, investigate strategies for reintroduction or
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translocations, or predict potential changes in effective popula-
tion size as a result of better pedigree or population management
(Haig and Ballou 2002). Recently, pedigree analyses have proved
helpful in developing management plans for maintaining genetic
variation in free-ranging populations of the Takahé (Porphyrio
hochstetteri), an endangered flightless New Zealand rail (Grueber
and Jamieson 2008), and in White Storks (Ciconia ciconia) in Sweden
(Olsson 2007).

Population connectivity and metapopulations.—A metapo-
pulation is a group of spatially segregated, but demographically
interacting (“connected”), populations. It is a useful concept for
understanding avian population structure and dynamics, even
in migratory species in which populations are not spatially dis-
crete throughout the annual cycle (Esler 2000). However, not
all fragmented populations behave as metapopulations; thus,
genetic data can be used to infer a population’s spatial organi-
zation (e.g., patchy populations, metapopulations, or isolated
populations; Mayer et al. 2009). Estimating metapopulation
connectivity or sex-biased dispersal patterns (recently reviewed
for all taxa by Broquet and Petit 2009) is an important aspect of
conservation genetics because it helps identify factors contrib-
uting to the decline of effective population size (i.e., species sta-
tus). In the past, avian dispersal has been measured indirectly,
via analysis of band returns (Crochet 1996), or via use of mito-
chondrial DNA or limited numbers of microsatellite markers.
Thus, the chance of finding markers that track specific popula-
tions or individuals within them was considered quite slim, even
if there was some degree of population differentiation. However,
fast-throughput sequencing changes this paradigm and opens
a new chapter in our ability to track birds at multiple temporal
and spatial scales.

Regardless of the marker, many bird species, particu-
larly migratory species, exhibit low levels of population genetic
structure because their ability to fly makes them good dispers-
ers (Crochet 1996). Thus, although habitat fragmentation has
been a major focus in conservation biology, it has had little de-
tectable effect on genetic structure in most recent avian studies
(e.g., Brown et al. 2004, Funk et al. 2007b, Barnett et al. 2008,
Draheim et al. 2010). Barnett et al. (2008) interpreted a lack of
genetic structure among habitat fragments as evidence for ongo-
ing gene flow. However, potential “time lags” between the onset
of habitat fragmentation and their ramifications for population
connectivity were not considered. Care is required when evaluat-
ing evidence for ongoing connectivity of populations, especially
if the populations in question are not at migration—drift equi-
librium (Crochet 1996). Segelbacher et al. (2003) addressed this
problem by sampling populations with different levels of spatial
discontinuity (i.e., continuous range, metapopulations, isolated
populations) and temporal isolation (recent vs. long isolated) to
determine how much genetic differentiation had accumulated.
By contrast, nonmigratory bird species may exhibit high levels of
differentiation and thus be more amenable to “traditional” stud-
ies of population structure. For instance, Galbusera et al. (2000)
successfully used assignment tests with microsatellite loci to
identify individuals descended from migrants in recently isolated
populations of Taita Thrushes (Turdus helleri) and showed signif-
icant genetic differentiation between the only three remaining
subpopulations.
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Recent reviews (Bossart and Prowell 1998, Lowe and Allen-
dorf2010) caution against making inferences about demographic
connectivity solely from genetic data and recommend using te-
lemetry or mark-recapture data to validate such conclusions.
For instance, Fedy et al. (2008) employed genetic and telemetry
methods to study connectivity among populations of White-
tailed Ptarmigan (Lagopus leucura) and found that although ge-
netic data suggested moderate gene flow between sites, telemetry
data did not capture the movement of any individuals between
populations. Mayer et al. (2009) used banding surveys in con-
junction with nine microsatellite loci to quantify connectivity
and identify which spatial model (patchy populations, metapop-
ulation, isolated populations) best explained movement patterns
of Reed Buntings (Emberiza schoeniclus). Rollins et al. (2009)
used 11 microsatellite loci to study invasive European Starlings
(Sturnus vulgaris) in Australia and were able to verify the source
population of new invasions, validate the existence of a sex-bi-
ased dispersal system, and confirm that gene flow between sub-
populations would make complete eradication of a population
difficult, necessitating continual management. Similarly, Barri-
entos et al. (2009) used molecular markers to track movements
of Trumpeter Finches (Bucanetes githagineus) throughout the
annual cycle and across populations to document new popula-
tion formation. They determined that movements of individuals
toward sites outside their current range during the nonbreed-
ing season are likely to precede the establishment of new breed-
ing sites at the periphery of the distribution range. Conversely,
Funk et al. (2007b) measured adequate gene flow among Great
Basin and Pacific Coast Snowy Plovers (Charadrius alexandri-
nus), but banding information suggested quite minimal move-
ment between these inland and coastal areas. As a result, a DPS
was defined under the ESA on the basis of demographic isolation

rather than genetics.

Dispersal abilities are particularly high among migratory
birds, in which long-distance movements, high dispersal rates,
and high rates of gene flow can minimize genetic differentiation
of populations (Grinnell 1922, Wetmore 1926, Béhning-Gaese
et al. 1998, Belliure et al. 2000 in Winker 2010b). This is particu-
larly true in North America because repeated population isolation
and expansion associated with Pleistocene climatic fluctuations
has played an important role in structuring intraspecific genetic
variation in northern temperate birds (Avise and Walker 1998,
Klicka and Zink 1999, Mila et al. 2000, Klicka et al. 2011). This
has resulted in low resolution when using standard approaches for
measuring connectivity, such as estimating gene flow among pop-
ulations or identifying individuals dispersed from other popula-
tions (called “migrants” in the population genetics literature) via

population assignment tests.

In one of the first studies of avian population structure to
use high-throughput sequencing, Li and Merilé (2010) identified
107 microsatellite markers across the Siberian Jay (Perisoreus in-
faustus) genome and used them to examine sex-biased disper-
sal. They estimated the scale at which linkage disequilibrium
among markers decayed for each sex. Because (1) males had
lower heterozygosity and (2) linkage disequilibrium decayed
much faster for females, they concluded that dispersal is female
biased (but did not estimate the geographic distances over which

this occurred).
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Several recent connectivity studies have gone beyond infer-
ences based solely on genetic structure. Broquet et al. (2009) pro-
posed a model to estimate direct migration rates by comparing
genotypes of a population before and after dispersal. This model
did not require migration—drift or Hardy-Weinberg equilib-
rium and was robust even when few microsatellite markers were
available. However, it has not yet been applied to avian taxa and
performs best when a high proportion of individuals from each
population are sampled. Peery et al. (2008) used parentage as-
signments and demographic simulations to evaluate the role of
immigration in sustaining a threatened population of Marbled
Murrelets (Brachyramphus marmoratus). Microsatellite geno-
types were used to estimate the number of parent—offspring pairs
within the population compared to numbers expected under dif-
ferent models of immigration (i.e., a closed population versus a
sink population). A related study compared historical and current
genetic structure in those populations and found that migrants
were significantly less likely than resident birds to be involved in
parent—offspring pairs and, thus, unlikely to rescue the declining
populations (Peery et al. 2010). By focusing on individuals rather
than population genetic structure and not assuming equilibrium,
such methods promise new insights into contemporary levels of
connectivity (Palsbell et al. 2010).

Genetic data can be used to infer whether the current spa-
tial organization of populations reflects historical population
structure or results from anthropogenic habitat fragmentation
(inset 3; Segelbacher et al. 2003, Miller and Haig 2010). More-
over, if we can measure the effect of historical habitat connec-
tivity or fragmentation on gene flow, we will be better equipped
to make predictions regarding the effect of future climatic or
habitat conditions on gene flow and population viability (Hoe-
1zel 2010).

By linking demographic data with genetic data, cryptic pop-
ulation processes may emerge that are not evident when looking
at these factors in isolation (Peery et al. 2010). Genetic identi-
fication of a new and distinct population of the secretive Black
Rail (Laterallus jamaicensis) in the Sierra Nevada of northern
California resulted in reconsideration of conservation priorities
for the species (Girard et al. 2010). Incorporating genetics into
metapopulation viability analyses may also allow one to assess
the extent to which facilitating gene flow may slow the loss of
heterozygosity and alleviate the projected effects of inbreeding
depression (Pienkowski et al. 1998, Segelbacher and Storch 2002,
Schiegg et al. 2006).

Metapopulation management: Translocations and reintroduc-
tions.—Translocations and reintroductions can be used to (1)
supplement small or declining populations; (2) re-establish popu-
lations within their historical range; or (3) establish populations
in novel areas (i.e., assisted migration and colonization) because
their historical range is, or is likely to become, uninhabitable as a
result of climate change, invasive species, habitat destruction, or a
nexus of other threats. From a conservation genetics perspective, it
is best to augment or re-establish metapopulations with individu-
als from populations that were connected historically by gene flow
to reduce the chances of outbreeding depression and to increase
the chances of retaining genomic components that reflect local
adaptation (Storfer 1999; but see Jacobsen et al. 2008). Currently,
evidence of avian outbreeding depression is scarce (Frankham et al.
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2010; but see Marr et al. 2002) and predicting the risk of its occur-
rence is one of the most important unmet scientific challenges in
the field of conservation genetics (Frankham 2010). In small popula-
tions, reducing the risk of outbreeding depression must be balanced
against the need to minimize inbreeding (Keller and Waller 2002)
and manage genetic variation to facilitate long-term persistence of
the source and target populations (Haig et al. 1993). In extreme cir-
cumstances (e.g., when a species would otherwise go extinct), in-
tercrossing different but closely related taxa or ESUs (i.e., genetic
rescue; Tallmon et al. 2004) may be the only method for preserving
portions of an imperiled species’ genome (Tarr and Fleischer 1999,
Tallmon et al. 2004, Hedrick and Fredrickson 2010). In translocat-
ing individuals into small populations, one must always consider
the potential for complete replacement of small gene pools by ge-
netically more diverse individuals that may be more fit (i.e., genetic
swamping; Bouzat et al. 2009). Thus, demographic challenges need
to be addressed prior to genetic considerations (Frankham et al.
2010), and risk analysis of options is usually advisable.

Where there is significant uncertainty in the genetic makeup
of source or donor populations for translocations, and where the
effects may be irreversible, moving individuals can be tantamount
to ecological gambling and counter to the precautionary princi-
ple in conservation biology (sensu Ricciardi and Simberloff 2009).
Yet, in the crisis discipline of conservation biology, risk manage-
ment requires that one weigh the risk of inaction against the risk
of action. A genetic assessment of intra- and interpopulation dif-
ferentiation prior to translocations can help quantify uncertainty
and risk associated with artificially creating gene flow, evaluate
the appropriateness of alternative population sources or targets
(e.g., Haig et al. 1993; Tarr and Fleischer 1995, 1999), and set pri-
orities for conservation of genetic diversity (Haig et al. 1990, Boes-
senkool et al. 2007).

Following implementation of translocations, genetic assess-
ments can measure whether the movement of animals met ge-
netic or demographic management goals. For example, Bouzat
et al. (2009) found that translocations of Greater Prairie Chick-
ens (Tympanuchus cupido pinnatus) were an effective tool in de-
creasing inbreeding coefficients and increasing genetic diversity
while not swamping the genetic makeup of the target population.
Conversely, translocations of New Zealand’s South Island Rob-
ins (Petroica australis australis) to island refugia resulted in high
levels of inbreeding, low levels of genetic diversity, and higher
hatching failure rates, which suggests that future translocation
efforts warranted more careful consideration of founder compo-
sition and numbers (Boessenkool et al. 2007). Talbot et al. (2003)
discovered that translocation of Dusky Canada Geese (Branta
canadensis occidentalis) to augment a population on Middleton
Island in the Gulf of Alaska was not effective because subsequent
population increases were determined to be the result of immi-
gration from other islands rather than translocated geese. This
finding would have gone undetected without an understanding
of population structure from genetic markers. Finally, a severe
population bottleneck suffered by captive White-headed Ducks
(Oxyura leucocephala) led Mufioz-Fuentes et al. (2008) to recom-
mend that more genetically diverse populations be established in
captivity and the wild.

Migratory connectivity—Migratory connectivity is the geo-
graphic linking of individuals or populations between stages of a
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life cycle or throughout an animal’s life cycle (Webster et al. 2002,
Marra et al. 2006; see www.migratoryconnectivityproject.org).
Long seasonal migrations of many temperate bird species con-
found some of the traditional interpretations of connectivity ap-
plied to other taxa, in which it is primarily defined as movements
between “suitable patches” that serve as year-round or breeding
habitat (Hilty et al. 2006). By contrast, migratory birds may ag-
gregate differently in winter and breeding habitats, with poten-
tial for genetic structure depending on whether pairing occurs
during migration or on the breeding grounds (Flint et al. 2009,
Winker 2010b). Genetic approaches to investigating migratory
connectivity have been most effective when integrated with band-
ing surveys, satellite telemetry, and isotope analysis (e.g., Clegg
et al. 2003, Hobson 2005, Kelly et al. 2005, Hellgren et al. 2008),
although stock identification (matching individuals to breed-
ing populations based on genetic assignment) at overwintering
grounds has succeeded in some cases (Haig et al. 1997). For exam-
ple, Sonsthagen et al. (2009) identified hierarchical spatial genetic
structure in Common Eiders (Somateria mollissima) breeding
along a migratory corridor. Likewise, Wenink et al. (1993) used
mitochondrial DNA lineages of Dunlin (Calidris alpina) at winter
sites to assign individuals to their population of origin. Pearce
et al. (2000) used microsatellite genotypes and mitochondrial
DNA from Canada Geese (Branta canadensis) collected at hunter
check stations to determine how harvest was affecting similar-
appearing subspecies or populations with different conservation
status (i.e., declining or stable). Cadiou et al. (2004) attempted to
assign breeding origin to Common Guillemots (Uria aalge) that
died in a massive oil spill at their wintering grounds using micro-
satellite data. The characteristic limitation imposed by weak genetic
structure prevented accurate genetic assignment, but Cadiou et
al. (2004) concluded that the die-off was unlikely to cause loss of
much genetic diversity, given that genetic structure was so weak.
Flint et al. (2009) used the lack of genetic structure, in combination
with banding returns, to determine that populations of Pintails
(Anas acuta) in North America and Asia routinely exchange mi-
grants in numbers irrelevant to demography but sufficient to allow
gene flow and, perhaps, transmission of parasites.

On the other hand, Hall et al. (2009), in an extension of the
novel approach employed by Peery et al. (2008), estimated the pro-
portion of migrants at different seasons in a peripheral population
of Marbled Murrelets using assignment tests from 13 microsatel-
lite markers. They used simulations to determine threshold levels
of significance for identifying migrants that balanced Type I and
Type Il error and estimated the reproductive contribution of those
migrants by identifying possible parent—offspring pairs involving
migrants and comparing those with expectations generated from
demographic models. Despite low genetic structure between pe-
ripheral (central California) and source (Alaska) populations, which
could have precluded direct estimation of migration rates from as-
signment tests, they concluded that most migrants were females
and the population was composed of a high number of migrants in
the winter, but few migrants were present during breeding seasons
and there were few individuals of mixed ancestry. This approach re-
quired assumptions about the demographic history of the popula-
tion but demonstrated a potential solution to the typical problem
that assignment tests are most reliable for detecting migrants only
when there is strong genetic structure (i.e., very low migration).
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Because avian migrations have important implications for
the transmission of disease, recent studies have also used genetic
information from parasites to illuminate interactions among host
populations. Waldenstrom et al. (2002) sequenced mitochondrial
DNA of hemosporidian parasites harbored by migratory songbirds
and determined that some parasites were more likely acquired
on African overwintering grounds than on European breeding
grounds. Koehler et al. (2008) conducted phylogenetic analyses
of avian influenza strains isolated from migratory Northern Pin-
tails and concluded that transcontinental migration facilitated
coinfection by, and reassortment of, multiple strains of influenza.
Although those studies were more focused on determining the
source of particular infections, other studies have attempted to
identify breeding grounds on the basis of hemosporidian parasite
assemblages in migratory birds (e.g., Fallon et al. 2006, Pagenkopp
et al. 2008). However, these studies require highly differentiated,
geographically distinct parasite lineages and have had limited suc-
cess to date.

