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ABSTRACT
Recent observed changes in bird distributions provide an unprecedented opportunity to
gain a deeper understanding of the processes that influence specistpegsByYy
modelling presence-absence data from the North American Breedin§WBirdy, we
found evidence that the breeding range of the western burrowing owl hesctenhat its
northern, western, and eastern boundaries since 1967. We suggest that the species’
breeding distribution is also expanding southwards to former wintering grouads int
northern Mexico, facilitated by the appearance of new breeding habitedcisa
irrigated agriculture in the arid areas of southwestern United States andestetmv
Mexico. This dissertation explores the hypothesis that burrowing owls frofrenort
migratory populations have become resident breeders in areas of northwéstero
that were formerly used only by migratory owls during winter, contributing to both
population declines near the northern extent of the species’ breeding range and
population increases in the southern half of the species’ range. We used novel DNA
microsatellite markers to test patterns of gene flow predicted byntgration-mediated
range-shift hypothesis. We genotyped 1,560 owls from 36 study locations in Canada,
Mexico, and the United States. Analyses of molecular variance provided evidence that
burrowing owl populations in both northwestern Mexico and Canada are genetically
different from the rest of the populations in the breeding range, lending some sapport t
the migration-mediated range-shift hypothesis. We found evidence of subtle genetic
differentiation associated with subtropical irrigated agriculturalsareaouthern Sonora

and Sinaloa, demonstrating that land use can produce location-specific population
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dynamics leading to genetic structure even in the absence of dispersasbéreealso

used stable isotopéll, **C, and™N in feathers to test philopatry and breeding dispersal
patterns predicted by this migration-mediated range-shift hypothesisvogrowl
populations near the northern edge of the species’ breeding range had a high proportion
of immigrants compared to interior populations, while other populations had high levels
of philopatry. Stable isotopes also provided evidence of breeding dispersal evants fro
Canadian populations to northwestern Mexico in support of the migration-mediated
range-shift hypothesis, but similar isotope signatures in nestling fedtbveen these 2

regions prevent stronger inferences.
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CHAPTER |. DISTRIBUTIONAL CHANGES IN THE WESTERN BURROWIBI
OWL (ATHENE CUNICULARIA HYPUGABAN NORTH AMERICA FROM 1967-

2008

1. Abstract

Quantifying the extent to which bird distributions shift in response to rebhanges in
climate provide an unprecedented opportunity to gain a deeper understanding of the
processes that influence species’ persistence. We used data from th&merican
Breeding Bird Survey (BBS) to document changes in the distributional limiite of
western burrowing owl from 1967 to 2008. We used logistic regression to model
presence probabilitypf as a function of longitude, latitude, and year. We modeled a
linear trend in logitf) through time with slope and intercept modeled as a double Fourier
series of longitude and latitude. We found that the western burrowing owl has
experienced an intriguing southward shift in the northern half of its breeding range,
contrary to what is predicted by most species’ niche models and what has beeadbse
for many other species in North America. The burrowing owl’s breeding raxsgeden
shrinking in its northern, western, and eastern edges. Our model detected population
declines observed in California and eastern Washington where maps based on route-
specific estimating equations predict significant population increaslkgssa tocations.

We suggest that the northern boundary of the burrowing owl’s breeding distribugion ha

contracted southward and the southern boundary of the species’ breeding distribution has
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expanded southward into areas of northern Mexico that were formerly used/only b

wintering migrants.

2. Introduction

Understanding the factors that constrain species’ distributions may proyadetamt
insights into the processes that limit population growth and species persisideed,
several well-known textbooks have suggested that the central question in ecology is
What determines the abundance and distribution of organigArsfrewartha 1961,

Krebs 2009). Understanding the answer to this “central question in ecology” is of
particular interest for species of high conservation concern and for mygbéids

because understanding the causes underlying changes in both the breedingeaimd) wint
distributions can help to understand the factors that led to the evolution of, and currently
maintain, migratory behavior. In this regard, the rapid changes in climaitg) doe past

50 years (Solomon et al. 2007) are providing a natural experiment by which graedin
wintering distributions of many species are moving polewards as atmospheric
temperatures continue to rise (Thomas and Lennon 1999, Hitch and Leberg 2007, La
Sorte and Thompson 2007). This response may be driven by several interacting
ecological factors, including species’ physiological tolerance to teatperand changes
in the distribution of food and other resources. Therefore, identifying bird spediéaitha
to follow this poleward distributional shift is critical because these sperghave

either intrinsic or extrinsic limitations to adapt to further changesnmaté. In this

regard, special attention must be paid to species that are declining, ndimg;raathe

northern edge of their breeding and wintering ranges. The western burrowing owl
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(Athene cunicularia hypugagaa migratory bird of conservation concern, appears to be
one such species. Burrowing owl populations near the northern edge of the species’
breeding range have declined (Desmond et al. 2000, Wellicome and Holroyd 2001, Klute
et al. 2003, Conway and Pardieck 2006). Hypotheses proposed to explain population
declines at the northern and eastern limits of the species’ breeding relnge in

extirpation of black-tailed prairie dog€ynomidudovicianug, the reduction in quality

of breeding habitat caused by conversion of grassland to agriculture,desstand

collisions with vehicles (Haug et al. 1993, Clayton and Schmutz 1999, Klute et al. 2003).
However, all of the hypotheses proposed in the scientific literature hawkttafialy

explain the extent and the location of observed population declines (Holroyd et al. 2001).
These documented changes in burrowing owl abundance have apparently led to changes
in the species’ breeding range. The most recent range map depicting the cutrent a
historical distribution of the burrowing owl in North America (Fig. 1 in Welliccame

Holroyd 2001) suggests a contraction at the northern and eastern edges ofiis¢ spec
breeding distribution in southern Canada and through the eastern Great Plains. The
current and historical distributional limits were drawn based on numerous sources of
information: published literature (Zarn 1974, Wedgwood 1978, Haug et al. 1993, Sauer et
al. 2001), papers from the Second International Burrowing Owl Symposium, and surveys
and opinions of burrowing owl experts. In this chapter, we provide a quantitative, model-
based approach to document the changes in burrowing owl breeding range limits based

on presence-absence data generated by the North American BreediSgBey (BBS)



17

from 1967 to 2008. We also compare the performance of our approach to the population

trend maps in Sauer et al. (2008) and the range map of Wellicome and Holrord (2001).

3. Methods

Range limits of a species are difficult to define (Gaston 2003). Severaliecalaly
approaches have been suggested to allow investigators to draw range limifsson ma
based on presence-absence data (Fortin et al. 2005). We followed an approach that
intended to model the change in the range limits of burrowing owls as a dynamisproces
that involves time without partitioning the dataset into discrete subsetaa#f apd time.

We used BBS data (USGS Patuxent Wildlife Research Center 2009) from 1967 to 2008
to fit a logistic regression model to predict the probability of burrowingpredence as a
function of longitude, latitude, and year. Logistic regression is a gerestdiltear model

whose link function is:

P
1p

logit(p) =log

wherep is the probability of presence on a BBS route, given thddurrowing owl was
detected from 1967-2008. We modeled Igmitd be a linear function of yeat):(

logit(p)  o(xy) (XYt (1)
wherex andy are longitude and latitude, respectively. We mede¢he spatial variation
of the linear temporal trend in logi(by making the intercept ) and the slope ¢) a
function of longitude and latitude. By followingishprocedure, we avoided partitioning
the dataset into discrete subsets for each BB® toutbtain local estimates of temporal

trends. Partitioning the data into subsets cresaaany models as the number of BBS
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routes with burrowing owls (i.e., 588 BBS routesgch with 2 parameterso(and 3, and
hence 1176 regression parameters total). Hencgppuoach is a more parsimonious
way to examine temporal changes in the breedirtgllision of the burrowing owl. We
also avoided the problem of complete or quasi-cete@eparation by BBS route (when
a yeart exists such us that only absences are recordedgbeind only presences are
recorded aftet, or vice versa) in the maximum likelihood estirmatprocedure (Hosmer
and Lemeshow 1999) which can lead to numericaterive used a double Fourier
series to model forg(x,y) and 1(x,y) in equation (1). This approach assumes thty)
and 1(x,y) can be modeled as a sum of two-dimensional wessefedifferent

frequencies. In this regard, eaglfx,y) (j = 0,1) in equation (1) is a linear combination of

sine and cosine functions given by

n x m 'y X m 'y
(%) 1jmn COS cos 2jmn COS sin
L, L, L, L,
mO noO m1l noO (2)
h h h h
n x my . n X my
3jmn SIN cos 4imnSIN sin
L L : L L
X y X y

mO n1l m1l nl
where each i, (for sub-indices = 1,..., 4;) =0, 1;m=0,...,h; n=0,...,h) is a logistic
regression coefficient, arld andL, are the basic harmonic wavelengths equal to a half

of the longitudinal range and latitudinal rangeB&S routes, respectively. We used the

deviance (-2log, where is the maximized likelihood) and the number of esgion

parameters (jmn) in the models to determine the harmoiicfor which the model
performed better in describing large-scale pattarrise probability of species’ presence.