Finally, high-throughput sequencing and other high-resolu-
tion methods (e.g., microarrays) will increase our ability to find
population-specific markers to track bird populations (inset 1).
Even so, analyses will be more successful if only markers that dif-
ferentiate or suggest population differentiation are used to search
for migratory patterns. Often, all markers are used in assignment
tests, which results in less than definitive patterns, although all
variable markers will be informative if dispersal measures that
rely on estimating kinship are employed.

LANDSCAPE GENETICS

Landscape genetics is a relatively new discipline that has gained
tremendous popularity in recent years (Manel et al. 2003, Storfer
et al. 2007). Landscape genetic approaches extend numerous con-
ventional population genetic analyses in a manner that provides
identification of the effects of landscape features and landscape
heterogeneity on genetic diversity and structure patterns within
or across species (Miller et al. 2010, Safner et al. 2011). In addi-
tion to having conservation implications and improving our un-
derstanding of evolutionary ecology, landscape genetic analyses
can further be used to examine topics such as disease transmis-
sion across a landscape (Ekblom et al. 2007) and climate change
(see below). A November 2010 search of the term “landscape ge-
netics” using ISI's Web of Science revealed more than 250 papers
since 2003 that claimed to deal with this topic (as either self-
reported by authors’ key words or as annotated by ISI’s “keywords
plus” feature). Storfer et al. (2010) identified 655 published studies
that included at least one landscape-level variable when interpret-
ing genetic structure patterns. Interestingly, fewer than 10 of these
studies involved birds (A. Storfer pers. comm.).

Prospects for landscape genetic investigations in avian taxa.—
Many, if not most, avian taxa have the ability to circumvent or
rapidly traverse landscape features that may disrupt or influ-
ence genetic structure patterns in less vagile organisms. Superfi-
cially, this attribute suggests that birds are not necessarily useful
model species for landscape genetic investigations. Despite this
assertion, we suggest that prospects exist to perform meaningful
landscape genetic analyses for many avian taxa. As a conceptual
framework, we consider two geographic extremes: taxa that breed
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in high-latitude geographic regions and those that inhabit more
equatorial or tropical locales.

High-latitude locales.—Most avian species that use high-
latitude breeding areas migrate to lower latitudes during winter.
The mobility of such taxa suggests that prospects for detecting
interesting patterns of genetic structure across landscapes should
be low. In these cases, if genetic investigations are performed, one
of three possible outcomes may be observed: (1) complete pan-
mixia (no genetic structure; e.g., Veit et al. 2005); (2) isolation-by-
distance (i.e., significant correlations between geographic distance
and genetic distances of breeding populations; e.g., Draheim et al.
2010); or (3) subspecies-level differences among groups of breed-
ing populations, coupled with the potential for either panmixia or
isolation-by-distance within each subspecies group (e.g., Miller et
al. 2010). In the latter case, genetic structure across space may be
more likely to result from geographic separation of populations
rather than particular aspects of landscapes per se. Inevitably, the
likelihood of each outcome depends on the degree of natal- and
breeding-site fidelity demonstrated by the species under investi-
gation. Furthermore, these patterns may be apparent only when
breeding population samples encompass extremely large (e.g.,
continent-wide) spatial extents. Thus, landscape-level features will
probably not have a tremendous influence on species that inhabit
high latitudes.

Despite this assertion, several studies have successfully im-
plemented landscape genetic concepts and approaches, indicat-
ing that exceptions to the three scenarios stated above can occur.
For example, analyses of the Golden-cheeked Warbler (Dend-
roica chrysoparia) by Lindsay et al. (2008) identified significant
associations between genetic structure patterns and variables
that encompassed population connectivity, forest fragmenta-
tion, and the percentage of agricultural land between breeding
populations in Texas. Although the Golden-cheeked Warbler is
a migratory species, the patterns observed in that study may be
attributable to highly specific breeding-habitat requirements, a
low overall number of breeding adults, and short dispersal dis-
tances between natal sites or the previous year’s breeding sites.
Furthermore, patterns from D. chrysoparia contrast starkly with
the absence of genetic structure in the Cerulean Warbler (D. ce-
rulea; Veit et al. 2005), a congener that migrates over longer dis-
tances to breed throughout the more heavily forested regions of
central and northeastern North America. Genetic structure in
Wrentits (Chamaea fasciata) across habitat fragments isolated by
urbanization in southern California was surprisingly strong and
concordant with levels of structure found in other, less mobile,
vertebrates (Delaney et al. 2011).

Among avian taxa that inhabit higher latitudes, galliforms
may be the best candidates for landscape genetic investigations,
because of their low dispersal compared with other avian taxa
(Barrowclough et al. 2004; Oyler-McCance et al. 2005a, b; Spauld-
ing et al. 2006; Fedy et al. 2008) and strong associations with spe-
cific habitat types in some species of grouse (Braun et al. 1977,
1993; Zwickel and Bendell 2005; Hoffman 2006). For example,
landscape genetic analyses applied to Capercaillies (Tetrao urogal-
lus; Braunisch et al. 2010) in the Black Forest of Germany revealed
numerous loose correlations between genetic structure and land-
cover variables, including forest habitat quantity, forest edges, ag-
ricultural lands, and roads.
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Equatorial and tropical locales.—At lower latitudes, most
bird species are nonmigratory and demonstrate low dispersal ten-
dencies and, sometimes, reduced flight capabilities (Wallace 1889,
Janzen 1967, Moore et al. 2008, Kerr et al. 2009, Ibarra-Macias
et al. 2011). Many of these species also demonstrate higher levels
of genetic differentiation across geographic space than taxa from
more temperate climates, despite often inhabiting smaller geo-
graphic ranges (Brown et al. 2004 and references therein, Fran-
cisco et al. 2007, Burney and Brumfield 2009). These patterns
reflect the generalized “latitudinal biodiversity gradient,” which
occurs at the interspecific level (Stevens 1989), among subspecies
(Martin and Tewksbury 2008), and even within individual popu-
lations (Wikelski et al. 2003). Latitudinal diversity gradients are
increasingly being addressed with the use of molecular markers
(e.g., Martin and McKay 2004), and the results suggest that mo-
lecular diversity may parallel taxonomic and phenotypic diver-
sity. Explanations for latitudinal diversity gradients encompass
a variety of factors, including (1) historical climatic oscillation
(Dynesius and Jansson 2000), (2) temperature kinetics (Wikelski
et al. 2003, Allen et al. 2006), and (3) the greater efficacy of riv-
ers and mountains as barriers in the tropics than in temperate
locales (Janzen 1967, Brumfield and Capparella 1996, Bates et al.
2004). Of these factors, the last will most likely have the great-
est effect within species. Consequently, in addition to potentially
observing panmixia, isolation-by-distance patterns, and subspe-
cies-level differences at different spatial scales, we suggest that
analyses of tropical and equatorial avian taxa will harbor greater
prospects for identifying signatures of landscape attributes on ge-
netic structure patterns.

Despite recent interest in landscape genetic approaches, rela-
tively few studies have applied these concepts and techniques to
tropical and equatorial bird species. That said, molecular mark-
ers have highlighted the effects of forest fragmentation in several
cases (Bates 2000, 2002; Brown et al. 2004; Reding et al. 2010).
The potential effect of deforestation in tropical systems is well es-
tablished. However, human-induced forest fragmentation will,
in most cases, result in relatively new sets of landscape features.
Consequently, studies that include historical and current range
patterns in analyses (e.g., Pavlacky et al. 2009, Reding et al. 2010)
may not only shed light on the genetic consequences of fragmen-
tation itself, but also provide unique opportunities to discern the
time scales over which the effects of such perturbations become
detectable within natural populations.

Why perform landscape genetic investigations?—Given the
growing application of landscape genetic approaches, we antici-
pate that there likely will be an appreciable increase in the number
of such studies performed on avian species in the near future. As
with all landscape genetic investigations, these efforts will provide
more detailed insights into the factors that influence genetic di-
versity and structure at different spatial scales. We suggest numer-
ous additional benefits, including identification of cryptic species,
ESUs, subspecies, etc., that help prioritize important habitat for
conservation. Of particular importance will be the identification
of habitat types that can help promote connectivity and minimize
population fragmentation (Braunisch et al. 2010). These insights
may be enhanced if composite patterns from multiple species are
considered simultaneously, because such efforts may help priori-
tize habitat requirements for entire suites of taxa within a geo-
graphic region (Vandergast et al. 2008, Miller and Haig 2010).
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Outcomes from landscape genetic investigations may ad-
vance evolutionary ecology theory and promote development of
new hypotheses. For example, identification of associations be-
tween landscape characteristics and patterns of genetic structure
should generate hypotheses to explain the occurrence of such as-
sociations. We know, for example, that limited dispersal across
tropical mountains or large rivers can create substantial spatial ge-
netic structure (Capparella 1991, Brumfield and Capparella 1996)
and that different species have varying abilities to move across
some habitats (Moore et al. 2008, Ibarra-Macias et al. 2011). Those
patterns lead to questions about what inhibits movements of some
taxa across geographic space (i.e., neophobia) while not limiting
movement of other taxa (Stratford and Robinson 2005, Burney
and Brumfield 2009). Identification of ecological characteristics
associated with limited movement can predict levels of genetic
structure, even without extensive genetic data, and can help iden-
tify taxa that are likely to be sensitive to the effects of isolation, for
example that resulting from forest fragmentation (Stratford and
Robinson 2005). A wide variety of interesting behavioral or physi-
cal mechanisms could account for limited movements and may
result from lower visual acuity of forest birds entering pasture or
grassland habitats, limited physiological capacity for sustained
flight, behavioral aversion to open habitats because of perceived
predation risk, or even limited plasticity of physiological capacity
when moving through unusual habitats (Harris and Reed 2002,
Stratford and Robinson 2005).

Finally, because landscape genetic studies provide insights
toward the degree of population connectivity and factors that
promote it, results can help develop a better understanding of the
dynamics of disease vectors and the spread of human and avian
diseases (Archie et al. 2008). The classic example of this is the
spread and effect of malaria on the birds of Hawaii (e.g., Beadell
et al. 2006, Foster et al. 2007, Eggert et al. 2008, Jarvi et al. 2009).
The introduced Southern House Mosquito (Culex quinquefascia-
tus) is the principal vector of avian malaria (Plasmodium relic-
tum; Fonseca et al. 2006). Endemic birds of Hawaii have variable
and relatively low resistance to this introduced malaria (van Riper
1986, Atkinson and Samuel 2010), although for most non-native
species it is relatively benign. Currently, this mosquito occurs at
or below 1,000 m, and nearly all native Hawaiian bird species that
once occurred at or below this elevation no longer do. As the mos-
quito moves to higher elevations because of climate change, in-
trogression from more cold-tolerant mosquito species, or both
(Fonseca et al. 2006), more species will likely become exposed to
this disease (Atkinson and Samuel 2010, State of the Birds 2010).
Genetic sampling of mosquitoes across landscapes of varying el-
evations could provide a key to the location and direction of ex-
pansion of infected mosquitoes (Fonseca et al. 2000, Keyghobadi
etal.2006).

EMERGING APPLICATIONS

Climate change.—Measuring, predicting, and planning to miti-
gate the effects of climate change on wildlife species is of para-
mount importance (Intergovernmental Panel on Climate Change
2007). Fortunately, there are a number of genetic approaches that
can offer direct and indirect contributions to this aspect of avian
conservation. A directionally changing environment capable of
producing massive demographic shifts is also capable of producing
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a massive selection event (Skelly et al. 2007). Although the rapid
phenotypic and behavioral changes we are witnessing may be a
function, in many cases, of phenotypic plasticity rather than adap-
tive evolution (Gienapp et al. 2008), there are growing examples
of rapid adaptive evolution in response to climate change in birds
(reviewed in Sheldon 2010). In a selection experiment with Black-
caps (Sylvia atricapilla), Pulido and Berthold (2010) demonstrated
that nonmigratory Blackcaps were found in a completely migra-
tory population after only two generations of directional selection
for lower migratory activity. The strong evolutionary reduction in
migration distance found in that study is in line with the expected
adaptive changes in bird migration in response to environmen-
tal alterations caused by climate change (Bradshaw and Holzapfel
2006, 2008).

Molecular markers that track genetic patterns across popula-
tions or landscapes can help predict future rates of genetic changes
in modified landscapes. One might predict that species (lineages)
with higher genetic diversity would respond more rapidly to envi-
ronmental variations along “leading” edges of ranges as climate
changes. For example, climate predictions for the Pyrenees Moun-
tains of Western Europe include further fragmentation of the “sky
island” alpine habitat used by Rock Ptarmigan (Lagopus muta). Beck
etal. (2009) discovered genetically isolated and depauperate popu-
lations that may need translocation if current habitat fragmenta-
tion continues. A multispecies study currently underway examines
the effects of climate change on wetlands and waterbirds in the
Great Basin (S. M. Haig et al. unpubl. data). Genetic structur-
ing in highly vagile waterbird populations across this region is not
strong enough to use molecular markers to monitor changes over
ashort time frame, but examining how ecological shifts across the
landscape may affect the distribution, dispersal, and genetics of
their aquatic prey species can be informative.

Despite advances in many areas of genetics, the potential for
evolutionary responses is rarely considered in bioclimatic mod-
els of species’ range shifts (Pearson and Dawson 2003, Skelly et
al. 2007), even though such models are among the primary tools
being used to assess potential effects of climate change on spe-
cies distributions (e.g., Stralberg et al. 2009). Assuming that there
will be no evolutionary response to climate change may result in
overly pessimistic predictions, especially for species that disperse
long distances, are under selection at range margins, or have short
generation times that facilitate more rapid intergenerational se-
lection. Therefore, the most appropriate application of predictive
bioclimatic envelope models may be for long-lived species that are
poor dispersers (Pearson and Dawson 2003), although Tingley et
al. (2009) found that 90% of bird distributions resurveyed after 100
years in the Sierra Nevada of California indicated changes in their
climatic niches. Development of more mechanistic models that
incorporate the potential for an evolutionary response and predict
evolutionary responses in tandem with ecological responses may
provide additional realism and improve predictive strength (Skelly
etal. 2007, La Sorte and Jetz 2010); however, doing so will require
that we develop better molecular tools for measuring a species’
potential for adaptive variation in novel environments (Scoble and
Lowe 2010). Recent technological advances in genomics allow for
not only the expansion of the amount of the genome examined
but also the detection and characterization of functional genes
that are responsible for survival and adaptation in such cases. This
knowledge could help managers determine which species could be
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at greater risk or those that might be more likely to succeed using
approaches such as translocations or reintroductions.

Ecotoxicology.—Ecotoxicological research has linked a broad
taxonomic spectrum of avian population declines with exposure
to numerous classes of contaminants, including (but not limited
to) DDT and other organochlorine compounds (Ratcliffe 1967),
mercury (Burgess and Meyer 2008), lead (Meretsky et al. 2000),
selenium (Ohlendorf and Hothem 1995), agricultural pesticides
(Goldstein et al. 1999, Mora 2010), and polycyclic aromatic hydro-
carbons (Iverson and Esler 2010). Although the mitigation of ex-
posure sources subsequently facilitated recoveries in some cases,
the potential long-term effects on population structure, particu-
larly population bottlenecks, are unclear. Modern genetic tech-
niques (as described throughout this review) offer powerful tools
to quantify a range of effects related to contaminant exposure
and identify groups of birds that may face substantial risk of
deleterious effects.

Although originally focused on narrow, single-species stud-
ies and overt symptoms of toxicity resulting from ecologically ir-
relevant exposures, the field of ecotoxicology has experienced a
renaissance in developing a broader, more integrated understand-
ing of the direct and indirect effects of contaminants on ecosys-
tem function that span molecular to ecosystem scales of biological
organization (Snape et al. 2004, Newman and Clements 2008).
Yet despite these advantages, applications of genetic techniques
to population- or landscape-scale ecotoxicological issues has
lagged far behind other disciplines traditionally addressed in con-
servation genetics. Furthermore, avian taxa have been relatively
neglected with respect to conservation genetic approaches to con-
taminant effects in comparison with other taxonomic groups,
such as fish, amphibians, and invertebrates. The specific reasons
for these research patterns are unclear but are likely attribut-
able in part to the reductionist history of ecotoxicology (focus on
mechanisms of damage as opposed to emergent effects of expo-
sure) as well as the seeming intractability of linking contaminant
exposure with latent responses in avian population genetic struc-
ture, particularly in the face of numerous other influencing fac-
tors related to avian vagility. However, substantial progress could
be made in our understanding of how long-term contaminant ex-
posure may influence population-level processes in wild birds by
merging many of the conservation genetic approaches described
throughout this review with a robust assessment of contaminant
exposure at various life stages within an evolutionary toxicology
framework (Staton et al. 2001).

Contaminants can influence individual and population genetic
structure by directly damaging genetic material (Skarphedinsdottir
etal. 2010) or through selective effects of chemicals on gene fre-
quencies within exposed populations (Theodorakis et al. 2006).
It is the latter effect to which conservation genetic approaches are
most aptly applied. Because individuals often vary in their sen-
sitivity to various contaminants, chronic exposure may result in
fitness costs (e.g., reduced survival, impaired reproduction, or
compromised immune response; Belfiore and Anderson 2001) in
sensitive individuals. Thus, one would expect to see directional
selection for tolerant genotypes if such susceptibility had a ge-
netic basis. Unfortunately, attributing these types of responses
to contaminant exposure among avian populations is exceed-
ingly difficult because of their relatively long life spans and high
dispersal abilities.
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Contaminant exposure may reduce overall genetic diver-
sity within populations by reducing the effective population size,
especially if barriers to gene flow exist (Evenden and Depledge
1997). Possible approaches for evaluating these potential effects
require a general understanding of background population ge-
netic structure and comparisons of genetic diversity between nu-
merous exposed and unexposed populations or along gradients
of exposure. Whitehead et al. (2003) employed this approach us-
ing AFLP and microsatellite markers in native fish species to test
whether patterns of genetic variation were consistent with long-
term pesticide exposure or with expectations based on biogeog-
raphy. Agricultural systems are particularly promising areas in
which to apply these approaches because they support a broad
range of avian taxa, regularly receive generous doses of various
herbicides and insecticides, and can often be studied with suit-
able replication. However, assessing population-level risk from
exposures on the basis of genetic diversity may be the most prom-
ising application of conservation genetic tools to contaminant re-
search. Small, isolated populations that already have low genetic
variability are likely to be more vulnerable to external stressors
such as toxic compounds, particularly if coupled with other bar-
riers to gene flow. Integrating contaminant exposure research
with assessments of genetic structure can help prioritize man-
agement efforts to preferentially reduce exposure in those popu-
lations that are least likely to have the genetic capacity to deal
with chemical stressors.

Application of other emerging genetic tools, such as microar-
rays (Lettieri 2006), will help further our understanding of the
mechanisms of contaminant effects. A deeper insight into how
various classes of contaminants induce or alter gene expression
and the associated phenotypic responses will provide better un-
derstanding of individual-level effects, identify species-specific
sensitivity profiles, and help develop effective biomarkers of both
exposure and effects. These approaches are now relatively com-
mon among fish, amphibian, and invertebrate taxa and merely
await application to avian species.

The abundance of published avian conservation genetic and
avian ecotoxicology studies highlights the importance of these
two disciplines. Yet the dearth of current research linking them
suggests the existence of a critical information gap and a clear area
for research merging these issues. A logical starting point is to pair
comparisons of genetic diversity among populations with a range
of tissue contaminants in order to build data sets that can be used
to test some of these hypotheses. Species with broad monitoring
networks to build upon (e.g., Tree Swallows [Tachycineta bicolor],
Wood Ducks [Aix sponsal, and Purple Martins [Progne subis])
may be particularly useful for these initial efforts. However, care-
ful study design is imperative to sufficiently address other drivers
of fitness or genetic diversity and minimize the potential for spu-
rious results.

PERSPECTIVE

Molecular technology continues to evolve at an ever increasing
pace. Recent development of high-throughput DNA sequencing
has revolutionized our ability to examine hundreds of thousands
of variable markers, whereas less than 5 years ago, avian geneti-
cists were content with analyzing 5 to 10 variable microsatellite
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loci. Furthermore, over the past two decades, developments in ex-
amining ancient DNA have opened a completely new window into
examining avian evolutionary and demographic history. The near
future promises that an understanding of the complete genome
of an individual or individuals across space and time will provide
a deeper understanding of issues related to the effects of disease,
toxins, population bottlenecks, and other processes on species,
populations, and landscapes. The challenge for avian conserva-
tion geneticists is to understand how this new technology can be
applied to answering critical questions related to avian conserva-
tion. We offer the following insights and perspectives for moving
forward.

(1) Taxonomy is critical to conservation because it defines el-
ements of biodiversity. Since its inception as a field of study, ge-
netics has played a critical role in identifying and grouping taxa,
and we expect that this role will continue to expand with advances
in genomics. However, philosophical differences regarding how to
recognize and define species, subspecies, and appropriate popula-
tion units for conservation need to be resolved.

(2) Traditional genetic tools have been, and continue to be,
successfully applied to a host of avian conservation issues, includ-
ing improved assessment of population structure, gene flow, and
pedigrees. Genomic approaches like the use of SNPs are likely
to increase the discriminative power of these analyses by or-
ders of magnitude, but a new wave of bioinformatic approaches
will likely be necessary to handle the coming deluge of genetic
information.

(3) Multiple data sets should be used to define taxa and
population structure. These temporal and scalar comparisons
can be key to understanding what type of conservation action is
warranted.

(4) Incorporation of historical specimens (e.g., museum skins
and subfossils) into genetic studies has revolutionized all major
subdisciplines of taxonomy and population genetics that benefit
from a direct historical perspective.

(5) Molecular markers can identify cryptic species and
population processes that cannot be observed in any other
way. Thus, they warrant consideration in most conservation
investigations.

(6) The emerging field of landscape genetics can play a critical
role in determining the effects of past, present, and future climatic
and land-use changes on species and their populations.

(7) Ecotoxicological and genetic approaches to studying con-
taminant issues have yet to be widely integrated into avian studies
but could prove insightful.

Ultimately, biodiversity conservation requires preservation
of as much variation as possible at all taxonomic levels. To real-
ize that goal, conservationists and geneticists need to maintain
open lines of communication to design and implement strategies
to help the world’s marvelously rich assemblage of birds endure
the current and future state of biodiversity triage.

ACKNOWLEDGMENTS

We are grateful to R. Fleischer and several anonymous review-
ers for comments on the manuscript. We further thank the U.S.
Geological Survey (USGS) Forest and Rangeland Ecosystem Sci-
ence Center, Oregon State University, USGS Fort Collins Science



APRIL 2011

— SPECIAL REVIEWS IN ORNITHOLOGY —

219

Center, and U.S. Fish and Wildlife Service for their support of this
effort. Any use of trade, product, or firm names in this publication
is for descriptive purposes only and does not imply endorsement
by the U.S. Government.

LITERATURE CITED

ALLEN, A.P,].F. GILLOOLY, V. M. SAVAGE, AND J. H. BROWN. 2006.
Kinetic effects of temperature on rates of genetic divergence and
speciation. Proceedings of the National Academy of Sciences USA
103:9130-9135.

ALLENDORF, F. W,, R. F. LEARY, P. SPRUELL, AND J. K. WENBURG.
2001. The problems with hybrids: Setting conservation guide-
lines. Trends in Ecology & Evolution 16:613—622.

ALLENTOFT, M. E., M. BUNCE, R. P. SCOFIELD, M. L. HALE, AND
R. N. HoLpaway. 2010. Highly skewed sex ratios and biased
fossil deposition of moa: Ancient DNA provides new insight on
New Zealand’s extinct megafauna. Quaternary Science Reviews
29:753-762.

ALSTROM, P, P. C. RASMUSSEN, U. OLSSON, AND P. SUNDBERG.
2008. Species delimitation based on multiple criteria: The Spot-
ted Bush Warbler Bradypterus thoracicus complex (Aves: Mega-
luridae). Zoological Journal of the Linnean Society 154:291-307.

ANDERSON, E. C., AND J. C. GARZA. 2006. The power of single-
nucleotide polymorphisms for large-scale parentage inference.
Genetics 172:2567-2582.

ARrcHIE, E. A, G. LUIKART, AND V. O. EZENWA. 2008. Infecting
epidemiology with genetics: A new frontier in disease ecology.
Trends in Ecology & Evolution 24:21-30.

ARMSTRONG, K. F,, AND S. L. BALL. 2005. DNA barcodes for biose-
curity: Invasive species identification. Philosophical Transactions
of the Royal Society of London, Series B 360:1813-1823.

ATKINSON, C. T., AND M. D. SAMUEL. 2010. Avian malaria Plasmo-
dium relictum in native Hawaiian forest birds: Epizootiology and
demographic impacts on ‘Apapane Himatione sanguinea. Journal
of Avian Biology 41:357-366.

Avisg, J. C. 2000. Phylogeography: The History and Formation of
Species. Harvard University Press, Cambridge, Massachusetts.

AVISE, J. C. 2004. Molecular Markers, Natural History and Evolu-
tion, 2nd ed. Sinauer Associates, Sunderland, Massachusetts.

Avisg, J. C., AND D. WALKER. 1998. Pleistocene phylogeographic
effects on avian populations and the speciation process. Proceed-
ings of the Royal Society of London, Series B 265:457-463.

AXELSSON, E., E. WILLERSLEV, M. T. P. GILBERT, AND R. NIELSEN.
2008. The effect of ancient DNA damage on inferences of demo-
graphic histories. Molecular Biology and Evolution 25:2181-2187.

BACKSTROM, N., S. FAGERBERG, AND H. ELLEGREN. 2008. Genom-
ics of natural bird populations: A gene-based set of reference
markers evenly spread across the avian genome. Molecular Ecol-
ogy 17:964-980.

BAacksTROM, N., A. QVARNSTROM, L. GQUSTAFFSON, AND
H. ELLEGREN. 2006. Levels of linkage disequilibrium in a wild
bird population. Biology Letters 22:435-438.

BAKER, A. ], L. J. HUYNEN, O. HADDRATH, C. D. MILLAR, AND
D. M. LAMBERT. 2005. Reconstructing the tempo and mode of
evolution in an extinct clade of birds with ancient DNA: The giant
moas of New Zealand. Proceedings of the National Academy of
Sciences USA 102:8257-8262.

Downloaded From: https://complete.bioone.org/journals/The-Auk on 18 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use

BAKER, A.]., E.S. TAVARES, AND R. F. ELBOURNE. 2009. Countering
criticisms of single mitochondrial DNA gene barcoding in birds.
Molecular Ecology Resources 9:257-268.

BAKER, C. S. 2008. A truer measure of the market: The molecu-
lar ecology of fisheries and wildlife trade. Molecular Ecology
17:3985-3998.

BAaLL, R. M., JrR,, AND J. C. AvIsE. 1992. Mitochondrial DNA phylo-
geographic differentiation among avian populations and the evo-
lutionary significance of subspecies. Auk 109:626-636.

BaNKs, R. C., R. T. CHESSER, C. CICERO, J. L. DUNN, A. W. KrRAT-
TER, L. J. LOVETTE, P. C. RASMUSSEN, J. V. REMSEN, JR., J. D.
RISING, D. F. STOTZ, AND K. WINKER. 2008. Forty-ninth supple-
ment to the American Ornithologists’ Union Check-list of North
American Birds. Auk 125:758-768.

BaNTOCK, T. M., R. P. PrRYS-JONES, AND P. L. M. LEE. 2008. New
and improved molecular sexing methods for museum bird speci-
mens. Molecular Ecology Resources 8:519-528.

BARKER, F. K, A.]. VANDERGON, AND S. M. LANYON. 2008. Assess-
ment of species limits among Yellow-breasted Meadowlarks
(Sturnella spp.) using mitochondrial and sex-linked markers. Auk
125:869-879.

BARNETT, J. R., V. Ruiz-GuTierrREZ, A. COULON, AND [. J.
LovEeTTE. 2008. Weak genetic structuring indicates ongoing
gene flow across White-ruffed Manakin (Corapipo altera) popu-
lations in a highly fragmented Costa Rica landscape. Conserva-
tion Genetics 9:1403-1412.

BARRIENTOS, R., L. KvIsT, A. BARBOSA, F. VALERA, G. M. LOPEZ-
IBORRA, AND E. MORENO. 2009. Colonization patterns and
genetic structure of peripheral populations of the Trumpeter
Finch (Bucanetes githagineus) from northwest Africa, the Canary
Islands and the Iberian Peninsula. Journal of Biogeography
36:210-219.

BARROWCLOUGH, G. F,, J. G. GROTH, L. A. MERTZ, AND R. J.
GUTIERREZ. 2004. Phylogeographic structure, gene flow and
species status in Blue Grouse (Dendragapus obscurus). Molecular
Ecology 13:1911-1922.

BATES, J. M. 2000. Allozymic genetic structure and natural habitat
fragmentation: Data for five species of Amazonian forest birds.
Condor 102:770-783.

BATES, J. M. 2002. The genetic effects of forest fragmentation on five
species of Amazonian birds. Journal of Avian Biology 33:276—
294.

BATES, J. M., J. HAFFER, AND E. GRISMER. 2004. Avian mitochon-
drial DNA sequence divergence across a headwater stream of the
Rio Tapajds, a major Amazonian river. Journal of Ornithology
145:199-205.

BEADELL, J. S., F. IsHTIAQ, R. Covas, M. MELO, B. H. WARREN,
C. T. ATKINSON, S. BENSCH, G. R. GRAVES, Y. V. JHALA, M. A.
PEIRCE, AND OTHERS. 2006. Global phylogeographic limits of
Hawaii’s avian malaria. Proceedings of the Royal Society of Lon-
don, Series B 273:2935-2944.