Akaike’s Information Criterion (AIC; Anderson 200Was not a suitable tool for
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selecting the number of harmonics to use in théokourier series in equation (2)
because AIC decreased as the number of harmomiesased, but increasing the fit of
the model by means of AIC did not provide visuallgble contours of burrowing owl
presence probabilities and generated numerousshayles” surrounding individual (or
clusters of) BBS routes. Instead, we used 3 haresdnithe double Fourier series which
provided the best balance between deviance (miaylahfli the number of model
parameters (model complexity) (Fig. 1). We addémlhvadegree polynomial i andy to

i (xy) ( = 0,1) in equation (1) to lessen the effect ofquéic extension produced by the
Fourier series at the limits of the data range, (ite tendency of the Fourier series to fit
the same values in the response at the extrente afataset range in botrandy
directions, Eubank and Speckman 1990). Specificadyadded 1x + sy+ 3xy, where
each is also a logistic regression coefficient. Fromagpn (1), the probability of
burrowing owls being present (i.e., a location geascupied with longitude and
latitudey at yeatt) is given by:

o(xy) 1(xy)t

p(x'y't) 1 € o(Xy) 1(xy)t (3)

Based on equation (3), each observed datapqink(ts) (fork=1, 2, ... , 11350) was
then classified as “burrowing owls presentpiky, Yk, tk) po for a cutoff valugy, or
“burrowing owls absent” otherwise. We defined tlherbwing owl range limit as the
surfacep(x,y,t) = po, Wherepy is the cutoff value where 90% of the predictecealoss
outside of the predicted breeding range were dgtabkerved absences. In this way, the

area outside of the predicted breeding range aueddiew instances where burrowing
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owls were present. We plotted the curpésy,1967) =p, andp(x,y,2008) =pyto
visualize the extent of change in the distributidimaits of burrowing owls over the past
quarter-century (from 1967 to 2008). We useddginecommand in thetatspackage of
programR version 2.10.1 for Mac® (R Development Core Te&9Q) to fit the BBS
data to our logistic regression model.

Sampling effort has changed since the initial enpentation of the BBS and may
hinder our ability to accurately model the probigpibf burrowing owl’s presence in
space and time. The number of BBS routes survegadi fjence the number of routes
with 1 burrowing owl detection) has steadily increasadesthe initial implementation
of the BBS in 1967 (Fig. 2), which creates an uabeéd sampling design in thiear
variable. Balanced designs reduce bias (i.e. regnesoefficients shifting away from
zero, Firth 1993) in maximum likelihood estimates|bgistic regression in discrete
variables (Dietrich 2005). We used simulationsdtednine if the increase in sampling
intensity of BBS biased our results and was exoblyg responsible for the inferred
spatio-temporal patterns in the probability of prese by the original dataset. We ran 10
simulations by randomly assigning a presence cgratesvalue to each BBS route
sampled through 1967-2008 using a Bernoulli digtrdn. We used the average yearly
proportion of BBS routes with presence of burrowangs estimated from our logistic

regression analysis as the Bernoulli parameter.

4. Results

Our model suggests temporal and spatial changée ilikelihood of detecting burrowing

owls on BBS routes throughout North America. Therall proportion of BBS routes at
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which surveyors detected burrowing owls has deexkasseveral areas near the northern
and eastern edge of the burrowing owl distributespecially in southern Canada, in
eastern North and South Dakota, in eastern Nebraskiain southern Texas since the
first half of the 1970s (Fig. 3). In this regardy dogistic regression model suggests a
contraction of the burrowing owl’s breeding distrilon, primarily at the edges of its
range (Fig. 4). Overall, the burrowing owl's bregglrange evidently retreated from 1967
to 2008 in southern and northern California, Wagtun, southern Canada, eastern North
and South Dakota, eastern Nebraska, eastern Kamghsputhern Texas. Our model also
suggests an expansion towards unoccupied areastimesn Montana, eastern Oregon,
central Nevada, and the Four Corners region (Big. 4

All 10 simulations (not shown) failed to reprodube range contraction observed
when we modeled the original dataset. Our simulatgroduced inconsistent, random
contractions and expansions throughout the eaatefmorthern edges of the burrowing
owl’s breeding distribution. The results of theBaidations suggest that our inferred
contraction in the species’ distribution is notaatifact of the sampling scheme in the

BBS.

5. Discussion

The breeding range of burrowing owls in North Armoarhas contracted over the past 40
years. The map of burrowing owl! population trendgtee BBS website (Sauer et al.
2008) also reveals population declines near thieeaand northern limits of the species’
breeding range based on trend estimates at eachrd@BSand inverse distancing

(Cressie 1992) to contour these trends over a kiawever, the inverse distancing
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approach fails to detect observed population desland extirpations in northern
California (DeSante et al. 1997) and eastern Wagstim(Conway and Pardieck 2006),
instead suggesting annual population increase®&h3hese 2 regions. Our analyses
demonstrate the utility of using presence-abseatz td examine changes in species
distributions especially when the precision of atamce data is low (i.e., species that are
rare in both space and time).

The current breeding distribution of the burrowowl inferred by our model also
differs from that in Wellicome and Holroyd (200Which extends the northern limit of
the species’ distribution further north in Canddawever, some areas outside the limits
of our inferred distribution still have breedinglswout they occur below a specified
threshold and/or dramatic population declines laoeeirred in those areas. Still, the BBS
(and any systematic survey) will fail to identifyezy hectare of occupied burrowing owl
habitat near the periphery of the species’ distidoy contributing to the inference of a
more retracted distribution.

Our analyses (and any analysis based on BBS data)rdy reveal changes in the
distribution of burrowing owls in Canada and thetee States. No BBS data exist for
the breeding range of burrowing owls in Mexico, @rhincludes the Baja California
peninsula, the coastal plain of the Gulf of Califarin Sonora and Sinaloa, and the
Mexican Highlands (Haug et al. 1993, Wellicome &tudroyd 2001). However, BBS
routes in the southwestern United States and soe@latal observations may provide
some insight about distributional changes in Mexi&arrowing owl populations

dramatically increased in irrigated agriculturallegs of the Sonoran Desert of
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California and Arizona during the second half af #0" century, particularly in the
Imperial Valley of California (Sauer et al. 2008he Imperial Valley may currently
support the highest density of breeding burrowimtsawvithin the species range (DeSante
et al. 2004, Rosenberg and Haley 2004), although téensities in Imperial Valley have
declined somewhat over the past 5 years (Mannif§RDensities of burrowing owls
are similarly high in northwestern Mexico even ieas that were formerly outside their
published breeding range (A. Macias-Duarte, pelsolog). These past population
increases in the arid southwestern United Statésiarthwestern Mexico are as
intriguing as population declines in the north. 3é&éarge breeding populations in the
southern half of the species’ breeding range amgptetely associated with irrigated
agriculture and suburban areas in hot deserts,fextlourrowing owls breeding in the
surrounding native desert vegetation. Chapterplaes a possible link between
population declines in the northern half of thecsg® range and the increases in the

southern half of their range.
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CHAPTER Il. CHANGE IN MIGRATORY BEHAVIOR AS A POSS8ILE
EXPLANATION FOR BURROWING OWL POPULATION DECLINESN

NORTHERN LATITUDES

1. Abstract

The breeding range of the western burrowing édwthéne cunicularia hypugaghas
contracted along its northern and eastern edgeBidipaper, we explored the possibility
of further changes in the species’ breeding distiim on the southern edge of its current
breeding distribution. We suggest that the burrgvawl’s breeding distribution has
recently expanded southwards into areas that féyraepported only wintering owls,

and that this expansion was facilitated by the app®e of new breeding habitat created
by irrigated agriculture in the arid areas of sawghtern United States and northwestern
Mexico. Agricultural areas in the Imperial Vallef/sputheastern California and similar
valleys in northwestern Mexico now harbor the hgjhl®eeding densities of burrowing
owls in North America. In this paper, we explore ttypothesis that burrowing owls
from northern migratory populations have becomealesg breeders in areas of
northwestern Mexico formerly used only by wintermggrants, contributing to both
population declines near the northern extent ofexies’ breeding range and

population increases in the southern half of thexigs’ range.
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2. Introduction

The breeding distribution of the western burrowing (Athene cunicularia hypugaga
historically extended from southern British ColumbAlberta, Saskatchewan, and
Manitoba in Canada throughout the western UnitateStto northern Sinaloa, the central
Baja California Peninsula, and the Mexican Highk(dellicome and Holroyd 2001).
Burrowing owl populations near the northern edgthefspecies’ breeding range in
southern Canada and northern United States halieettor even disappeared
(Desmond et al. 2000, Wellicome and Holroyd 200it&et al. 2003, Conway and
Pardieck 2006). These population declines may he/&o a contraction in the eastern
and northern edges of the species’ distributiorshasvn by North American Breeding
Bird Survey (BBS) data (Chapter I). Past authorsehmoposed numerous hypotheses to
try to explain the cause of the observed populalegiines in the northern portion of
their range, and these include the reduction idityuaf breeding habitat caused by
conversion of grassland to dryland farming, extigraof prairie dogs@ynomisspp.),
toxicological effects of pesticide use in agrictdiuareas, and collisions with vehicles
(Haug et al. 1993, Clayton and Schmutz 1999, kéutal. 2003). Indeed, only 20% of the
original extent of grasslands, the primary halofahe species, remains in Canada. The
remaining grasslands in Canada are highly fragndeivigorld Wildlife Fund Canada
1989, Gauthier and Wiken 2003), negatively affertiabitat suitability because
burrowing owls tend to avoid agricultural fieldsfragmented grasslands (Clayton and

Schmutz 1999).
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Changes in the southern edge of the species’ mgelistribution are less evident
because no BBS data are available for Mexico. Heweéwrrowing owl populations
have increased over the past 40 years in the souploetion of the species’ breeding
distribution in the United States. Burrowing owlgatations in irrigated agricultural
valleys of the Sonoran desert of California andzénia have steadily increased during
the second half of the 2@entury, particularly in the Imperial Valley of [@arnia
(Sauer et al. 2008). Imperial Valley is thoughstport the highest density of breeding
burrowing owls within the species’ range (DeSantal.€2004, Rosenberg and Haley
2004). Population increases in the arid southwedt@ited States are as intriguing as
population declines in the north. These large breedopulations are associated with
irrigated agriculture and suburban areas in hoedgswith few burrowing owls breeding
in the surrounding native desert vegetation (Pataet al. 2000, A. Macias-Duarte,
personal observ.). Several mechanisms may be reigpoifor the high densities of
burrowing owls within agricultural areas of thedadieserts, such as high food supply,
high burrow availability, and reduced predation (NMon et al. 2006).

Irrigated agriculture in hot arid areas is evenenmominent in coastal Sonora
and Sinaloa. The post-Mexican revolutionary erathedso-called Green Revolution
(Evenson and Gollin 2003) created large irrigatigsiricts in northwestern Mexico since
the 1950s. The irrigated area in the states of Bajdornia, Sinaloa, and Sonora was
only about 2,110 kfin 1950 (Rodriguez-Cisneros et. al 1983) but iasesl to 13,138
km? by 1970 and to >15,000 Krby 1990 (Instituto Nacional de Estadistica Gedgraf

Informética 1994). These irrigated agriculturalesrare 6 times larger than those in the
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Imperial Valley in southeastern California (2,818°k DeSante 2004). Based on the
association between irrigated agriculture and lwarrg owls observed in the Imperial
Valley, burrowing owls may breed in high densitieggricultural areas throughout the
coastal plains of Baja California, Sonora, andifertsouth than the currently-accepted
southern limit of the species’ breeding distribaticear the Sonora-Sinaloa border
(Wellicome and Holroyd 2001) including northern Mday (eBird 2011). Published
information provides little insight on the abundarut burrowing owls in agricultural
areas in this region. Breeding areas of burrowmts an Mexico are not well
documented (Klute et al. 2003). Burrowing owls esasidered rare in this region, aside
from high concentrations in the Mexicali valley whiis merely the southern extension
(the Mexican half) of the Imperial Valley (Palacietsal. 2000, Itubarria Rojas 2002). A
summary of 279 specimens from 27 major Mexicanfarelgn museums (Enriquez-
Rocha 1997) did not contain any specimens of oallected during the breeding season
in Sonora or Sinaloa. Moreover, a recent atlasoofo&an avifauna states that “burrowing
owls are uncommon to local in Sonora” and the astda not confirm any breeding
record for the species in the state (Russell andddio 1998). To fill this gap of
information in the breeding distribution of burrawgiowls in Mexico, we conducted
preliminary surveys for breeding burrowing owlsnmgation districts in the states of
Baja California, Sonora, and Sinaloa to providggtoastimates of density of burrowing

owls.
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3. Methods

A. Study area

We searched for burrowing owls during the breedegson (April-July) of 2005
and 2006 in irrigation districts in Baja Californaonora, and Sinaloa in northwestern
Mexico (Table 1). Climate varies from north to dofrbm hot and arid in the Mexicali
Valley of Baja California (mean annual temperat@23 C; mean annual rainfall, 76
mm) to tropical dry in the Culiacan Valley of Sioal(25.3C; 614 mm). Native
vegetation in the region includes Sonoran desettts&inaloan thornscrub, and Sinaloan
deciduous forest (Brown 1994). Without human distmce (such as that provided by
agricultural development), these vegetation typesat provide open habitats required

by burrowing owls.

B. Burrowing owl surveys

We searched for burrowing owls from 1300 until duskreas without previous
knowledge of the presence of burrowing owls. Weastmmally asked local residents
about burrowing owl sightings, but their informaticarely lead to the location of
burrowing owls. In areas where we located burrovands, we began trapping, banding
and collecting blood and feather samples from @wts1600, although we kept detecting
owls until 20:00. Actual search time varied amourysy dates and was influenced by
the time required to obtain permission for landesscand for trapping owls. For
calculation of density, we excluded days when $etinaes deviated substantially from

1300-2000. We used our encounter rate (u&ise) during 3 search days and previous
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estimates of owl density throughout the Mexicalll#a (Itubarria Rojas 2002) to
estimate a proportionality constangunits: daykm) that applied to our daily encounter
rate (pairglay?) in other agricultural areas in Sonora and Sinalbih allowed us to
obtain rough estimates of owl density (p&ins?). Our assumption of direct
proportionality between daily encounter rate anaisitg has not been tested and,

therefore, our estimates of density should be takiémcaution.

4. Results

We estimated a proportionality constankef 0.56 daykm for 3 days of surveys in
Mexicali. We mutiplied our encounter rateskolp estimate a mean density of breeding
pairs in southern Sonora (Valle del Yaqui-MayoBdf pairskm™ (number of search
days,n = 8, 46 pairs), in northern Sinaloa (Valle del Fejpof 4.5 pairkm™(n = 4, 32
pairs), and in central Sinaloa (Valle de Culiacai¥.7 pairskm™? (n = 7, 58 pairs). We
did not apply this technique for central and noebktern agricultural areas in Sonora
because these areas differ from those in Mexigathb lack of extensive irrigation and
drainage canals. These estimates suggest thatidemdibreeding burrowing owls in
these irrigated agricultural valleys are likely santo those in the Imperial Valley of
California (2.0 pairkm, DeSante et al. 2004; 8.3 pdirs?, Rosenberg and Haley

2004).

5. Discussion

The presence of these large burrowing owl breepgomylations in Sonora and

Sinaloa is puzzling. Burrowing owls are in low digies in native Sonoran desert of the
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Baja California peninsula and the lower Coloraderrivalley but only abundant in
agricultural areas (Palacios et al. 2000, DeSdrae 2004). Likewise, we suggest that
burrowing owls were very scarce or even absertterSonoran desert and in subtropical
Sinaloa before the expansion of irrigated agricalin these states. Burrowing owls
breed in open, treeless plains (Haug et al. 199@)da not breed in areas with high
densities of woody plants. Natural vegetative comities in northwestern Mexico, such
as Sonoran desertscrub, Sinaloan thornscrub, aado&n deciduous forest do not
provide the openness preferred by breeding bur@wins. Currently, burrowing owls
in Sonora and Sinaloa are almost exclusively aagstiwith agriculture. We did not find
any burrowing owls breeding outside the influentagricultural or urban areas. Indeed,
no burrowing owls were detected during an extenikg monitoring effort within native
vegetative communities throughout northwestern &o(felesch 2008). Therefore, we
suggest that burrowing owls expanded their breedistgibution into these new areas
along the coastal plains of Sonora (currently régaras year-round distribution) and
Sinaloa (Haug et al. 1993).