Beck, N, J. BOISSIER, S. DROVETSKI, AND C. NovOA. 2009. Popu-
lation genetic structure of Rock Ptarmigan in the ‘sky islands’ of
French Pyrenees: Implications for conservation. Animal Conser-
vation 12:138-146.

BELFIORE, N. M., AND S. L. ANDERSON. 2001. Effects of contami-
nants on genetic patterns in aquatic organisms: A review. Muta-
tion Research 489:97-122.



220

— SPECIAL REVIEWS IN ORNITHOLOGY —

AUK, VoL. 128

BELLIURE, J., G. Sorci, A. P. M@LLER, AND J. CLOBERT. 2000.
Dispersal distances predict subspecies richness in birds. Journal
of Evolutionary Biology 13:480—487.

BENSCH, S., AND D. PEARSON. 2002. The Large-billed Reed Warbler
Acrocephalus orinus revisited. Ibis 144:259-267.

BickrorD, D., D. J. LoHMAN, N. S. SopHI, P. K. L. NG, R. MEIER,
K. WINKER, K. K. INGRAM, AND L. Das. 2007. Cryptic species
as a window on diversity and conservation. Trends in Ecology &
Evolution 22:148-155.

BINLADEN, J., C. WiUF, M. T. P. GILBERT, M. BUNCE, R. BARNETT,
G. LARSON, A. D. GREENwWOOD, J. HAILE, S. Y. W. Ho, A. J.
HANSEN, AND E. WILLERSLEV. 2006. Assessing the fidelity of
ancient DNA sequences amplified from nuclear genes. Genetics
172:733-741.

BOESSENKOOL, S., S. S. TAYLOR, C. K. TEPOLT, ]. KOMDEUR, AND
I. G. JAMIESON. 2007. Large mainland populations of South
Island Robins retain greater genetic diversity than offshore island
refuges. Conservation Genetics 8:705-714.

BOHNING-GAESE, K., L.I. GONZALEZ-GUZMAN, AND J. H. BROWN.
1998. Constraints on dispersal and the evolution of the avifauna
of the Northern Hemisphere. Evolutionary Ecology 12:767-783.

BOsSART, J. L., AND D. P. PROWELL. 1998. Genetic estimates of pop-
ulation structure and gene flow: Limitations, lessons and new
directions. Trends in Ecology & Evolution 13:202-206.

BortTrILL, M. C,, L.N.JOSEPH, ]. CARWARDINE, M. BODE, C. COOK,
E.T. GAME, H. GRANTHAM, S. KARK, S. LINKE, E. MCDONALD-
MADDEN, AND OTHERS. 2008. Is conservation triage just smart
decision-making? Trends in Ecology & Evolution 23:649-654.

BOURKE, B. P.,, A. C. FRANTZ, C. P. LAVERS, A. DAVISON, D. A.
DawsoN, AND T. A. BURKE. 2010. Genetic signatures of popu-
lation change in the British Golden Eagle (Aquila chrysaetos).
Conservation Genetics 11:1837-1846.

BouzaT, J. L., J. A. JoHNSON, J. E. TOEPFER, S. A. SimpsoN, T. L.
ESKER, AND R. L. WESTEMEIER. 2009. Beyond the beneficial
effects of translocations as an effective tool for the genetic res-
toration of isolated populations. Conservation Genetics 10:191—
201.

BrapsHAw, W. E., AND C. M. HoLzAPFEL. 2006. Evolutionary
response to rapid climate change. Science 312:1477-1478.

BrabpsHAw, W. E., AND C. M. HoLZAPFEL. 2008. Genetic response
to rapid climate change: It’s seasonal timing that matters. Molec-
ular Ecology 17:157-166.

BravuN, C. E,, T. BRITT, AND R. O. WALLESTAD. 1977. Guidelines
for maintenance of Sage Grouse habitats. Wildlife Society Bul-
letin 5:99-106.

BrauN, C.E., K. MARTIN, AND L. A. RoBB. 1993. White-tailed Ptar-
migan (Lagopus leucurus). In The Birds of North America, no.
68 (A. Poole and F. Gill, Eds.). Academy of Natural Sciences,
Philadelphia, and American Ornithologists’ Union, Washington,
D.C.

BRAUNISCH, V., G. SEGELBACHER, AND A. H. HIRZEL. 2010. Model-
ling functional landscape connectivity from genetic population
structure: A new spatially explicit approach. Molecular Ecology
19:3664-3678.

BREKKE, P., P. M. BENNETT, ]. WANG, N. PETTORELLI, AND J. G.
EWEN. 2010. Sensitive males: Inbreeding depression in an endan-
gered bird. Proceedings of the Royal Society of London, Series B
277:3677-3684.

Downloaded From: https://complete.bioone.org/journals/The-Auk on 18 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use

BrOQUET, T, AND E.J. PETIT. 2009. Molecular estimation of disper-
sal for ecology and population genetics. Annual Review of Ecol-
ogy, Evolution, and Systematics 40:193-216.

BROQUET, T., J. YEARSLEY, A. H. HIRZEL, ]. GOUDET, AND N. PER-
RIN. 2009. Inferring recent migration rates from individual geno-
types. Molecular Ecology 18:1048-1060.

BROWER, A. V. Z. 2006. Problems with DNA barcodes for species
delimitation: “Ten species’ of Astraptes fulgerator reassessed (Lep-
idoptera: Hesperiidae). Systematics and Biodiversity 4:127-132.

BROWER, A. V. Z. 2010. Alleviating the taxonomic impediment of
DNA barcoding and setting a bad precedent: Names for ten spe-
cies of ‘Astraptes fulgerator’ (Lepidoptera: Hesperiidae: Eudam-
inae) with DNA-based diagnoses. Systematics and Biodiversity
8:485-491.

BrowN, L. M, R. R. RAMEY II, B. TAMBURINI, AND T. A. GAVIN.
2004. Population structure and mitochondrial DNA variation
in sedentary Neotropical birds isolated by forest fragmentation.
Conservation Genetics 5:743-757.

BRUMFIELD, R. T., AND A. P. CAPPARELLA. 1996. Historical diver-
sification of birds in northwestern South America: A molecular
perspective on the role of vicariant events. Evolution 50:1607—
1624.

BUNCE, M., M. SZULKIN, H. R. L. LERNER, . BARNES, B. SHAPIRO,
A. COOPER, AND R. N. HoLpAwAY. 2005. Ancient DNA pro-
vides new insights into the evolutionary history of New Zealand’s
extinct Giant Eagle. PLoS Biology 3:44—46.

BURBRINK, F. T., R. LAWSON, AND J. B. SLowiNsKI. 2000. Mito-
chondrial DNA phylogeography of the polytypic North American
rat snake (Elaphe obsoleta): A critique of the subspecies concept.
Evolution 54:2107-2118.

BUrGEss, N. M., AND M. W. MEYER. 2008. Methylmercury expo-
sure associated with reduced productivity in Common Loons.
Ecotoxicology 17:83-91.

BURNEY, C. W., AND R. T. BRUMFIELD. 2009. Ecology predicts levels
of genetic differentiation in Neotropical birds. American Natu-
ralist 174:358-368.

BusH, K. L., C. L. ALDRIDGE, J. E. CARPENTER, C. A. PASZKOWSKI,
M. S. Boycg, AND D. W. CoLTMAN. 2010. Birds of a feather do
not always lek together: Genetic diversity and kinship structure
of Greater Sage-Grouse (Centrocercus urophasianus) in Alberta.
Auk127:343-353.

CADENA, C. D., AND A. M. CUERVoO. 2010. Molecules, ecology, mor-
phology, and songs in concert: How many species is “Arremon
torquatus” (Aves, Emberizidae)? Biological Journal of the Linnean
Society 99:152-176.

Cabiou, B, L. RirrauT, K. D. McCoy, J. CABELGUEN, M. FORr-
TIN, G. GELINAUD, A. LE RocH, C. TIRARD, AND T. BOULINIER.
2004. Ecological impact of the “Erika” oil spill: Determination
of the geographic origin of the affected Common Guillemots.
Aquatic Living Resources 17:369-377.

CAPPARELLA, A. P. 1991. Neotropical avian diversity and riverine
barriers. Pages 307-316 in Acta XX Congressus Internationalis
Ornithologici (B. D. Bell, Ed.). Congress Trust Board, Wellington,
New Zealand.

CBOL PLANT WORKING GROUP. 2009. A DNA barcode for land
plants. Proceedings of the National Academy of Sciences 106:
12794-12797.



APRIL 2011 — SPECIAL REVIEWS IN ORNITHOLOGY — 221

CHARMANTIER, A., AND D. REALE. 2005. How do misassigned
paternities affect the estimation of heritability in the wild? Molec-

ular Ecology 14:2839-2850.

CHESSER, R. T, R. C. BANKS, F. K. BARKER, C. CICERO, . L. DUNN,
A. W. KRATTER, L. ]. LOVETTE, P. C. RASMUSSEN, J. V. REMSEN,
Jr., J. D. RISING, D. F. SToTZ, AND K. WINKER. 2009. Fiftieth
supplement to the American Ornithologists’ Union Check-list of

North American Birds. Auk 126:705-714.

CHESSER, R. T, R. C. BANKS, F. K. BARKER, C. CICERO, J. L. DUNN,
A. W. KRATTER, L. ]. LOVETTE, P. C. RASMUSSEN, J. V. REMSEN,
Jr., J. D. RISING, D. F. STOTZ, AND K. WINKER. 2010. Fifty-first
supplement to the American Ornithologists’ Union Check-list of

North American Birds. Auk 127:726-744.

CHRISTIDIS, L., AND W. E. BOLES. 2008. Systematics and Taxonomy
of Australian Birds. CSIRO Publishing, Collingwood, Victoria,

Australia.

CLEGG, S. M, ]J. F. KELLY, M. KIMURA, AND T. B. SMITH. 2003.
Combining genetic markers and stable isotopes to reveal pop-
ulation connectivity and migration patterns in a Neotropical
migrant, Wilson’s Warbler (Wilsonia pusilla). Molecular Ecology

12:819-830.

COOPER, A., J]. M. RHYMER, H. F. JAmMESs, S. L. OLsoN, C. E.
McINnTOsH, M. D. SORENSON, AND R. C. FLEISCHER. 1996.
Ancient DNA and island endemics. Nature 381:484.

CRACRAFT, J. 1983. Species concepts and speciation analysis. Pages
159-187 in Current Ornithology, vol. 1 (R. F. Johnston, Ed.). Plenum

Press, New York.

CRACRAFT, J. 1992. The species of the Birds-of-Paradise (Paradis-
aeidae): Applying the phylogenetic species concept to a complex

pattern of diversification. Cladistics 8:1-43.

CROCHET, P. A. 1996. Can measures of gene flow help to evaluate

bird dispersal? Acta Oecologica 17:459-474.

DELANEY, K. S,, S. P. D. RiLEY, AND R. N. FISHER. 2011. A rapid,
strong, and convergent genetic response to urban habitat frag-
mentation in four divergent and widespread vertebrates. PLoS

One 5:€12767.

DESALLE, R., M. G. EGAN, AND M. SiDDALL. 2005. The unholy
trinity: Taxonomy, species delimitation and DNA barcoding.
Philosophical Transactions of the Royal Society of London, Series

B 360:1905-1916.

Dizon, A. E,, C. LocKkYER, W. F. PERRIN, D. P. DEMASTER, AND
J. S1ssON. 1992. Rethinking the stock concept: A phylogeographic

approach. Conservation Biology 6:24-36.

DRAHEIM, H. M, P. BAIRD, AND S. M. HAIG. 2011. Temporal analy-
sis of mtDNA variation reveals loss of genetic diversity in Least
Terns (Sternula antillarum). Condor 113: in press.

DRrRAHEIM, H. M., M. P. MILLER, P. BAIRD, AND S. M. HaIa. 2010.
Subspecific status and population genetic structure of Least Terns
(Sternula antillarum) inferred by mitochondrial DNA control-
region sequences and microsatellite DNA. Auk 127:807-819.

DrISKELL, A., L. CHRISTIDIS, B. ]. GiLL, W. E. BOLES, F. K. BARKER,
AND N. W. LONGMORE. 2007. A new endemic family of New
Zealand passerine birds: Adding heat to a biodiversity hotspot.

Australian Journal of Zoology 55:73-78.

DyYNESIUS, M., AND R. JANSsON. 2000. Evolutionary consequences
of changes in species’ geographical distributions driven by Milank-
ovitch climate oscillations. Proceedings of the National Academy

of Sciences USA 97:9115-9120.

Downloaded From: https://complete.bioone.org/journals/The-Auk on 18 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use

EDWARDS, S. V., AND P. BEERLI. 2000. Perspective: Gene divergence,
population divergence, and the variance in coalescence time in
phylogeographic studies. Evolution 54:1839-1854.

EpwaRrbDSs, S. V., W. B. JENNINGS, AND A. M. SHEDLOCK. 2005.
Phylogenetics of modern birds in the era of genomics. Proceed-
ings of the Royal Society of London, Series B 272:979-992.

EGGERT, L. S,, L. A. TERWILLIGER, B. L. WOODWORTH, P. J. HART,
D.PALMER, AND R. C. FLEISCHER. 2008. Genetic structure along
an elevational gradient in Hawaiian honeycreepers reveals con-
trasting evolutionary responses to avian malaria. BMC Evolution-
ary Biology 8:315.

ExBLOM, R., S. A. SETHER, A. STEIN, P. JACOBSSON, P. FISKE,
T. SAHLMAN, M. GRAHN, J. A. KALAS, AND J. HOGLAND. 2007.
Spatial pattern of MHC class II variation in the Great Snipe
(Gallinago media). Molecular Ecology 16:1439-1451.

EXREM, T., E. WILLASSEN, AND E. STUR. 2007. A comprehensive
DNA sequence library is essential for identification with DNA
barcodes. Molecular Phylogenetics and Evolution 43:530-542.

ELLis, R., C. WATERTON, AND B. WYNNE. 2010. Taxonomy, biodi-
versity and their publics in twenty-first-century DNA barcoding.
Public Understanding of Science 19:497-512.

ESLER, D. 2000. Applying metapopulation theory to conservation of
migratory birds. Conservation Biology 14:366—-372.

Evans, S. R., AND B. C. SHELDON. 2008. Interspecific patterns of
genetic diversity in birds: Correlations with extinction risk. Con-
servation Biology 22:1016-1025.

EVENDEN, A. J., AND M. H. DEPLEDGE. 1997. Genetic susceptibility
in ecosystems: The challenge for ecotoxicology. Environmental
Health Perspectives 105 Supplement 4:849-854.

FarTH, D. P.1992. Conservation evaluation and phylogenetic diversity.
Biological Conservation 61:1-10.

FaLLON, S. M. 2007. Genetic data and the listing of species under
the U.S. Endangered Species Act. Conservation Biology 21:1186—
1195.

FALLON, S. M, R. C. FLEISCHER, AND G. R. GRAVES. 2006. Malar-
ial parasites as geographical markers in migratory birds? Biology
Letters 2:213-216.

FEDY, B. C., K. MARTIN, C. RITLAND, AND J. YOUNG. 2008. Genetic
and ecological data provide incongruent interpretations of popu-
lation structure and dispersal in naturally subdivided populations
of White-tailed Ptarmigan (Lagopus leucura). Molecular Ecology
17:1905-1917.