Founder individuals for these large burrowing @epulations in agricultural
lands of northwestern Mexico may have come froness\sources. Burrowing owls
from local or nearby populations, if any, may haetonized the newly available habitat
created by agriculture. Another possible sourd®whder individuals are migratory
burrowing owl populations wintering in the aregpassing through in route to their
wintering grounds further south in central MexiBourrowing owls are exclusively

migratory in the northern part of their breedingmlimition (Haug et al. 1993) and they
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are thought to winter from central Sinaloa to calnttexico and southern Texas (Haug et
al. 1993, Enriquez-Rocha 1997, Duxbury 2004, Halreyal. 2010, Holroyd and Trefry
2011). When migratory burrowing owls encountereglrtawly created agricultural areas
in Sonora and Sinaloa during migration, high fobdradance may have promoted
residency. If formerly migratory burrowing owls lealsecome resident breeders in
northwestern Mexico because of the expansion igkited agriculture, this process may
be contributing to the population declines obseiwettie northern half of the species’
distribution.

We suggest that the creation of irrigated agricaltareas in northwestern
Mexico may have attracted burrowing owls that omigrated annually between the
northern United States and southern Canada to mvigtgrounds in central Mexico,
contributing to population declines in the northpamtion of their range (migration-
mediated range-shift hypothesis). We propose a amesim for this hypothesis with 3
components.

The first component is a difference in habitatasility between the south and the
north. Suitability and extent of breeding habitathe north may have drastically
decreased due to habitat loss and fragmentatidmig#o lowered demographic
parameters such as survival (Clayton and Schm@2)1and ultimately to low site
fidelity (Duxbury 2004, Wellicome 2005, Chapter I\However, the latitudinal effects of
agriculture on burrowing owl habitat may play thesnimportant role and requires
further clarification. Burrowing owls avoid nestingcultivated fields in Canada

(Clayton and Schmutz 1999, but see, Restani 208B), they nest in both cultivated
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areas and native vegetation at intermediate lag\lute et al. 2003), and they breed at
much higher densities in agricultural areas instigthern part of their range. This pattern
suggests that conversion of desert and tropicadtetign to agriculture enhances habitat
suitability for burrowing owls in the southern gorts of their range, but conversion of
temperate grasslands to dryland farming reducesahavailability in the northern
portions of their range without much gain in plamductivity and therefore overall prey
supply for burrowing owls. Cultivation of nativeagslands in the Great Plains increased
net primary productivity (NPP) of the region by prl10%, with a pre-cultivation NPP

of 125-360 g C i yr* (Bradford et al. 2005), whereas cultivation of 8@m desert
shrublands has potentially increased NPP by arr efdeagnitude, from ~50 g C fryr

! (Mueller and Diamond 2001) to ~800 g Cyr'* (Hicke et al. 2004). Therefore, the
creation of open areas in the southern portiohefwls’ breeding range may support
high densities of breeding owls because primarggctvity is higher (and less seasonal)
in the southern portions of their distribution tharthe northern portion. Open habitats
are abundant in the northern portions of their eslmgt absent or scarce in the coastal
Sonora and Sinaloa with abundant woody plantsekample, the Sinaloan thornscrub,
that historically covered the area of the Yaqui-Bl&alley, contained shrubs and trees
from 2-7.5 m high at densities up to 2,000 plait$ froviding up to 90% overhead
canopy cover (Brown 1994). Therefore, conversionative vegetation to agriculture
creates additional habitat in the southern portibtine species’ range but does not create
(or even eliminates) habitat in the northern portd its range (Clayton and Schmutz

1999). Analogous to the range expansion of burrgwivuls in subtropical northwestern
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Mexico due to agriculture, Florida burrowing ow. (cunicularia floridana populations
show a similar pattern of range expansion towatasdn-altered landscapes which
opened dense subtropical native vegetation to umgowls (Ligon 1963). The
conversion to agriculture enhances breeding haytatcreasing the primary
productivity in the form of crops much more in $euth than in the north. An additive
factor that may make southern agricultural areageraoitable for burrowing owls is the
presence of irrigation and drainage canals (Taplatensively used by breeding
burrowing owls in the lower Colorado River valld3ajacios et al. 2000, Itubarria Rojas
2002, Rosenberg and Haley 2004, Bartok and Con®a§)2and in southern Sonora and
Sinaloa (this study). Irrigation infrastructure yiges substrate for round-tailed ground
squirrel Spermophilus tereticauduand rock squirrel]. variegatusburrows and the
possibility of foraging near cropland and increasgisibility to avoid terrestrial predators
(coyotes, domestic dogs, cats, etc.).

The second component is the ability of individuatrbwing owls to change
migratory behavior in response to the differenclabhitat suitability suggested above.
Migratory behavior may be amenable to rapid evolutRecent changes in many aspects
of avian migratory behavior have been extensivelguthented (for reviews in the topic
see Fiedler 2003, Newton 2007). Migratory tendandyurrowing owls is not genetically
fixed, but rather is influenced by extrinsic, emvimental factors (Ogonowski and
Conway 2009). We hypothesize that agricultural apravide the environmental
stimulus to behavioral components that leads to-s@and residency in burrowing owls.

For example, benign winters in northwestern MexXkg. 5) allow continuous
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agricultural production and consequently an abundad continuous food supply
allowing for extended breeding seasons (Rosenbetdaley 2004). These factors can
promote residency in migratory burrowing owls bgdgering double brooding in females
(Gervais and Rosenberg 1999, C. Conway, unpuld) dsdioreover, anecdotal evidence
suggests that a burrowing owl with northern origittempted to breed (i.e., become a
resident breeder) in southern Arizona. A femaledwing owl laid and hatched a clutch
in southern Arizona in spring of 2003 and thenetkad to Saskatchewan and laid
another clutch that same season following her limgemttempt in Arizona (Holroyd et al.
2011). The stable isotope ratios of the bird'slieet suggested that she hatched in near
the U.S.-Canada border in 2002 (G. Holroyd, unpdida). Birds breeding in areas that
were formerly only used by wintering individualssiaeen documented in several other
species (Sutherland 1998).

The third component involves individual owls frohetnorthern-most breeding
populations altering their migratory behavior meseethan individuals from populations
in other portions of their range (i.e., in mid tatles). Burrowing owls may exhibit a
leap-frog migration pattern (James 1992). Leap-frogration occurs when populations
occupying the northernmost part of the breedingeanminter in the southernmost part of
the wintering grounds, whereas those breedingdurtbuth in the breeding range winter
further north in the wintering grounds (Boulet awalrris 2006). Under this migration
pattern, burrowing owls from northern migratory pgtions would have been more
likely to locate new habitat in agricultural ar@asorthwestern Mexico whereas owls

from other mid-latitude populations may not, polséxplaining why northern
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burrowing owl populations would decline more thaneo populations. Many of the
burrowing owls that breed in prairie Canada appearinter from south Texas to central
Mexico (Duxbury 2004).

We also searched for burrowing owls in the Mexieghlands, east of the Sierra
Madre Occidental. We found large burrowing ow! plagions breeding in 2 major
agricultural areas, Delicias in central Chihuahond @omarca Lagunera in southwestern
Coahuila. We hypothesize that these agriculturpupadions were more likely to
originate from pre-existing local burrowing owl pdations inhabiting the surrounding
native Chihuahuan desert grasslands and shrub{Rodisiguez-Estrella and Ortega-
Rubio 1993). Competition with local burrowing owdgulations may have deterred
migratory burrowing owls from establishing in thegeas. In addition, irrigated
agricultural areas in northern Tamaulipas and Guata (areas we failed to visit)
deserve further attention. Both districts have 68,Bm of irrigation and drainage canals
and almost 4,000 kfrof irrigated land (Direccion General de Distrittes Riego 1973).
These 2 agricultural areas are not currently camnsedipart of the burrowing owl
breeding distribution either (Wellicome and Holrd3@01). Therefore, the migration-
mediated range-shift proposed here may also apgheise agricultural areas in

Guanajuato and Tamaulipas if burrowing owls ars@méthere.
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CHAPTER Ill. IRRIGATED AGRICULTURE IN NORTHWESTERMEXICO
CREATES SUBTLE POPULATION GENETIC STRUCTURE IN THEANMICTIC

WESTERN BURROWING OWLATHENE CUNICULARIA HYPUGABA

1. Abstract

Many burrowing owl populations have declined ordrae extirpated near the northern
edge of the species’ breeding distribution durimgsecond half of the #@entury. In

the same period, large extensions of thornscrule wenverted to irrigated agriculture in
northwestern Mexico. These irrigated areas may support the highest densities of
burrowing owls in North America. We tested the hyyasis that burrowing owls that
colonized this recently created habitat origindtedh declining migratory populations
from the northern portion of the species’ rangegfation-driven breeding dispersal
whereby long-distance migrants became year-rouideasts in the newly created
habitat). We used 10 novel microsatellite markergenotype 1,560 owls from 36 study
locations in Canada, Mexico, and the United StMésfound that burrowing owl
populations are practically panmictic throughowt &mtire breeding range. However, an
analysis of molecular variance provided some ewdehat burrowing owl populations
in northwestern Mexico and Canada together are gemetically differentiated from the
rest of the populations in the breeding range,itendome support to the migration-
mediated range-shift hypothesis. We found evideiceibtle genetic differentiation
associated with subtropical irrigated agricultaedas in southern Sonora and Sinaloa.