FLEISCHER, R. C,, H. F. JAMES, AND S. L. OLsON. 2008. Convergent
evolution of Hawaiian and Australo-Pacific honeyeaters from
distant songbird ancestors. Current Biology 18:1927-1931.

FLEISCHER, R. C,, J. J. KIRCHMAN, J. P. DUMBACHER, L. BEVIER,
C.DovVE, N. C.RoTZzEL, S. V. EDWARDS, M. LAMMERTINK, K. J.
MiGLIA, AND W. S. MOORE. 2006. Mid-Pleistocene divergence of
Cuban and North American Ivory-billed Woodpeckers. Biology
Letters 2:466—-469.

FLEISCHER, R. C,, S. L. OLsoN, H. F. JAMES, AND A. C. COOPER.
2000. Identification of the extinct Hawaiian Eagle (Haliaeetus) by
mtDNA sequence analysis. Auk 117:1051-1056.

FLINT, P. L., K. OzAK]I, J. M. PEARCE, B. GuzzeTTI, H. HiIGUCH]J,
J. P. FLESKES, T. SHIMADA, AND D. V. DERKSEN. 2009. Breeding-
season sympatry facilitates genetic exchange among allopatric
wintering populations of Northern Pintails in Japan and Califor-
nia. Condor 111:591-598.



222

— SPECIAL REVIEWS IN ORNITHOLOGY —

AUK, VoL. 128

Fonseca, D. M., D. A. LAPOINTE, AND R. C. FLEISCHER. 2000. Bot-
tlenecks and multiple introductions: Population genetics of the
vector of avian malaria in Hawaii. Molecular Ecology 9:1803—
1814.

Fonseca, D. M., J. L. SMITH, R. C. WILKERSON, AND R. C. FLEIS-
CHER. 2006. Pathways of expansion and multiple introductions
illustrated by large genetic differentiation among worldwide pop-
ulations of the southern house mosquito. American Journal of
Tropical Medicine and Hygiene 74:284—289.

FosTER, J. T.,, B. L. WoobpwORTH, L. E. EGGERT, P. J. HART,
D. PALMER, D. C. DUFFY, AND R. C. FLEISCHER. 2007. Genetic
structure and evolved malaria resistance in Hawaiian honey-
creepers. Molecular Ecology 16:4738-4746.

FOWLER, A. C,, J. M. EADIE, AND A. ENGILIS, JR. 2009. Identifica-
tion of endangered Hawaiian Ducks (Anas wyvilliana), introduced
North American Mallards (A. platyrhynchos) and their hybrids
using multilocus genotypes. Conservation Genetics 10:1747-1758.

Francisco, M. R, H. L. GiBBS, M. GALETTI, V. O. LUNARDI,
AND P. M. GALETT], Jr. 2007. Genetic structure in a tropical
lek-breeding bird, the Blue Manakin (Chiroxiphia caudata) in the
Brazilian Atlantic Forest. Molecular Ecology 16:4908-4918.

FRANKHAM, R. 2010. Challenges and opportunities of genetic
approaches to biological conservation. Biological Conservation
143:1919-1927.

FRANKHAM, R,, J. D. BALLOU, AND D. A. Briscok. 2010. Intro-
duction to Conservation Genetics. Cambridge University Press,
Cambridge, United Kingdom.

FRASER, D. ], AND L. BERNATCHEZ. 2001. Adaptive evolutionary
conservation: Towards a unified concept for defining conserva-
tion units. Molecular Ecology 10:2741-2752.

FREELAND, J. R., AND P. T. BOAG. 1999. Phylogenetics of Darwin’s
finches: Paraphyly in the tree-finches, and two divergent lineages
in the Warbler Finch. Auk 116:577-588.

Funk, W. C,, E. D. FORsMAN, M. JoHNSON, T. D. MULLINS, AND
S. M. Haia. 2010. Evidence for recent population bottlenecks in
Northern Spotted Owls (Strix occidentalis caurina). Conserva-
tion Genetics 11:1013-1021.

Funk, W. C,, T. D. MULLINS, E. D. FORSMAN, AND S. M. HalG.
2007a. Microsatellite loci for distinguishing Spotted Owls (Strix
occidentalis), Barred Owls (Strix varia), and their hybrids. Molec-
ular Ecology Notes 7:284-286.

Funk, W. C,, T. D. MULLINS, AND S. M. Ha1G. 2007b. Conservation
genetics of Snowy Plovers (Charadrius alexandrinus) in the West-
ern Hemisphere: Population genetic structure and delineation of
subspecies. Conservation Genetics 8:1287-13009.

GALBUSERA, P, L. LENS, T. SCHENCK, E. WAIYAKI, AND E. MATTHY-
SEN. 2000. Genetic variability and gene flow in the globally, criti-
cally-endangered Taita Thrush. Conservation Genetics 1:45-55.

GaRrcia, C. B, AND M. V. ARRUGA. 2006. Comparative genetic anal-
ysis between Red-legged Partridges (Alectoris rufa) and Chukar
Partridges (Alectoris chukar): Identification of single-nucleotide
polymorphisms. Animal Research 55:335-342.

GARNETT, S. T, AND L. CHRISTIDIS. 2007. Implications of changing
species definitions for conservation purposes. Bird Conservation
International 17:187-195.

GIeNAPP, P, C. TEPLITSKY, J. S. ALHO, J. A. MILLS, AND J. MERILA.
2008. Climate change and evolution: Disentangling environmen-
tal and genetic responses. Molecular Ecology 17:167-178.

Downloaded From: https://complete.bioone.org/journals/The-Auk on 18 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use

GIRARD, P,,J. Y. TAKEKAWA, AND S. R. BEISSINGER. 2010. Uncloak-
ing a cryptic, threatened rail with molecular markers: Origins,
connectivity and demography of a recently-discovered popula-
tion. Conservation Genetics 11:2409-2418.

GoLDSTEIN, M. 1., T. E. LACHER, JrR., B. WOODBRIDGE, M. J.
BECHARD, S. B. CANAVELLI, M. E. ZaccAaGNINI, G. P. CoBB,
E.J.ScoLLoN, R. TRIBOLET, AND M. J]. HOOPER. 1999. Monocro-
tophos-induced mass mortality of Swainson’s Hawks in Argen-
tina, 1995-96. Ecotoxicology 8:201-214.

GRANT, B.R., AND P. R. GRANT. 2002. Lack of premating isolation at
the base of a phylogenetic tree. American Naturalist 160:1-19.
GRANT, P. R., AND B. R. GRANT. 2008. Pedigrees, assortative mating
and speciation in Darwin’s finches. Proceedings of the Royal

Society of London, Series B 275:661-668.

GREENBERG, R, P. ]. CORDERO, S. DROEGE, AND R. C. FLEISCHER.
1998. Morphological adaptation with no mitochondrial DNA
differentiation in the Coastal Plain Swamp Sparrow. Auk 115:
706-712.

GRINNELL, J. 1922. The role of the “accidental.” Auk 39:373-380.

GROOMBRIDGE, J. J., D. A. DAwsoN, T. BURKE, R. PrRYs-JONES,
M. DE L. BROOKE, AND N. SHAH. 2009. Evaluating the demo-
graphic history of the Seychelles Kestrel (Falco araea): Genetic
evidence for recovery from a population bottleneck following
minimal conservation management. Biological Conservation
142:2250-2257.

GRUEBER, C. E., AND I. G. JAMIESON. 2008. Quantifying and man-
aging the loss of genetic variation in a free-ranging population
of Takahe through the use of pedigrees. Conservation Genetics
9:645-651.

HackerrT, S. J., R. T. KimMmBALL, S. REDDY, R. C. K. BowlIg, E. L.
BRAUN, M. ]. BRAUN, J. L. CHOojNOWSsKI, W. A. Cox, K.-L. HAN,
J. HARSHMAN, AND OTHERS. 2008. A phylogenomic study of
birds reveals their evolutionary history. Science 320:1763-1768.

HAIG, S. M., AND F. W. ALLENDORF. 2006. Hybrid policies under
the U.S. Endangered Species Act. In The Endangered Species Act
at Thirty: Conserving Biodiversity in Human-Dominated Land-
scapes (J. M. Scott, D. D. Goble, and F. W. Davis, Eds.). Island
Press, Washington, D.C.

HaAIg, S. M., AND J. C. AVIsE. 1996. Avian Conservation Genetics.
Pages 160-180 in Conservation Genetics: Case Histories from
Nature (J. C. Avise and J. R. Hamrick, Eds.). Chapman & Hall,
New York.

Haig, S. M., AND J. D. BaLLOU. 2002. Pedigree analysis in wild
populations. Pages 388—405 in Population Viability Analysis
(S. R. Beissinger and D. R. McCullough, Eds.). University of Chi-
cago Press, Chicago, Illinois.

HaiG, S. M, J. D. BALLOU, AND S. R. DERRICKSON. 1990. Manage-
ment options for preserving genetic diversity: Reintroduction of
the Guam Rail to the wild. Conservation Biology 4:290-300.

Haig, S. M., E. A. BEEVER, S. M. CHAMBERS, H. M. DRAHEIM,
B.D.DUGGER, S. DUNHAM, E. ELLIOTT-SMITH, J. B. FONTAINE,
D. C.KESLER, B.]. KNAUS, AND OTHERS. 2006. Taxonomic consid-
erations in listing subspecies under the U.S. Endangered Species
Act. Conservation Biology 20:1584-1594.

Haig, S. M., J. R. BELTHOFF, AND D. H. ALLEN. 1993. Population
viability analysis for a small population of Red-cockaded Wood-
peckers and an evaluation of enhancement strategies. Conserva-
tion Biology 7:289-301.



APRIL 2011 — SPECIAL REVIEWS IN ORNITHOLOGY — 223

HAigG, S. M., AND J. D’EL1A. 2010. Avian subspecies and the U.S.
Endangered Species Act. Pages 24-34 in Avian Subspecies
(K. Winker and S. M. Haig, Eds.). Ornithological Monographs,

no. 67.

Haig, S. M., C. L. GRATTO-TREVOR, T. D. MULLINS, AND M. A. COL-
WELL.1997. Population identification of Western Hemisphere shore-
birds throughout the annual cycle. Molecular Ecology 6:413—427.

Haig, S. M., T. D. MULLINS, E. D. FORSMAN, P. W. TRAIL, AND
L. WENNERBERG. 2004. Genetic identification of Spotted Owls,
Barred Owls, and their hybrids: Legal implications of hybrid iden-

tity. Conservation Biology 18:1347-1357.

HAIG, S. M., AND K. WINKER. 2010. Avian subspecies: Summary and
prospectus. Pages 172-175 in Avian Subspecies (K. Winker and
S. M. Haig, Eds.). Ornithological Monographs, no. 67.

HAILE, J., R. HoLDAWAY, K. OLIVER, M. BUNCE, M. T. P. GILBERT,
R. NIELSEN, K. MUNCH, S. Y. W. Ho, B. SHAPIRO, AND E. WILL-
ERSLEV. 2007. Ancient DNA chronology within sediment depos-
its: Are paleobiological reconstructions possible and is DNA
leaching a factor? Molecular Biology and Evolution 24:982-989.

HajiBABAEL M., G. A. C. SINGER, P. D. N. HEBERT, AND D. A.
HickEey. 2007. DNA barcoding: How it complements taxonomy,
molecular phylogenetics and population genetics. Trends in

Genetics 23:167-172.

Havrir, L. A, P. J. PALSB@LL, S. R. BEISSINGER, J. T. HARVEY,
M. BERUBE, M. G. RAPHAEL, S. K. NELSON, R. T. GOLIGHTLY,
L. McFARLANE-TRANQUILLA, S. H. NEWMAN, AND M. Z. PEERY.
2009. Characterizing dispersal patterns in a threatened seabird
with limited genetic structure. Molecular Ecology 18:5074—5085.
HAMER, T. E., E. D. FOrRsMAN, A. D. FucHs, AND M. L. WALTERS.
1994. Hybridization between Barred and Spotted owls. Auk

111:487-492.

HanssoN, B, L. Jack, J. K. CHRISTIANS, ]J. M. PEMBERTON, M.
AxEesson, H. WESTERDAHL, S. BENSCH, AND D. HASSELQUIST.
2007. No evidence for inbreeding avoidance in a Great Reed War-
bler population. Behavioral Ecology 18:157-164.

HARRIS, R. J., AND J. M. REED. 2002. Behavioral barriers to non-
migratory movements of birds. Annales Zoologici Fennici 39:

275-290.

HAUSER, L., M. BAIRD, R. HILBORN, L. W. SEEB, AND J. E. SEEB.
2011. An empirical comparison of SNPs and microsatellites for
parentage and kinship assignment in a wild sockeye salmon
(Oncorhynchus nerka) population. Molecular Ecology Resources

11 Supplement 1:150-161.

HAzEVOET, C. J. 1996. Conservation and species lists: Taxonomic
neglect promotes the extinction of endemic birds, as exemplified
by taxa from eastern Atlantic islands. Bird Conservation Interna-

tional 6:181-196.

HEeBERT, P. D. N, A. CYWINSKA, S. L. BALL, AND J. R. DEWAARD.
2003. Biological identifications through DNA barcodes. Proceed-
ings of the Royal Society of London, Series B 270:313-321.

HEBERT, P. D. N, AND T. R. GREGORY. 2005. The promise of DNA
barcoding for taxonomy. Systematic Biology 54:852—859.

HEeBERT, P. D. N,, M. Y. STOECKLE, T. S. ZEMLAK, AND C. M.
FrANCIs. 2004. Identification of birds through DNA barcodes.

PLoS Biology 2:e312.

HEeDRICK, P. W., AND R. FREDRICKSON. 2010. Genetic rescue guide-
lines with examples from Mexican wolves and Florida panthers.

Conservation Genetics 11:615—626.

Downloaded From: https://complete.bioone.org/journals/The-Auk on 18 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use

HELLGREN, O., S. BENscH, K. A. HOBSON, AND A. LINDSTROM.
2008. Population structure and migratory directions of Scandi-
navian Bluethroats Luscinia svecica—A molecular, morphologi-
cal and stable isotope analysis. Ecography 31:95-103.

HickersoN, M. J., C. P. MEYER, AND C. MoriTz. 2006. DNA
barcoding will often fail to discover new animal species over
broad parameter space. Systematic Biology 55:729-739.

HirTy, ]. A., W. Z. LIDICKER, JR., AND A. M. MERENLENDER. 2006.
Corridor Ecology. Island Press, Washington, D.C.

Ho, S. Y. 2007. Calibrating molecular estimates of substitution rates
and divergence times in birds. Journal of Avian Biology 38:409—
414.

Ho, S. Y., AND M. T. GILBERT. 2010. Ancient mitogenomics. Mito-
chondrion 10:1-11.

Hosson, K. A. 2005. Using stable isotopes to trace long-distance
dispersal in birds and other taxa. Diversity and Distributions
11:157-164.

HoEkSTRA, H. E., R. J. HIRSCHMANN, R. A. BUNDEY, P. A. INSEL,
AND J. P. CROSSLAND. 2006. A single amino acid mutation
contributes to adaptive beach mouse color pattern. Science 313:
101-104.

HoerzeL, A. R. 2010. Looking backwards to look forwards: Con-
servation genetics in a changing world. Conservation Genetics
11:655-660.

HoreMAN, R. W. 2006. White-tailed Ptarmigan (Lagopus leucura):
A technical conservation assessment. U.S. Department of Agri-
culture, Forest Service, Rocky Mountain Region.

Hubpson, M. E. 2008. Sequencing breakthroughs for genomic ecology
and evolutionary biology. Molecular Ecology Resources 8:3-17.
HuyNEN, L., B. J. GiLL, C. D. MILLAR, AND D. M. LAMBERT.
2010. Ancient DNA reveals extreme egg morphology and nest-
ing behavior in New Zealand’s extinct moa. Proceedings of the

National Academy of Sciences USA 107:16201-16206.

HuyNEN, L., C. D. MILLAR, R. P. SCOFIELD, AND D. M. LAMBERT.
2003. Nuclear DNA sequences detect species limits in ancient
moa. Nature 425:175-178.

IBARRA-MACIAS, A., W. D. ROBINSON, AND M. S. GAINES. 2011.
Experimental evaluation of bird movements in a fragmented Neo-
tropical landscape. Biological Conservation 144:703-712.

INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE. 2007. Climate
Change 2007: Contribution of Working Groups L, Il and III to the
Fourth Assessment Report of the Intergovernmental Panel on
Climate Change. Intergovernmental Panel on Climate Change,
Geneva, Switzerland.

IRESTEDT, M,, J. I. OHLSON, D. ZuccoN, M. KALLERSJO, AND
P. G. P. ErRicsoN. 2006. Nuclear DNA from old collections of
avian study skins reveals the evolutionary history of the Old
World suboscines (Aves, Passeriformes). Zoologica Scripta
35:567-580.

IUCN. 2010. IUCN Red List of Threatened species, version 2010.3.
[Online.] Available at www.iucnredlist.org.

IVERSON, S. A., AND D. EsLER. 2010. Harlequin Duck population
injury and recovery dynamics following the 1989 Exxon Valdez
oil spill. Ecological Applications 20:1993-2006.

JacoBseN, F., M. NEsJE, L. BACHMANN, AND J. T. LIFJELD. 2008.
Significant genetic admixture after reintroduction of Peregrine
Falcon (Falco peregrinus) in southern Scandinavia. Conservation
Genetics 9:581-591.



224 — SPECIAL REVIEWS IN ORNITHOLOGY — AUK, VoL. 128

Jamieson, I. G., S. S. TayLor, L. N. TrRacy, H. Kokko, AND
D.P. ARMSTRONG. 2009. Why some species of birds do not avoid
inbreeding: Insights from New Zealand robins and saddlebacks.

Behavioral Ecology 20:575-586.

JANZEN, D. H. 1967. Why mountain passes are higher in the tropics.

American Naturalist 101:233-249.

Jarvl, S. L., R. C. FLEISCHER, AND L. S. EGGERT. 2009. Genetics and
conservation. Pages 253—273 in Conservation Biology of Hawai-
ian Forest Birds (T. K. Pratt, C. T. Atkinson, P. C. Banko, J. D.
Jacobi, and B. L. Woodworth, Eds.). Yale University Press, New

Haven, Connecticut.

JENNINGS, T. N, B. J. KNaus, T. D. MULLINS, S. M. HAIG, AND
R. C. CrRONN. 2011. Multiplexed microsatellite recovery using
massively parallel sequencing. Molecular Ecology Resources

11:in press.

JoHnNsoN, K. P, D. H. CLAYTON, J. P. DUMBACHER, AND R. C.
FLEISCHER. 2010. The flight of the Passenger Pigeon: Phylogenet-
ics and biogeographic history of an extinct species. Molecular

Phylogenetics and Evolution 57:455-458.

KELLER, L. F, J. M. REID, AND P. ARCESE. 2008. Testing evolu-
tionary models of senescence in a natural population: Age and
inbreeding effects on fitness components in Song Sparrows. Pro-
ceedings of the Royal Society of London, Series B 275:597-604.

KELLER, L. F., AND D. M. WALLER. 2002. Inbreeding effects in wild
populations. Trends in Ecology & Evolution 17:230-242.

KeLLY, E. G., AND E. D. FORSMAN. 2004. Recent records of hybridiza-
tion between Barred Owls and Spotted Owls. Auk 121:806-810.

KeLLy, . E, K. C. RUEGG, AND T. B. SMITH. 2005. Combining iso-
topic and genetic markers to identify breeding origins of migrant

birds. Ecological Applications 15:1487-1494.

KELLY, R. P. 2010. The use of population genetics in Endangered Spe-
cies Actlisting decisions. Ecology Law Quarterly 37:1107-1158.

KERR, K. C. R, D. A. LTMAER, A. S. BARREIRA, P. D. N. HEBERT,
AND P. L. TuBARO. 2009. Probing evolutionary patterns in Neo-
tropical birds through DNA barcodes. PLoS One 4: €4379.

KEeRR, K. C. R.,, M. Y. STOECKLE, C. ]J. DoVE, L. A. WEIGT, C. M.
FranNcis, AND P. D. N. HEBERT. 2007. Comprehensive DNA
barcode coverage of North American birds. Molecular Ecology

Notes 7:535-543.

KeyGHOBADI, N, D. LAPOINTE, R. C. FLEISCHER, AND D. M. FON-
SECA. 2006. Fine-scale population genetic structure of a wild-
life disease vector: The southern house mosquito on the island of

Hawaii. Molecular Ecology 15:3919-3930.

KimBALL, R. T, E. L. BRAUN, F. K. BARKER, R. C. K. Bowig, M. J.
BrAUN,J. L. CHOJNOWSKI, S. ]. HACKETT, K.-L. HAN, J. HARSH-
MAN, V. HEIMER-TORRES, AND OTHERS. 2009. A well-tested set
of primers to amplify regions spread across the avian genome.
Molecular Phylogenetics and Evolution 50:654—660.

KircHMAN, J. ]., C. C. WiTT, J. A. MCGUIRE, AND G. R. GRAVES.
2010. DNA from a 100-year-old holotype confirms the validity
of a potentially extinct hummingbird species. Biology Letters

6:112-115.

Kricka, J., G. M. SPELLMAN, K. WINKER, V. CHUA, AND B. T.
SMITH. 2011. A phylogeographic and population genetic analysis
of a widespread, sedentary North American bird: The Hairy
Woodpecker (Picoides villosus). Auk 128:346-362.

Kricka, J., AND R. M. ZINK. 1999. Pleistocene effects on North
American songbird evolution. Proceedings of the Royal Society

of London, Series B 266:695-700.

Downloaded From: https://complete.bioone.org/journals/The-Auk on 18 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use

KOEHLER, A.V.,]. M. PEARCE, P. L. FLINT, ]. C. FRANSON, AND H. S.
Ip. 2008. Genetic evidence of intercontinental movement of avian
influenza in a migratory bird: The Northern Pintail (Anas acuta).
Molecular Ecology 17:4754—4762.

KRABBE, N., AND T. S. SCHULENBERG. 2003. Family Rhinocrypti-
dae (Tapaculos). Pages 748-787 in Handbook of the Birds of the
World: Broadbills to Tapaculos (J. del Hoyo, A. Elliott, and D. A.
Christie, Eds.). Lynx Edicions, Barcelona, Spain.

Kress, W. J.,, D. L. ErRicksoN, F. A. JoNEs, N. G. SWENSON,
R. PEREZ, O. SANJUR, AND E. BERMINGHAM. 2009. Plant DNA
barcodes and a community phylogeny of a tropical forest dynam-
ics plot in Panama. Proceedings of the National Academy of Sci-
ences USA 106:18621-18626.

Kruuk, L. E. B, AND W. G. HiLL. 2008. Introduction. Evolutionary
dynamics of wild populations: The use of long-term pedigree data.
Proceedings of the Royal Society of London, Series B 275:593-596.

LAMBERT, D. M., P. A. RitcHIE, C. D. MILLAR, B. HOLLAND, A.
J. DRUMMOND, AND C. BARONI. 2002. Rates of evolution in
ancient DNA from Adélie Penguins. Science 295:2270-2273.

LAMBERT, D. M, L. D. SHEPHERD, L. HUYNEN, G. BEANS-PICON,
G. H. WALTER, AND C. D. MILLAR. 2009. The molecular ecology
of the extinct New Zealand Huia. PLoS One 4: e8019.

LA SoOrTE, F. A., AND W. JETZ. 2010. Avian distributions under cli-
mate change: Towards improved projections. Journal of Experi-
mental Biology 213:862—869.

LEE, P. L. M., AND R. P. PrYs-JONEs. 2008. Extracting DNA from
museum bird eggs, and whole genome amplification of archive
DNA. Molecular Ecology Resources 8:551-560.

LERNER, H. R. L., AND R. C. FLEISCHER. 2010. Prospects for the
use of next-generation sequencing methods in ornithology. Auk
127:4-15.

LETTIERI, T. 2006. Recent applications of DNA microarray tech-
noloy to toxicology and ecotoxicology. Environmental Health
Perspectives 114:4—9.

L1, M. H., AND J. MERILA. 2010. Sex-specific population structure,
natural selection, and linkage disequilibrium in a wild bird popu-
lation as revealed by genome-wide microsatellite analyses. BMC
Evolutionary Biology 10:66.

LinDsAy, D. L., K. R. BARR, R. F. LANCE, S. A. TWEDDALE, T. J.
HAYDEN, AND P. L. LEBERG. 2008. Habitat fragmentation and
genetic diversity of an endangered, migratory songbird, the
Golden-cheeked Warbler (Dendroica chrysoparia). Molecular
Ecology 17:2122-2133.

Lowe, W. H.,, AND F. W. ALLENDORE. 2010. What can genetics tell us
about population connectivity? Molecular Ecology 19:3038—3051.

MACE, G. M. 2004. The role of taxonomy in species conservation.
Philosophical Transactions of the Royal Society of London,
Series B 359:711-719.

MALLET, J. 2008. Hybridization, ecological races and the nature of
species: Empirical evidence for the ease of speciation. Philosoph-
ical Transactions of the Royal Society of London, Series B 363:
2971-2986.

MANEL, S., M. K. SCHWARTZ, G. LUIKART, AND P. TABERLET.
2003. Landscape genetics: Combining landscape ecology and
population genetics. Trends in Ecology & Evolution 18:189-197.

Marpis, E. R. 2008. The impact of next-generation sequencing
technology on genetics. Trends in Genetics 24:133-141.

MARR, A, L. F. KELLER, AND P. ARCESE 2002. Heterosis and out-
breeding depression in descendants of natural immigrants to an



APRIL 2011 — SPECIAL REVIEWS

IN ORNITHOLOGY — 225

inbred population of Song Sparrows (Melospiza melodia). Evolu-

tion 56:131-142.

MARRA, P. P, D. R. Norris, S. M. HAiG, M. WEBSTER, AND J. A.
RoyLE. 2006. Migratory connectivity. Pages 157-183 in Connec-
tivity Conservation (K. R. Crooks and M. Sanjayan, Eds.). Cam-
bridge University Press, Cambridge, United Kingdom.

MARTIN, P. R, AND J. K. McKAyY. 2004. Latitudinal variation in
genetic divergence of populations and the potential for future

speciation. Evolution 58:938-945.

MARTIN, P. R., AND J. J. TEWKSBURY. 2008. Latitudinal variation in
subspecific diversification of birds. Evolution 62:2775-2778.

MaATta, H,, C. S. FONTANA, G. N. MAURICIO, M. R. BORNSCHEIN,
M. E. DE VASCONCELOS, AND S. L. BONATTO. 2009. Molecular
phylogeny and biogeography of the eastern tapaculos (Aves: Rhi-
nocryptidae: Scytalopus, Eleoscytalopus): Cryptic diversification
in Brazilian Atlantic forest. Molecular Phylogenetics and Evolu-

tion 53:450-462.

Mauricio, G. N., H. MATA, M. R. BORNSCHEIN, C. D. CADENA,
H. ALVARENGA, AND S. L. BoNATTO. 2008. Hidden generic diver-
sity in Neotropical birds: Molecular and anatomical data support
anew genus for a Scytalopus indigoticus species-group (Aves: Rhi-
nocryptidae). Molecular Phylogenetics and Evolution 49:125-135.

MAYDEN, R. L., AND R. M. Woob. 1995. Systematics, species
concepts and the evolutionarily significant unit in biodiver-
sity and conservation biology. Pages 58-113 in Evolution and
the Aquatic Ecosystem: Defining Unique Units in Population
Conservation (J. L. Nielsen, Ed.). American Fisheries Society,

Bethesda, Maryland.

MAYER, C., K. SCHIEGG, AND G. PASINELLI. 2009. Patchy popula-
tion structure in a short-distance migrant: Evidence from genetic
and demographic data. Molecular Ecology 18:2353-2364.

MAYR, E. 1969. Principles of Systematic Zoology. McGraw-Hill,

NewYork.

McCARTHY, E. M. 2006. Handbook of Avian Hybrids of the World.

Oxford University Press, New York.

McKiTrIick, M. C., AND R. M. ZINK. 1988. Species concepts in orni-

thology. Condor 90:1-14.

MERETSKY, V. J., N. F. R. SNYDER, S. R. BEISSINGER, D. A. CLEN-
DENEN, AND J. W. WILEY. 2000. Demography of the California
Condor: Implications for reestablishment. Conservation Biology

14:957-967.

MEYER, C. P, AND G. PAuLAY. 2005. DNA barcoding: Error rates
based on comprehensive sampling. PLoS Biology 3: e422.

MiLA, B, D. J. GIRMAN, M. KiMURA, AND T. B. SMITH. 2000.
Genetic evidence for the effect of a postglacial population expan-
sion on the phylogeography of a North American songbird.
Proceedings of the Royal Society of London, Series B 267:1033—

1040.

MILLER, M. P,, AND S. M. HaIG. 2010. Identifying shared genetic
structure patterns among Pacific Northwest forest taxa: Insights
from use of visualization tools and computer simulations. PLoS

One 5: e13683.

MILLER, M. P, S. M. HAIG, C. L. GRATTO-TREVOR, AND T. D. MUL-
LINS. 2010. Subspecies status and population genetic structure in
Piping Plover (Charadrius melodus). Auk 127:57-71.

MISHLER, B. D., AND R. N. BRANDON. 1987. Individuality, plural-
ism, and the phylogenetic species concept. Biology and Philoso-

phy 2:397-414.

Downloaded From: https://complete.bioone.org/journals/The-Auk on 18 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use

MitcHELL-OLDS, T, J. H. WiLL1s, AND D. B. GOLDSTEIN. 2007.
Which evolutionary processes influence natural genetic variation
for phenotypic traits? Nature Reviews Genetics 8:845-856.

MOORE, R. P., W. D. ROBINSON, I. ]. LOVETTE, AND T. R. ROBINSON.
2008. Experimental evidence for extreme dispersal limitation in
tropical forest birds. Ecology Letters 11:960-968.

MoRra, M. 2010. Community-level effects of pesticide use—An eval-
uation of the impacts of farmlands (agricultural intensification
and pesticide use) on bird declines and avian biodiversity. Pages
130-133 in Wildlife Toxicology (R. J. Kendall, T. E. Lacher, G. P.
Cobb, and S. B. Cox, Eds.). CRC Press, Boca Raton, Florida.

Moritz, C.1994. Defining ‘evolutionarily significant units’ for con-
servation. Trends in Ecology & Evolution 9:373-375.

Moritz, C., AND C. CICERO. 2004. DNA barcoding: Promise and
pitfalls. PLoS Biology 2: e354.