Further research will be necessary to determinke mitre certainty whether there is a
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link between population increases in northwesteaxikb and population declines in the
northern portions of the species’ breeding range.r€aults demonstrate that land-use
can produce location-specific population dynamézgling to subtle genetic structure

even in the absence of dispersal barriers.

2. Introduction

Understanding ecological and evolutionary dynarofca species at the edges of its
distribution can help unveil the mechanisms thattlabundance throughout a species’
entire geographic range (Holt and Keitt 2005).his tegard, ecological theory and
empirical evidence support the idea that specras tie be less abundant and more prone
to local population extinctions at the peripherytddir geographic ranges (Gaston 2003).
Populations at the edge of a species’ distributiay be maintained by dispersal and re-
colonization from interior populations (Curnuttatt 1996). This scenario whereby
populations on the periphery are repeatedly “rest(Brown and Kodric-Brown 1977)

by interior populations may be particularly impaotéor species of conservation concern.
Understanding the processes by which peripherallptpns are maintained in those
species is important for designing effective recg\edforts. For example, burrowing owl
populations have been extirpated from some arehsat@rare and declining in other
areas near the northern edge of their breedinghiison (Clayton and Schmutz 1999,
Skeel et al. 2001, Wellicome and Holroyd 2001). $pecies’ breeding range historically
comprised semiarid grasslands from southern Catoackentral Mexico (Haug et al.
1993). Hypotheses to explain population declingbénorthern portion of their range

include local mechanisms such as conversion okfzad to dryland farming in the
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northern Great Plains, extirpation of black-taipgdirie dogs, toxicological effects of
pesticides, collisions with vehicles, and annuapdrsal (Haug et al. 1993, Clayton and
Schmutz 1999, Desmond et al. 2000, Klute et al320@xbury 2004). All these
hypotheses seem insufficient to explain the exdéburrowing owl population declines
observed in the northern portion of their breedempge because much seemingly suitable
habitat remains unoccupied. Nevertheless, the ktdireeding densities occur in the
southern portion of the burrowing owl’s breedingga (in Imperial Valley, California;
DeSante et al. 2004, Rosenberg and Haley 2004y 8aak 2008). In addition, we
documented densities of breeding burrowing owkhécoastal plains of Sonora and
Sinaloa that were similar to those in southeadBaiifornia. These high densities of
burrowing owls in the southern portions of the sg€aange are all in areas associated
with irrigated agriculture (Chapter I1). High detiss of breeding burrowing owls in this
portion of their range is a recent phenomenon; e 1.5 millions hectares of coastal
thornscrub and tropical dry forest in Sonora anthlia were converted to irrigated
farmland in the last 50 years (Instituto NacionalEstadistica Geografia e Informética
1994). This re-distribution of burrowing owls (theeeding range contracting in the north
and expanding in the south) poses interesting munssabout the mechanisms that shape
and maintain the geographic range of the speaiabid paper, we test the hypothesis
that the contraction at the northern peripheryhefgpecies’ range and their expansion in
the southern portion of their range are directlgtesl.

Most breeding populations of burrowing owls incliatdeast some migrants and

northern populations in the Great Plains are 100¢t6atory (Haug et al. 1993).
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Burrowing owls were speculated to have a leap-fnogyration pattern (James 1992), and
most owls that breed in the northern portion oflileeding range appear to spend their
winters in southern Texas and central Mexico (Duxl2004, Holroyd et al. 2010). We
tested the hypothesis that burrowing owls that oniggated annually from northern
portions of their breeding range to central Mexdeagame resident breeders in these
agricultural areas, contributing to both populatit@tlines in the north and population
increases in the south. Birds breeding within wiias$ formerly their wintering grounds
(migrants becoming year-round residents) has beeardented in other species
(Sutherland 1998).

Because we cannot directly estimate the past pattdrbreeding dispersal, we
used genetic markers to infer the extent of pastding dispersal (i.e., gene flow) by
measuring genetic differentiation among populati®teymanent breeding dispersal
leaves its fingerprint in the gene pools of popals. We tested 3 predictions of our
hypothesis that infer patterns of genetic variaposduced by gene flow from northern
migratory (declining) populations to southern agitiecral populations. First, our
hypothesis predicts that genetic differentiatiotwsen a northern migratory population
and a southern agricultural population will be lowean the expected genetic
differentiation predicted by the geographic diseahetween the 2 populations. This
prediction assumes an isolation-by-distance pai#ight 1943), where populations
further apart geographically are more geneticalffigrentiated than populations closer to
each other due to limited dispersal. Second, opotinesis predicts that all northern

migratory populations and all southern agricultyp@apbulations together are genetically
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differentiated from the rest of the breeding popates within the burrowing owl

breeding range. This prediction can be tested gigraficance test of the two-group
classification of burrowing owl populations mentohabove to explain overall genetic
variation. We can state a third prediction in teohan assignment test. Assignment tests
use individual genotypes to estimate the probghilitmembership of each individual
genotype to predefined clusters of individualsthiis regard, our hypothesis predicts
southern agricultural populations will have mordiwdual owls with probabilities of
membership similar to those found in individuatsnfirnorthern migratory declining
populations compared to the non-agricultural pajputa in the southern part of the
species’ range. We used DNA samples from owls tjirout their North American

breeding range to test these 3 predictions.

3. Methods

A. Study area

We obtained DNA samples of breeding burrowing dwds 36 locations (‘study
locations’ hereafter) in Canada, Mexico, and th&ddhStates (Fig. 6, Table 2). To test
our predictions, we grouped the 36 study locatiotts 3 categories: agricultural areas in
the southern portion of the species’ range, are#sa northern portion of the species’
range where migratory populations are declining, @hother study locations. Seven of
our study locations were located in irrigated agtizral areas of northwestern Mexico
and southern Arizona (‘southern agricultural stlabations’ hereafter). These study
locations were Casa Grande (CAG), Mexicali Vallg\e(X), Caborca (CAB),

Hermosillo (HER), Yaqui-Mayo Valley (YAQ), Rio FuerValley (FUE), and Culiacan
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(CUL) (Fig. 6, Table 2). Some population declinasdnbeen documented throughout the
breeding range of the burrowing owl, but systemagsonal declines have been most
evident in Alberta, Saskachewan, North Dakota, &mgth Dakota, where the species is
close to extirpation (owls have been extirpatedhfidanitoba and British Columbia).
Therefore, we only defined Alberta (ALB), Saskateha (SAK) and Grand River-Little
Missouri National Grasslands (GRL) as northerngtodations with declining migratory

breeding populations (‘northern study locationg'dadter, Fig. 6 and Table 2).

B. Sample collection

We trapped burrowing owls during the summers 0#42R0009. We did not include in our
analyses any birds that were closely related @.parent and its offspring, or >1 juvenile
from the same nest burrow). Our primary sourceeniognic DNA was blood. We
obtained ~50 L of blood through a venipuncture of the brachiihv We also used

flight and/or body feathers occasionally as a sewfagenomic DNA when we could not
withdraw a blood sample. We performed bird handlargl blood and feather collection,
as well as the import-export through internatidm@aindaries, under the compliance of
Canadian, Mexican, and U. S. regulations. We adsoptied with the University of
Arizona Institutional Animal Care and Use Committegulations under protocols #01-

089 and 04-196 (Appendix B).

C. Genotyping

We used 10 microsatellite markers developed spadififor this study (Appendix A) to

obtain genotypic data from our 36 study locatiofve. followed the manufacturer’s
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protocols in the DNeasy Blood & Tissue Kit (Qiaggr® isolate genomic DNA from <
25 L of blood. We performed PCR reactions in a 15/0lume containing 10-50 ng
genomic DNA, 1X PCR buffer (20 mM Tris—HCI pH 8%) mM KClI, Invitrogen®), 0.2
mM each dNTP, 0.02M unlabelled M13-tailed forward primer, 0.2 reverse primer
pig-tailed with GTGTCTT, 0.2 M fluorescently labeled M13 primer, 2 mM Mg(0.4
U Tag DNA polymerase (Invitrogen®), and 0.02% BS$¥e used 1 touchdown protocol
for all loci consisting of an initial denaturatian 94 °C for 4 min followed by 10 cycles
at 94 °C for 30 s, annealing at 60-52 °C for 9P ¥J decrease every 2 cycles),
extension at 72 °C for 30 s, followed by 30 cy@e94 °C for 30 s, annealing at 50 °C
for 30 s and 72 °C for 30 s, and a final extensibii min at 72 °C. We analyzed PCR
products on an Applied Biosystems 3730 Genetic ya®aland used an Applied
Biosystems Genotyper 3.7 to score alleles. We psagram Tandem (Matschiner and
Salzburger 2009) to assign integers to DNA fragnseags. We used program Micro-

Checker (Van Oosterhout et al. 2004) to identifi} alleles (Chakraborty et al. 1992).