MuMME, R. L., M. L. GALATOWITSCH, P. G. JABLONSKI, T. M. STA-
WARCZYK, AND J. P. CYGAN. 2006. Evolutionary significance of
geographic variation in a plumage-based foraging adaptation: An
experimental test in the Slate-throated Redstart (Myioborus min-
iatus). Evolution 60:1086-1097.

MunbDy, N. I, P. UNITT, AND D. S. WoOODRUFF. 1997. Skin from feet
of museum specimens as a non-destructive source of DNA for
avian genotyping. Auk 114:126-129.

MuNoz-FUENTES, V., A. J. GREEN, AND M. D. SORENSON. 2008.
Comparing the genetics of wild and captive populations of White-
headed Ducks Oxyura leucocephala: Consequences for recovery
programmes. Ibis 150:807-816.

NeEwMAN, M. C., AND W. H. CLEMENTS. 2008. Ecotoxicology:
A Comprehensive Treatment. CRC Press, Boca Raton, Florida.
O’BRIEN, S. J., AND E. MAYR. 1991. Bureaucratic mischief: Recog-
nizing endangered species and subspecies. Science 251:1187—

1188.

OHLENDORF, H. M., AND R. L. HOTHEM. 1995. Agricultural drain-
water effects on wildlife in central California. Pages 577-595 in
Handbook of Ecotoxicology (D. J. Hoffman, B. A. Rattner, G. A.
Burton, Jr., and J. Cairns, Jr., Eds.). Lewis Publishers, Boca Raton,
Florida.

OLssoN, O. 2007. Genetic origin and success of reintroduced White
Storks. Conservation Biology 21:1196-1206.

ORTEGO, J., G. CALABUIG, P. ]. CORDERO, AND ]. M. APARICIO.
2007. Egg production and individual genetic diversity in Lesser
Kestrels. Molecular Ecology 16:2383-2392.

Oskam, C. L., J.HAILE, E. McLAY, P. RiGBY, M. E. ALLENTOFT, M. E.
OLSEN, C. BENGTSSON, G. H. MILLER, J.-L. SCHWENNINGER,
C. JacomB, AND OTHERS. 2010. Fossil avian eggshell preserves
ancient DNA. Proceedings of the Royal Society of London, Series
B 277:1991-2000.

OYLER-MCCANCE, S.7.,]. ST. JoHN, AND T. W. QUINN. 2010. Rapid
evolution in lekking grouse: Implications for taxonomic defini-
tions. Pages 114—122 in Avian Subspecies (K. Winker and S. M.
Haig, Eds.). Ornithological Monographs, no. 67.

OYLER-MCCANCE, S. J., J. ST. JoHN, S. E. TAYLOR, AND T. W.
QUINN. 2005a. Population genetics of Gunnison Sage-Grouse:
Implications for management. Journal of Wildlife Management
69:630-637.

OYLER-MCCANCE, S.J., S. E. TAYLOR, AND T. W. QUINN. 2005b. A
multilocus genetics survey of Greater Sage-Grouse across their
range. Molecular Ecology 14:1293-1310.



226

— SPECIAL REVIEWS IN ORNITHOLOGY —

AUK, VoL. 128

Pagenkorp, K. M., J. Kricka, K. L. DURRANT, J. C. GARVIN, AND
R. C. FLEISCHER. 2008. Geographic variation in malarial parasite
lineages in the Common Yellowthroat (Geothlypis trichas). Con-
servation Genetics 9:1577-1588.

PALSBOLL, P.]., M. Z. PEERY, AND M. BERUBE. 2010. Detecting pop-
ulations in the ‘ambiguous’ zone: Kinship-based estimation of
population structure at low genetic divergence. Molecular Ecol-
ogy Resources 10:797-805.

Parumsi, A. R.,, AND F. CipriANO. 1998. Species identification
using genetic tools: The value of nuclear and mitochondrial gene
sequences in whale conservation. Journal of Heredity 89:459-464.

PATTEN, M. A. 2010. Null expectations in subspecies diagnosis.
Pages 35-41 in Avian Subspecies (K. Winker and S. M. Haig,
Eds.). Ornithological Monographs, no. 67.

Paviacky, D. C,, Jr., A. W. GOLDIZEN, P. ]. PRENTIS, J. A. NICH-
oLLS, AND A. J. LowE. 2009. A landscape genetics approach for
quantifying the relative influence of historic and contemporary
habitat heterogeneity on the genetic connectivity of a rainforest
bird. Molecular Ecology 18:2945-2960.

Paxinos, E. E., H. F. JaMEs, S. L. OLsON, M. D. SORENSON, J. JACK-
soN, AND R. C. FLEISCHER. 2002. MtDNA from fossils reveals
a radiation of Hawaiian geese recently derived from the Canada
Goose (Branta canadensis). Proceedings of the National Acad-
emy of Sciences USA 99:1399-1404.

PEARCE, J. M., B. J. PiersoN, S. L. TaLBoT, D. V. DERKSEN,
D. KRAEGE, AND K. T. SCRIBNER. 2000. A genetic evaluation of
morphology used to identify harvested Canada Geese. Journal of
Wildlife Management 64:863—874.

PEARSON, R. G., AND T. P. DAWSON. 2003. Predicting the impacts of
climate change on the distribution of species: Are bioclimate enve-
lope models useful? Global Ecology and Biogeography 2:361-371.

PEERY, M. Z,, S. R. BEISSINGER, R. F. Housg, M. BERUBE, L. A.
HaLrL, A. SELLAS, AND P. J. PALsBoLL. 2008. Characterizing
source—sink dynamics with genetic parentage assignments. Ecol-
ogy 89:2746-2759.

PEERY, M. Z,,L. A.HALL, A. SELLAS, S. R. BEISSINGER, C. MORITZ,
M. BERUBE, M. G. RAPHAEL, S. K. NELSON, R. T. GOLIGHTLY,
L. MCFARLANE-TRANQUILLA, S. NEWMAN, AND P. ]. PALSBOLL.
2010. Genetic analyses of historic and modern Marbled Murrelets
suggest decoupling of migration and gene flow after habitat frag-
mentation. Proceedings of the Royal Society of London, Series B
277:697-706.

PEMBERTON, J. M. 2008. Wild pedigrees: The way to go forward. Pro-
ceedings of the Royal Society of London, Series B 275:613—621.
PETERS, J. L., K. G. McCRACKEN, Y. N. ZHURAVLEYV, Y. Ly, R. E.
WiLsoN, K. P. JoHNsoN, AND K. E. OMLAND. 2005. Phyloge-
netics of wigeons and allies (Anatidae: Anas): The importance of
sampling multiple loci and multiple individuals. Molecular Phy-

logenetics and Evolution 35:209-224.

PETERSON, A. T. 2006. Taxonomy is important in conservation: A
preliminary reassessment of Philippine species-level bird taxon-
omy. Bird Conservation International 16:155-173.

PETERSON, A. T., AND A. G. NAVARRO-SIGUENZA. 1999. Alternate
species concepts as bases for determining priority conservation
areas. Conservation Biology 13:427-431.

PETREN, K, B. R. GRANT, AND P. R. GRANT. 1999. A phylogeny of
Darwin’s finches based on microsatellite DNA length variation.
Proceedings of the Royal Society of London, Series B 266:321-329.

Downloaded From: https://complete.bioone.org/journals/The-Auk on 18 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use

PiENKOWSKI, M. W., A. R. WATKINSON, G. KERBY, B. W. BROOK,
AND J. KIKKAWA. 1998. Examining threats faced by island birds:
A population viability analysis on the Capricorn Silvereye using
long-term data. Journal of Applied Ecology 35:491-503.

PRIMMER, C. R., T. RAUDSEPP, B. P. CHOWDHARY, A. P. MOLLER,
AND H. ELLEGREN. 1997. Low frequency of microsatellites in the
avian genome. Genome Research 7:471-482.

PrRUETT, C. L., AND K. WINKER. 2010. Alaska Song Sparrows
(Melospiza melodia) demonstrate that genetic marker and method
of analysis matter in subspecies assessments. Pages 162-171 in
Avian Subspecies (K. Winker and S. M. Haig, Eds.). Ornithological
Monographs, no. 67.

PuLipo, F., AND P. BERTHOLD. 2010. Current selection for lower
migratory activity will drive the evolution of residency in a migra-
tory bird population. Proceedings of the National Academy of
Sciences USA 107:7341-7346.

RAMAKRISHNAN, U,, AND E. A. HADLY. 2009. Using phylochronol-
ogy to reveal cryptic population histories: Review and synthesis of
29 ancient DNA studies. Molecular Ecology 18:1310-1330.

RaMBAUT, A, S. Y. W. Ho, A. ]J. DRUMMOND, AND B. SHAPIRO.
2009. Accommodating the effect of ancient DNA damage on
inferences of demographic histories. Molecular Biology and Evo-
lution 26:245-248.

RATCLIFFE, D. A. 1967. Decrease in eggshell weight in certain birds
of prey. Nature 215:201-210.

RATNASINGHAM, S., AND P. D. N. HEBERT. 2007. BOLD: The Bar-
code of Life data system (http://www.barcodinglife.org). Molecu-
lar Ecology Notes 7:355-364.

RAWLENCE, N. J., ]. R. Woob, K. N. ARMSTRONG, AND A. Coo-
PER. 2009. DNA content and distribution in ancient feathers
and potential to reconstruct the plumage of extinct avian taxa.
Proceedings of the Royal Society of London, Series B 276:3395—
3402.

REDING, D. M,, L. A. FREED, R. L. CANN, AND R. C. FLEISCHER.
2010. Spatial and temporal patterns of genetic diversity in an
endangered Hawaiian honeycreeper, the Hawaiian Akepa (Lox-
ops coccineus coccineus). Conservation Genetics 11:225-240.

REMSEN, J. V., Jr. 2010. Subspecies as a meaningful rank in avian
classification. Pages 62-78 in Avian Subspecies (K. Winker and
S. M. Haig, Eds.). Ornithological Monographs, no. 67.

REMSEN, J. V., Jr.,, C. D. CADENA, A. JARAMILLO, M. NORES,
J. E. PacHECcO, M. B. RoBBINS, T. S. SCHULENBERG, F. G.
STiLES, D. F. STOTZ, AND K. J. ZIMMER. 2010. A classification
of the bird species of South America, version 2010. American
Ornithologists’ Union. [Online.] Available at www.museum.lsu.
edu/~Remsen/SACCBaseline.html.

RHYMER, J. M., AND D. S. SIMBERLOFF. 1996. Genetic extinction
through hybridization and introgression. Annual Review of Ecol-
ogy and Systematics 27:83-109.

RICCIARDIL A., AND D. SIMBERLOFF. 2009. Assisted colonization is
not a viable conservation strategy. Trends in Ecology & Evolution
24:248-253.

RiTcHIE, P. A, C. D. MILLAR, G. C. GiBB, C. BARONI, AND D. M.
LAMBERT. 2004. Ancient DNA enables timing of the Pleistocene
origin and Holocene expansion of two Adélie Penguin lineages in
Antarctica. Molecular Biology and Evolution 21:240-248.

Rojas-SoTto, O. R., A. G. NAVARRO-SIGUENZA, AND A. E. DE Los
MONTEROS. 2010. Systematics and bird conservation policies:



APRIL 2011 — SPECIAL REVIEWS IN ORNITHOLOGY — 227

The importance of species limits. Bird Conservation Interna-

tional 20:176-185.

RoLLINS, L. A., A. P. WoOLNOUGH, A. N. WILTON, R. SINCLAIR,
AND W. B. SHERWIN. 2009. Invasive species can’t cover their
tracks: Using microsatellites to assist management of starling
(Sturnus vulgaris) populations in western Australia. Molecular

Ecology 18:1560-1573.

Ross, K. G, D. GOTZEK, M. S. ASCUNCE, AND D. D. SHOEMAKER.
2010. Species delimitation: A case study in a problematic ant

taxon. Systematic Biology 59:162-184.

RounD, P. D, B. HANSSON, D. J. PEARSON, P. R. KENNERLEY, AND
S. BENscH. 2007. Lost and found: The enigmatic Large-billed
Reed Warbler Acrocephalus orinus rediscovered after 139 years.

Journal of Avian Biology 38:133-138.

RUBINOFF, D. 2006. Utility of mitochondrial DNA barcodes in spe-
cies conservation. Conservation Biology 20:1026-1033.

RYDER, O. A. 1986. Species conservation and sytematics: The
dilemma of subspecies. Trends in Ecology & Evolution 1:9-10
SAFNER, T., M. P. MILLER, B. H. McRAE, M.-]. FORTIN, AND

S. MANEL. 2011. Comparison of Bayesian clustering and edge
detection methods for inferring boundaries in landscape genet-
ics. International Journal of Molecular Sciences 12:865—889.
SCHIEGG, K., S. J. DANIELS, J. R. WALTERS, J. A. PRIDDY, AND
G. PASINELLL 2006. Inbreeding in Red-cockaded Woodpeckers:
Effects of natal dispersal distance and territory location. Biologi-

cal Conservation 131:544-552.

SCOBLE, ], AND A. J. LOWE. 2010. A case for incorporating phylo-
geography and landscape genetics into species distribution mod-
eling approaches to improve climate adaptation and conservation
planning. Diversity and Distributions 16:343-353.

SEGELBACHER, G., ]. HOGLUND, AND 1. STORCH. 2003. From con-
nectivity to isolation: Genetic consequences of population frag-
mentation in Capercaillie across Europe. Molecular Ecology

12:1773-1780.

SEGELBACHER, G., AND 1. STORCH. 2002. Capercaillie in the Alps:
Genetic evidence of metapopulation structure and population

decline. Molecular Ecology 11:1669-1677.

SHELDON, B. C. 2010. Genetic perspectives on the evolutionary con-
sequences of climate change in birds. Pages 149-168 in Effects
of Climate Change on Birds (A. P. Meller, W. Fielder, and
P. Berthold, Eds.). Oxford University Press, Oxford, United

Kingdom.

SILLANPAX, M. J. 2011. On the statistical methods for estimating
heritability in wild populations. Molecular Ecology 20:1324—

1332.

SITES, J. W., AND J. C. MARSHALL. 2003. Delimiting species: A
Renaissance issue in systematic biology. Trends in Ecology &

Evolution 18:462-470.

SKARPHEDINSDOTTIR, H., G. T. HALLGRIMSSON, T. HANSSON,
P.-A. HAGERROTH, B. LIEWENBORG, U. TJARNLUND, G. AKER-
MAN, J. BARSIENE, AND L. BALK. 2010. Genotoxicity in Her-
ring Gulls (Larus argentatus) in Sweden and Iceland. Mutation
Research/Genetic Toxicology and Environmental Mutagenesis

702:24-31.

SkeLLy, D. K, L. N. JoseprH, H. P. PossiINGHAM, L. K. FREIDEN-
BURG, T.J. FARRUGIA, M. T. KINNISON, AND A. P. HENDRY.
2007. Evolutionary responses to climate change. Conservation

Biology 21:1353-1355.

Downloaded From: https://complete.bioone.org/journals/The-Auk on 18 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use

SLATE, J. 2008. Robustness of linkage maps in natural populations:
A simulation study. Proceedings of the Royal Society of London,
Series B 275:695-702.

SLATE,].,]. GRATTEN, D. BERALDI, J. STAPLEY, M. HALE, AND ]. M.
PEMBERTON. 2009. Gene mapping in the wild with SNPs: Guide-
lines and future directions. Genetica 136:97-107.