D. Data analysis
We used MS Excel© mac®ENALEX3.6 (Peakall and Smouse 2006) to calculate
standard descriptive statistics of genetic diversitburrowing owls in our study
locations, including observed heterozygosity, elgabeterozygosity, and fixation index
F. We also used prograARLEQUIN 3.1.1Excoffier 2006) to estimate the Weir and
Cockerham’s=st( , Weir and Cockerham 1984) for all populations.

We computed actual differentiati@ (Jost 2008) to test our prediction that gene

flow between declining migratory populations in tieth and populations in southern
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agricultural areas would disrupt an otherwise appigisolation-by-distance relationship.
We used the web-based platform GMSOD 1.2.5
(http://www.ngcrawford.com/django/jostb compute actual differentiatidh We used
D as our measure of population-pairwise genetiefitiation becaudesrdoes not
adequately measure genetic differentiation whehimApopulation allelic diversity is
high (Jost 2008)D ranges from O to 1, corresponding to completelanty to complete
differentiation. We performed a Mantel test (Marit867) to test our assumption of the
existence of an isolation-by-distance pattern, (iteat the genetic differentiation between
2 populations is positively correlated to the gepdic distance that separates those
populations). If our hypothesis is true, we expedtet pairwise comparisons between
northern locations and southern agricultural lazaiwould fall below the predicted
Mantel regression line in the scatterplot of gemesdi geographic distances.

We performed an Analysis of Molecular VarianalOVA(Weir and Cockerham
1984) usingARLEQUIN3.1.1 to test our prediction that all declininggnaitory
populations in the north and all populations in@gtural areas in the south, pooled
together, would be genetically differentiated frdma remainder of the breeding
populations within the species’ range (pooled tbggt TheAMOVAIs analogous to a
nested Analysis of Variance and uses a permutadtappaoach to test the statistical
significance of any given classification of studgations in explaining the overall
genotypic variation. We performeddOVAs, one based on allele siz& and the
other based on the number of different alleles)((Michalakis and Excoffier 1996). The

former measure assumes the stepwise mutation rfod&d and Kimura 1973), which is
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appropriate for microsatellite loci. We used AMOVAsto test for evidence of 2 distinct
genetic groups: Group 1 with southern agricultioeations (CAG, CAB, CUL, FUE,
HER, and YAQ) together with northern locations (ALBAK, and GRL), and Group 2
including all other locations. Our large sampleeqi%,560 individuals) may confer
enough statistical power to reject the null hypsikiéor any grouping of study locations.
To explore this possibility, we conducted 7 adaiibAMOVAs using 2-group
classifications by replacing northern study locasi¢ALB, SAK, and GRL) from Group
1 with other study locations and moving them to @@ (Table 5).

We conducted an assignment test as implementpdogyamSTRUCTURE
(Pritchard et al. 2000, Hubisz et al. 2009) to testprediction that southern agricultural
study locations will have more individual owls wphobabilities of membership similar
to those found in individuals from declining popigas in the north compared to the
non-agricultural study locations in the southerrt pathe species rang8TRUCTURE

2.3.3 implements an algorithm suited to infer wpakulation structure (Hubisz et al.

2009).STRUCTUREestimates the posterior probability of the dat@kj=ProbData |K])

given existence dk burrowing owl populations under Hardy-Weinbergiéguum and
estimates the posterior probability of membershipazh individual owl to each &
populations. We used study locations as prior métron to assist the inference of
population structure (Hubisz et al. 2009) by sgttit®OCPRIOR=1 ilSTRUCTUREWe
performed 10 runs for ea¢h= 1, 2, ... 10. Each run consisted of a burn-in gkab

50,000 Markov Chain Monte Carlo repetitions folla®y 50,000 repetitions to sample

from the posterior distribution &. We estimated (K) for eachK from correlated allele
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frequencies and an admixture model. This appraashperior when population
differentiation is low at detecting subtle geneticicture compared to the use of
uncorrelated allele frequencies and a non-admixtwdel (Falush et al. 2003). We used
the outputs of the web-based platftcBTiRUCTURE HARVESTHFRS6.3
(http://taylorO.biology. ucla.edu/struct_harvedid assess the number of inferred

populationsSTRUCTURE HARVESTERtimates the statistid at each value df. K
performs better in detecting population genetiocdtire than (K) (Evanno et al. 2005).

Therefore actual number of populations is reveblethe value oK with the highest
value of K. We used progral@LUMPP (Jakobsson and Rosenberg 2007) to calculate
the posterior probabilities of membership of eaahiviidual owl to each of thi

populations from our multiple runs BITRUCTURE

4. Results

Burrowing owls exhibited high levels of genetic elisity (Table 3) with relatively low
variation among study locations. Per-locus avedgeimber of effective alleles (range
5.70-7.82), expected heterozygosity (range 0.7&)Y00®served heterozygosity (range
0.78-0.87), and fixation index (range -0.06—0.0éjensimilar among the 36 study
locations (Table 3) in spite of the relatively lardifferences in sample size (range 21-73,;
Table 2), per-locus average number of alleles g&hd0-15.70), and number of private
alleles (alleles present at only 1 population, ee@@0-0.50; Table 3). We detected the

possible occurrence of null alleles for locus AT@UA BUC and CUL study locations,
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for locus ATCUZ20 in LAG and SAK study locationsy focus ATCU39 in NTS study
location, and for locus ATCU45 in MEX study locatio

Burrowing owls had low levels of genetic differexitbon among study locations
as shown by relatively low overdfkr( = 0.008) and low pairwisEsr statistics Fg,=
0.0113+£0.0002n=630). Low levels of genetic differentiation weteaevident in our
estimates of actual differentiati@ ranging from 0.00 to 0.11. In this regard, wenfdu
no apparent relationship between genetic distandegaographic distance among our
study locations (Fig. 7). Lack of isolation-by-@iste is also supported by a non-
significant Mantel's testr(= 0.015,P = 0.43 based on 1000 permutations). Our
prediction of a disrupted isolation-by-distancetgat cannot therefore be fully
supported. Nevertheless, pairwise comparisonsrdtgeand geographic distances
among northern study locations and southern agui@lllocations fall below the Mantel
regression line (Fig. 14) in agreement with thedt®on of the migration-mediated
range-shift hypothesis.

Low levels of genetic differentiation among popidas were also highlighted by
our AMOV4As based on thBstandFst statistics. Genetic variation within study locaso
explained 99% of the total genetic variation, whsrbetween-study locations and
between two-group classifications of study locatierplained the remaining 1%.
Despite the low levels of genetic differentiaticesdribed above, o&iMOVAbased on
theFgrstatistic provided support the range-shift hypstheBoth a standa’iMOVAand
a weighted-average@iMOVAover all loci provided suggestive evidence thathern

study locations (ALB, SAK, and GRL) and southerni@gtural study locations (CAG,
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CAB, CUL, FUE, HER, MEX, YAQ) together are genetigalifferentiated from the rest
of the study locationd?(= 0.03 and® = 0.01, respectively) although this result did not
hold true for the 2AMOV/As based oRst(P=0.38 andP=0.34, respectively). In addition,
only 1 of the 7 addition@AMOVAs based ofrstwas significant for both the standard
AMOVAand the weighted-averag@®1OVAover all loci (Table 4), which is precisely
the AMOVAthat included the nearest 3 study locations (QAN, and TUC) within
Group 1.