Sry, N.D., A. K. TowNSEND, C. C. RIMMER, ]. M. TOWNSEND, S. C.
LATTA, AND L. J. LOVETTE. 2010. Phylogeography and conserva-
tion of the endemic Hispaniolan palm-tanagers (Aves: Phaenico-
philus). Conservation Genetics 11:2121-2129.

SNAPE, J. R, S. J. MAUND, D. B. PickrorD, AND T. H. HUTCHIN-
SON. 2004. Ecotoxicogenomics: The challenge of integrating
genomics into aquatic and terrestrial ecotoxicology. Aquatic
Toxicology 67:143-154.

SoNG, H,, J. E. BuHAY, M. F. WHITING, AND K. A. CRANDALL.
2008. Many species in one: DNA barcoding overestimates the
number of species when nuclear mitochondrial pseudogenes are
coamplified. Proceedings of the National Academy of Sciences
USA 105:13486-13491.

SONSTHAGEN, S. A,, S. L. TALBOT, R. B. LANcTOT, K. T. SCRIB-
NER, AND K. G. McCRACKEN. 2009. Hierarchical spatial genetic
structure of Common Eiders (Somateria mollissima) breeding
along a migratory corridor. Auk 126:744-754.

SORENSON, M. D., A. COOPER, E. E. Paxinos, T. W. QuIiNN, H. F.
JAMES, S. L. OLsON, AND R. C. FLEISCHER. 1999. Relationships
of the extinct moa-nalos, flightless Hawaiian waterfowl, based
on ancient DNA. Proceedings of the Royal Society of London,
Series B 266:2187-2193.

SPAULDING, A. W, K. E. Mock, M. A. SCHROEDER, AND K. L.
WARHEIT. 2006. Recency, range expansion, and unsorted lin-
eages: implications for interpreting neutral genetic variation in
the Sharp-tailed Grouse (Tympanuchus phasianellus). Molecu-
lar Ecology 15:2317-2332.

STATE OF THE BIRrDs. 2010. Report on climate change. U.S. Depart-
ment of the Interior. [Online.] Available at www.stateofthebirds.
org/.

STATON, J. L., N. V. ScHizAS, G. T. CHANDLER, B. C. COULL, AND
J. M. QuAaTTRO. 2001. Ecotoxicology and population genetics:
The emergence of “phylogeographic and evolutionary ecotoxicol-
ogy.” Ecotoxicology 10:217-222.

STEEVES, T. E., R. F. MALONEY, M. L. HALE, J. M. TYLIANAKIS,
AND N. J. GEMMEL. 2010. Genetic analyses reveal hybridization
but no hybrid swarm in one of the world’s rarest birds. Molecular
Ecology 19:5090-5100.

STEVENS, G. C.1989. The latitudinal gradient in geographical range:
How so many species coexist in the tropics. American Natural-
ist 133:240-256.

STOREFER, A. 1999. Gene flow and endangered species transloca-
tions: A topic revisited. Biological Conservation 87:173-180.

STORFER, A., M. A. MURPHY, ]. S. EVANS, C. S. GOLDBERG, S. ROB-
INSON, S. F. SPEAR, R. DEZZANI, E. DELMELLE, L. VIERLING,
AND L. P. WarTs. 2007. Putting the “landscape” in landscape
genetics. Heredity 98:128-142.

STORFER, A., M. A. MURPHY, S. F, SPEAR, R. HOLDEREGGER, AND
L. P. WaIlTs. 2010. Landscape genetics: Where are we now?
Molecular Ecology 19:3496-3514.

STRALBERG, D., D. JongsomJiT, C. A. HOWELL, M. A. SNYDER,
J. D. ALEXANDER, J. A. WieEns, aNnD T. L. RooT. 2009.



228

— SPECIAL REVIEWS IN ORNITHOLOGY —

AUK, VoL. 128

Re-shuffling of species with climate disruption: A no-analog
future for California birds? PLoS One 4: e6825.

STRATFORD, J. A., AND W. D. RoBINSON. 2005. Gulliver travels to
the fragmented tropics: Geographic variation in mechanisms
of avian extinction. Frontiers in Ecology and the Environment
3:85-92.

STRESEMANN, E. 1975. Ornithology from Aristotle to the Present.
Harvard University Press, Cambridge, Massachusetts.

SZULKIN, M., P. ZELAZOWSKI, G. NICHOLSON, AND B. C. SHEL-
DON. 2009. Inbreeding avoidance under different null models
of random mating in the Great Tit. Journal of Animal Ecology
78:778-789.

TALBOT, S. L., J. M. PEARCE, B. J. P1IERSON, D. V. DERKSEN, AND
K. T. SCcrRIBNER. 2003. Molecular status of the Dusky Canada
Goose (Branta canadensis occidentalis): A genetic assessment of
a translocation effort. Conservation Genetics 4:367—381.

TALLMON, D. A., G. LUIKART, AND R. S. WAPLES. 2004. The allur-
ing simplicity and complex reality of genetic rescue. Trends in
Ecology & Evolution 19:489—496.

TARR, C. L., AND R. C. FLEISCHER. 1995. Evolutionary relationships
of the Hawaiian honeycreepers (Aves: Drepanidinae). Pages 147—
159 in Hawaiian Biogeography: Evolution in a Hot-Spot Archi-
pelago (W. Wagner and V. Funk, Eds.). Smithsonian Institution
Press, Washington, D.C.

TARR, C. L., AND R. C. FLEISCHER. 1999. Population boundaries
and genetic diversity in the endangered Mariana Crow (Corvus
kubaryi). Molecular Ecology 8:941-949.

TauTz, D, P. ARCTANDER, A. MINELL], R. H. THOMAS, AND A. P.
VOGLER. 2003. A plea for DNA taxonomy. Trends in Ecology &
Evolution 18:70-74.

TAVARES, E. S., AND A. J. BAKER. 2008. Single mitochondrial gene
barcodes reliably identify sister-species in diverse clades of birds.
BMC Evolutionary Biology 8: article 81.

THEODORAKIS, C. W, K. LEE, S. M. ADAMS, AND C. B. LAw. 2006.
Evidence of altered gene flow, mutation rate, and genetic diversity
in Redbreast Sunfish from a pulp-mill-contaminated river. Envi-
ronmental Science and Technology 40:377-386.

TimmiINs, R. J.,, N. Mostarawi, A. M. RajaBi, H. Noori,
S. OsTROWSKI, U. OLSSON, L. SVENSSON, AND C. M. POOLE.
2009. The discovery of Large-billed Reed Warblers Acrocepha-
lus orinus in north-eastern Afghanistan. Birding Asia 12:42—
45.

TINGLEY, M. W., W. B. MONAHAN, S. R. BEISSINGER, AND C. MOR-
T1z. 2009. Birds track their Grinnellian niche through a century
of climate change. Proceedings of the National Academy of
Sciences USA 106:19637-1964:3.

Togias, J. A., N. SEDDON, C. N. SPOTTISWOODE, J. D. PILGRIM,
L. D. FisurooL, AND N. J. CoLLAR. 2010. Quantitative criteria
for species delimitation. Ibis 152:724-746.

Tonnis, B, P. R. GRANT, B. R. GRANT, AND K. PETREN. 2005.
Habitat selection and ecological speciation in Galdpagos warbler
finches (Certhidea olivacea and Certhidea fusca). Proceedings of
the Royal Society of London, Series B 272:819-826.

TowNsEND, A. K. 2009. Disease-mediated inbreeding depression in
alarge, open population of cooperative crows. Proceedings of the
Royal Society of London, Series B 276:2057-2065.

TrRONTELJ, P., AND C. FISER. 2008. Cryptic species diversity should
not be trivialized. Systematics and Biodiversity 7:1-3.

Downloaded From: https://complete.bioone.org/journals/The-Auk on 18 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use

U.S. FisH AND WILDLIFE SERVICE. 2010a. Determination for the
Gunnison Sage-Grouse as a threatened or endangered species.
Federal Register 75:59803-59863.

U.S. FisH AND WILDLIFE SERVICE. 2010b. 12-month findings for peti-
tions to list the Greater Sage-Grouse (Centrocercus urophasianus)
as threatened or endangered. Federal Register 75:13910-14014.

U.S. F1SH AND WILDLIFE SERVICE AND NATIONAL MARINE FISHER-
IES SERVICE. 1996. Policy regarding the recognition of distinct
vertebrate population segments under the Endangered Species
Act. Federal Register 61:4722-4725.

VALl U, V. DomBROVSKI, R. TREINYS, U. BERGMANIS, S. J.
DARrOczI, M. DRAVECKY, V. IvANOVSKI, ]J. LONTKOWSKI,
G. MACIOROWSKI, B.-U. MEYBURG, AND OTHERS. 2010. Wide-
spread hybridization between the Greater Spotted Eagle Aquila
clanga and the Lesser Spotted Eagle Aquila pomarina (Aves:
Accipitriformes) in Europe. Biological Journal of the Linnean
Society 100:725-736.

VANDERGAST, A. G., A. ]J. BOHONAK, S. A. HATHAWAY, ]J. Boys,
AND R. N. FISHER. 2008. Are hotspots of evolutionary potential
adequately protected in southern California? Biological Conser-
vation 141:1648-1664.

VANE-WRIGHT, R. 1., C. ]. HUMPHRIES, AND P. H. WiLL1IAMS. 1991.
What to protect?—Systematics and the agony of choice. Biologi-
cal Conservation 55:235-254.

VAN RIPER, C,, III, S. G. VAN RIPER, M. L. GOFF, AND M. LAIRD.
1986. The epizootiology and ecological significance of malaria in
Hawaiian land birds. Ecological Monographs 56:327-344.

VEIT, M. L., R.]. ROBERTSON, P. B. HAMEL, AND V. L. FRIESEN. 2005.
Population genetic structure and dispersal across a fragmented
landscape in Cerulean Warblers (Dendroica cerulea). Conserva-
tion Genetics 6:159-174.

VOGLER, A. P, AND R. DESALLE. 1994. Diagnosing units of conser-
vation management. Conservation Biology 8:354-363.

WALDENSTROM, J., S. BENScH, S. KiBoi, D. HASSELQUIST, AND
U. OTTOSsON. 2002. Cross-species infection of blood parasites
between resident and migratory songbirds in Africa. Molecular
Ecology 11:1545-1554.

WALLACE, A. R.1889. A Narrative of Travels on the Amazon and Rio
Negro: With an Account of the Native Tribes, and Observations
of the Climate, Geology and Natural History of the Amazon Val-
ley, 2nd ed. Ward, Laock and Company, London.

WANG, J., AND A. W. SANTURE. 2009. Parentage and sibship infer-
ence from multilocus genotype data under polygamy. Genetics
181:1579-1594.

WARD, R. D, R. HANNER, AND P. D. N. HEBERT. 2009. The cam-
paign to DNA barcode all fishes, FISH-BOL. Journal of Fish Biol-
ogy 74:329-356.

WAYNE, R. K., J. A. LEONARD, AND A. COOPER. 1999. Full of sound
and fury: History of ancient DNA. Annual Review of Ecology and
Systematics 30:457-477.

WEBSTER, M. S, P. P. MARRA, S. M. HAIG, S. BENscH, AND R. T.
HoLMEs. 2002. Links between worlds: Unraveling migratory
connectivity. Trends in Ecology & Evolution 17:76-83.

WENINK, P. W, A.]J. BAKER, AND M. G. ]. TiILANUS. 1993. Hyper-
variable control-region sequences reveal global population struc-
ture in a long-distance migrant shorebird, the Dunlin (Calidris
alpina). Proceedings of the National Academy of Sciences USA
90:94-98.



APRIL 2011 — SPECIAL REVIEWS IN ORNITHOLOGY — 229

WETMORE, A. 1926. The Migrations of Birds. Harvard University

Press, Cambridge, Massachusetts.

WHEELER, Q. D., P. H. RAVEN, AND E. O. WiLSON. 2004. Taxonomy:

Impediment or expedient? Science 303:285.

WHITEHEAD, A., S. L. ANDERSON, K. M. KuiviLa, J. L. ROAcH,
B. MAY. 2003. Genetic variation among interconnected popula-
tions of Catostomus occidentalis: Implications for distinguish-
ing impacts of contaminants from biogeographical structuring.

Molecular Ecology 12:2817-2833.

WIENS, J.]. 2007. Species delimitation: New approaches for discover-

ing diversity. Systematic Biology 56:875—878.

WIKELSKI, M., L. SPINNEY, W. SCHELSKY, A. SCHEUERLEIN, AND
E. GWINNER. 2003. Slow pace oflife in tropical sedentary birds: A
common-garden experiment on four stonechat populations from
different latitudes. Proceedings of the Royal Society of London,

Series B 270:2383-2388.

WiLL, K. W., B. D. MISHLER, AND Q. D. WHEELER. 2005. The perils
of DNA barcoding and the need for integrative taxonomy. Sys-

tematic Biology 54:844—851.

WiLL, K. W., AND D. RUBINOFF. 2004. Myth of the molecule: DNA
barcodes for species cannot replace morphology for identification

and classification. Cladistics 20:47-55.

WILLERSLEV, E., AND A. COOPER. 2005. Ancient DNA. Proceedings
of the Royal Society of London, Series B 272:3-16.

WINKER, K. 2010a. Is it a species? Ibis 152:679-682.

WINKER, K. 2010b. On the origin of species through heteropatric dif-
ferentiation: A review and a model of speciation in migratory ani-

mals. Ornithological Monographs, no. 69.

WINKER, K., AND S. M. HAIG, EDs. 2010. Avian subspecies. Ornitho-

logical Monographs, no. 67.

Downloaded From: https://complete.bioone.org/journals/The-Auk on 18 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use

YOUNG, J. R, C. E. BRAUN, S. J. OYLER-McCANCE, ]. W. Hurp, AND
T. W. QUINN. 2000. A new species of sage-grouse (Phasiani-
dae: Centrocercus) from southwestern Colorado. Wilson Bulletin
112:445-453.

ZIMMER, J. T., AND E. MAYR. 1943. New species of birds described
from 1938 to 1941. Auk 60:249-262.

ZINK, R. M. 1989. The study of geographic variation. Auk 106:157—
160.

ZINK, R. M. 2004. The role of subspecies in obscuring avian biologi-
cal diversity and misleading conservation policy. Proceedings of
the Royal Society of London, Series B 271:561-564-

ZINK, R. M., G. F. BARROWCLOUGH, J. L. ATwoop, AND R. C.
BLACKWELL-RAGO. 2000. Genetics, taxonomy, and conservation
of the threatened California Gnatcatcher. Conservation Biology
14:1394-14.05.

ZINK, R. M., A. W. JoNES, C. C. FARQUHAR, M. C. WESTBERG,
and J. I. GoNzALEZ Rojas. 2010. Comparison of molecular
markers in the endangered Black-capped Vireo (Vireo atrica-
pilla) and their interpretation in conservation. Auk 127:797-
806.

ZINK, R. M., AND M. C. McKiTRrICK. 1995. The debate over species
concepts and its implications for ornithology. Auk 112:701-
719.

ZwickKEL, F. C., AND J. F. BENDELL. 2005. Blue Grouse (Dendragapus
obscurus). In The Birds of North America Online (A. Poole, Ed.).
Cornell Lab of Ornithology, Ithaca, New York. Available at bna.
birds.cornell.edu/bna/species/015.

Received 27 January 2011, accepted 25 March 2011.