STRUCTUREevealed a genetic structure consisting of 3 patpuis in the
western burrowing owl in spite of the low levelsgaetic differentiation among study
locations shown b¥fstandD statistics. Mean log-likelihood of the observedagpic
data and K was highest &=3 (indicating 3 distinct populations; Fig. 8). Tjpesterior
probabilities of membership of each of our 1,56fividual owls assigned to these
putative populations had a noticeable geographtema(Figs. 9 and 10). Almost all
burrowing owls in southern agricultural study laocas in southern Sonora (YAQ) and
Sinaloa (FUE and CUL) had a higher probability edmibership to one inferred
population (Sinaloan population). This genetic &inee was corroborated by a standard
AMOVA (based on thEst) which differentiates this Sinaloan population (CUHUE,
and YAQ) from the rest of the study locatioRs<0.005). This Sinaloan fingerprint is
relatively common within nearby populations in Sasouthern Arizona, and as far as
Chihuahua (CHI), northern Texas (TXP) and the Gentalley of California (DIX)
(green color in pie charts in Fig. 10). Similatyrrowing owls from Nellis Air Force

Base in southern Nevada (NEL) define a distingigpulation (Mohave population),
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whose fingerprint also appears in burrowing owlydapons in the western portion of the
breeding range in Washington, California, and Wtahe color in pie charts in Fig. 10).
Finally, the great majority of the individuals imetremainder of the study locations,
including northern study locations, had the fingerpof a third inferred population
(North American population) where northern studsalions and the northern half of the
southern agricultural study locations (HER, CAB, XJEand CAG) are included. Under
this scenario, our hypothesis is not supportedviddal owls from 4 southern
agricultural study locations (CAG, MEX, CAB, HERadhsimilar probabilities of
membership to those found in owls from northerratmns but also similar to those
found in owls from non-agricultural study locatianghe southern part of the range (e.g.,
JAN, GAL). In addition, probabilities of membershiygre remarkably different in owls
from the 3 southernmost agricultural locations (CBUE, and YAQ), compared to

those found in owls from northern locations (ALBAKS and GRL).

5. Discussion

Western burrowing owl populations in North Amerieave low levels of differentiation
as shown bysrandD statistics. Low levels of genetic differentiatimere previously
reported for the western burrowing owl in the Uditates. Korfanta et al. (2005)
estimated~st= 0.01 (95% CI: 0.007-0.02) and concluded thatt&resburrowing owl
populations were practically panmictic. Our estiwrabf Fst= 0.008 is slightly lower

but still within the 95% confidence interval of thEstestimate. Our study was more
comprehensive than Korfanta et al. (2005) becauspiliesents a 10-fold increase in the

number of individuals (15%s.1560), and 4-fold increase in the number of study
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locations (9vs 36), and we included populations in Mexico ana&ta. Our study also
represents a 43% increase in the number of mi@lisatoci used (#s 10). In addition,
markers used in this study were more variable, afitlaverage of 11.6 alleles per locus
(range 5-25, Appendix A)s 8.3 alleles per locus (range 3-19, Korfanta e2@02).
Therefore, our study confirms, with increased stital power, that this low genetic
differentiation extends throughout the entire bnegdange of western burrowing owl in
North America (including populations in Canada dekico). However, a major
assumption for our 3 predictions is that burrowang populations were genetically
structured before the development of the agricaltualleys in southwestern United
States and northwestern Mexico. Therefore, thisgenetic population differentiation
throughout the burrowing owl breeding range thereefondered our ability adequately
test the range-shift hypothesis.

Genetic diversity in DNA microsatellite loci amongr sampling locations is
higher than that found in other owl species of wddgribution, and in other owl species
of conservation concern. Average expected heteostygper locus across study
locations ranged from 0.77—0.86 for burrowing o(@6 locations, this study), from
0.54-0.62 in the ferruginous pygmy-o@&laucidium brasilianun{8 locations, Proudfoot
et al. 2006), from 0.48-0.56 in the boreal &egolius funereué locations, Koopman
et al. 2007), from 0.47-0.63 in great gray owl$oations, Hull et al. 2010), and from
0.72—0.77 in the spotted oBtrix occidentalig6 locations, Funk et al. 2010). Similarly,
low genetic differentiation also been documenteth@aboreal owlFst= 0.004 using

microsatellite loci; Koopman et al. 2007), and tlaenmulated owlOtus flammeolugFst
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< 0.04 using DNA fingerprinting; Arsenault et aQ(5), as well as the endangered
northern spotted owdtrix occidentalis cauringFst= 0.024 using microsatellite owls;
Funk et al. 2010), although strong genetic strachas been documented for the great
gray owlStrix nebulosdFst< 0.17 from microsatellite loci; Hull et al. 201Q)pow levels
of genetic differentiation in the burrowing owlhgyhly relevant for burrowing owl
conservation and restoration programs everywheloith America. Low genetic
differentiation among study locations suggests Ilatowing owls are a large panmictic
population across the species’ breeding range tieunction programs may be able to
use individuals from populations throughout westdanth America without
substantially compromising genetic variation fazdbadaptation. Low genetic
differentiation, presumably caused by continentenideeding dispersal, also means that
population trends in a given location may be causechanges in demographic
processes (e.g, fecundity, mortality, emigrationpther portions of the species’ range.
Therefore, population declines in the northern eafgbe species’ breeding distribution
may be alternatively explained by declines in immign from more interior populations
or low local recruitment.

The measures of genetic differentiation discusbed@are based on summarized
genotypic information across 36 study locationsr@/broad geographic area and they
may fail to detect subtle genetic structure. Hetloe use of our genetic markers to detect
past and current patterns of breeding dispersaipsrfect. However, the use of several
analytical methods and algorithms that make fudl ofsthe individuals’ genotypic data

(e.g., prograns TRUCTURIEcan unveil subtle patterns of genetic differetidgia
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Estimates of K revealed a subtle genetic structure and ident8ipdpulations.
However, K cannot be computed f&=1 (Evanno et al. 2005) and therefore the
scenario of 1 single population in Hardy-Weinbeggikbrium is still possible given our
low values forFsrandD. However, consistent geographic patterns in prtibab of
membership suggest the validity of our resitBBERUCTURES a spatially-blind analysis
since geographic coordinates are not an inputdratialysis. Therefore, the fact that the 3
southern-most agricultural populations (CUL, FURG & AQ in northwestern Mexico;
Fig. 10) all had higher probability of memberstomtsingle population suggests to us
that the inferred population structure is real.sTgeenetic structure suggests that irrigated
agriculture in Sonora and Sinaloa has influencequlfation dynamics of burrowing owls
and has created populations that are subtletyhdidtiom the rest of the populations
within the breeding range, distinct even from tlegghboring agricultural populations in
central Sonora and those in the Colorado RiveadélthoughSTRUCTUREIid not
support a direct link between southern agricultloeations and the northern-most
locations, o uAMOVAdid provide evidence of such a link. QAMOVAbased offrst
provided support for the predicted pattern of bregdispersal from northern locations
to southern agricultural locations, differentiatihgs group from other burrowing owl
locations. In contrast, o&MOVAbased on allele sizeRd;) did not provide support of
the hypothesis. However, measures of allele size haen criticized for having large
sampling errors and low efficiency in reconstrugtesimulated phylogenies (Takezaki
and Nei 1996). In addition, the lack of statistisiginificance in 6 of the 7 additional

AMOV#5As (Table 4) suggests that the genetic conneciivigyred between southern
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agricultural locations and northern locations is ano artifact of a large sample size
(1,560 individuals and 10 loci). In fact, the oolyrer significanAMOVAincluded
southern agricultural locations and neighbouringstu, Janos and Delicias locations in
Group 1, which makes sense because of regionalfteme

In summary, our study provides suggestive evidéimaedeclines near the
northern edge of the breeding range of burrowints amay be at least partially caused by
migration-driven dispersal to subtropical agrictédiareas in northwestern Mexico.
However, low levels of genetic differentiation amggropulations hindered the resolution
of our analysis. Increasing the statistical powehis study by adding more individuals
and additional microsatellite markers may helpifstdhe subtle genetic structure we
detected within the western burrowing owl. Our lssdemonstrate the influence of the
land-use mosaic on the distribution and movemeanohals, which can produce
location-specific population dynamics leading tbt&igenetic structure even in the
absence of dispersal barriers or isolation by de#aEvidence of genetic connectivity
among populations in areas with similar land usggssts to us that the processes which
constrain the continental breeding distributionh& burrowing owl likely includes food
limitation and tolerance of vegetation density. ifEfiere, the long-term conservation
value of agro-ecosystems in Sonora and Sinalodalbeuevaluated because these
ecosystems harbor dense breeding populations apdupaort a surprisingly high

proportion of the burrowing owls that breed in NioAmerica.
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CHAPTER IV. CONTINENTAL PATTERNS OF PHILOPATRY ANBREEDING
DISPERSAL AMONG BURROWING OWL POPULATIONS IN NORTAMERICA

AS REVEALED BY STABLE ISOTOPE ANALYSIS OF FEATHERS

1. Abstract

The breeding range of the western burrowing owldhafted southward, opposite of the
northward shifts (attributed to climate change)utoented in many other bird species in
North America. We used stable isotopeis**C, and™N in burrowing owl feathers to
determine the breeding dispersal patterns undertyiis southward contraction of the
species’ breeding distribution. In particular, wsted the hypothesis that burrowing owls
from declining migratory populations near the nerthedge of the species’ range are
becoming resident breeders in recently cultivatedgated agricultural areas in
southwestern United States and northwestern Mekiough a migration-mediated
breeding dispersal. We used nestling feathersatetiein 36 study locations in Canada,
Mexico, and the United States to infer local isetspnatures throughout the burrowing
owl breeding range. We comparedC and **N isotope ratios of adult feathers to the
local isotope signatures of nestlings to estimageproportion of philopatries

immigrant owls at each of 27 study locations. Wsmalsed a subset of our sampled owls
for which we also had’H to build a more refined map of local isotope sigmes, and

we used this refined map to infer geographic orajiadult feathers collected at each of
the 27 locations (i.e., breeding dispersal vect@ajrowing owl populations near the

northern edge of the species’ breeding range ira@aand those in the Baja California
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Peninsula had a high proportion of immigrants (>9@&mpared to interior populations
(Xx=30% immigrants). Most other populations had higlels of philopatry, and central
Sonora had the highest levels of philopatry prangdsome support to the migration-
mediated range-shift hypothesis. We found geogeagtaidients of°H, *°C, and **N
values in nestling feathers across North Ameriltawing us to infer the frequency of
burrowing owl dispersal events at locations thraugiNorth America. In general,
burrowing owl dispersal is apparently unconstrajieith high rates of breeding
dispersal among mid-latitude populations. North@wpulations receive immigrants from
southern populations, but southern populationsmalgtly on local recruitment and
immigration from neighboring populations. Stabletepes also provided evidence of
breeding dispersal from Canadian populations tthmestern Mexico in support of the
migration-mediated range-shift hypothesis, but simsotope signatures in nestling

feathers between these 2 regions prevent stronfgFences.

2. Introduction

Breeding dispersal, the movement of an individeheen 2 consecutive breeding
attempts, can influence the size and shape of@egdgeographic range. The edge of
most species’ ranges are thought to include: Duaer submarginal zone within which
the species occurs but often fails to produce lomaiuits (Emlen et al. 1986), or 2) a
zone with periodic extirpation where immigrantspaissing from core areas during
productive years recolonize and persist fbrgenerations (Gaston 2003). Therefore, the
edge of a species range may advance or retreatdiegeon demographic processes that

affect the production of dispersers within souropydations across the distribution.
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Thus, changes in distributional limits may signahgralized changes in environmental
conditions throughout the species’ range, which traparticularly relevant to the
conservation of widespread but uncommon species.

The western burrowing owRAthene cunicularia hypugaga a widespread but
uncommon species that has shifted its breedingeraagthward, opposite of the
prevalent trend of northward range shifts in mamythl American birds (Thomas and
Lennon 1999, Hitch and Leberg 2007, La Sorte amahigson 2007). The northern edge
of the burrowing owl’s breeding range has recembtyved southward (Chapter I) with a
southern expansion of its breeding range into atestsvere previously occupied only by
wintering migrants (Chapter II). Understanding tiaeise(s) of these distributional
changes is important because burrowing owls apeaes of conservation concern
throughout North America (Klute et al. 2003, Holdo3005, U.S. Fish and Wildlife
Service 2008) and endangered in Canada (COSEWIG)200

In this paper, we tested the hypothesis that thation of irrigated agriculture
within desert and subtropical ecosystems in Sin&oaora, Baja California, California,
and Arizona (which previously supported fewer biegawls) has created new breeding
habitat thereby causing population declines insaet¢dhe northern extent of the species
range. This hypothesis seems plausible given thdturrowing owl prey is more
abundant in agricultural areas compared to natgetation (Garcia 2005, Moulton et al.
2005), 2) breeding density of burrowing owls isaftigher in agricultural areas
compared to native vegetation (DeSante et al. 2B)4Hurrowing owls were not known

to occur in native Sonoran desertscrub and sulsibpoastal areas of Sinaloa that have
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been recently converted to irrigated agriculture nese areas now support dense
breeding populations (Chapters Il and 1ll), and 4nsnburrowing owls from northern
populations appear to migrate south to central bteruring the winter and cross the
continental divide (Duxbury 2004, Holroyd et al12Q where they would encounter
these agricultural areas along their migratoryneyr Burrowing owls that once bred in
more northern latitudes and spent the winter in iRtexnay have skipped spring
migration and instead colonized (and became yaareroesidents) in these agricultural
areas. If true, these continental-scale breedisigedsal events from the northern United
States and Canada to northwestern Mexico wereftrermediated through migratory
behavior (Chapter II).

Direct evidence for this hypothesis requires datgdndividuals of northern
origin (owls that formerly bred in Canada or thethern United States) breeding in
Sinaloa and Sonora. If this migration-mediated easlgift hypothesis were true, we
would expect to see adult owls that were bandéthimada and northern United States
breeding in northwestern Mexico. However, givenrélatively small number of owls
banded, and the extensive unmonitored agricultaigys in northwestern Mexico,
alternative approaches may be more efficient taud@mmnt the presence of once migratory
burrowing owls breeding in northwestern Mexico. Gaeh approach is the use of stable
isotopes of hydrogen (H), carbon (C), and nitro@¢n

The use of stable isotopes in ornithological redeaas expanded tremendously
since the seminal work by Chamberlain et al. (198%) Hobson and Wassenaar (1997)

who used deuteriunfHf) to track the summer origin of migratory songbirh their
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wintering grounds. In factH, °C, and"N have recently been used to track the summer
origin of burrowing owl feathers collected in theer in Texas and central Mexico and
to determine the origin of breeding owls in thethern Great Plains (Duxbury 2004,
Holroyd et al. 2010, Holroyd and Trefry 2011). Tise of stable isotopes relies on the
existence of a functional relationship betweenadpetsignatures and geographic
coordinates, recently referred to as an isoscaps{(\at al. 2008), which can be inferred
through statistical methods to build “base mapdboél isotope signatures. Development
of these isoscapes are possible because deutexiio® in atmospheric water follow a
continental gradient in North America (Dansgaar@4)9and stable carbon isotopic
fractionation in plants differs between the 3 plgtahetic pathways: £C,, and CAM
(Crassulacean acid metabolism; Peterson and Frg) 19Berefore, geographic variation
in floristic composition and plant life forms, suah the latitudinal gradient ig@ersus

C, grasses (Teeri and Stowe 1976), creates geogrgguEnts in carbon isotopic ratios.
Nitrogen isotope fractionation in soils and plavdasies with climate, N residence time,
topography, and soil characteristics (Amundsor.&093). Animal tissues, including
feathers, capture the isotopic signature of thallfaod chain where those tissues are
grown. North American migratory birds are particlyauitable to study both natal and
breeding dispersal because many species undergorprative and pre-basic molts on
the natal and breeding grounds (respectively) padall migration (Pyle 1997).
Therefore, the collection of feathers during thedoling season (prior to the pre-basic
molt) can provide information about the locationemadult birds hatched (for first-year

breeders) or molted (for birds >1 year old) thevjnes breeding season, providing a
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breeding dispersal distance vector (magnitude @&edtin) for each sampled bird. One
assumption of this technique is that the molt fodd>1 year occurs on or near the
breeding grounds, since the stable isotope sigmatdlects the birds diet where it grows
the feather.

In this regard, stable isotope analysis of feathflosvs us to test 2 predictions of
our migration-mediated range-shift hypothesis.tFiférrigated agricultural areas in
northern Mexico are perceived as optimal breedadgtht by burrowing owls and
breeding owl populations are near carrying capaaiyicultural populations will have a
higher proportion of returning breeders (i.e., lowatal and breeding dispersal)
compared to non-migratory populations in non-adtical areas (measured as the
proportion of adult burrowing owls with isotopigseatures similar to that of the local
nestlings). Second, some breeding burrowing ow&imaloa and Sonora will have
feathers with isotope signatures similar to thalasotopic signatures in the northern
Great Plains of Canada and the United States dgcfeé by our inferred isoscape
(because they spent the prior breeding seasonrie nusthern latitudes). We tested these
2 predictions by sampling H, C, and N isotopic atgmes of burrowing owl feathers

throughout North America.

3. Methods

A. Study areas and sample collection

Adult burrowing owls undergo a complete pre-basattnm late summer (Pyle

1997), and basic plumage is therefore assumedvitha stable isotope signature that
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corresponds to the site where they bred the prewboeeding season. Under this
assumption, we collected feathers from young amidt &drrowing owls during the
breeding seasons of 2004-2009 at 36 study locatimnsghout the species’ breeding
range in Canada, Mexico, and the United States (Higind Table 5). We defined
populations in Alberta (ALB) and Saskatchewan (SAaK)declining migratory
populations on the northern edge of the speciegding distribution based on survey
data in those locations (Sauer et al. 2008, Ch#ptére defined populations in Casa
Grande (CAG), Salton Sea National Wildlife Refug&Y{V), Mexicali Valley (MEX),
Caborca Valley (CAB), Hermosillo (HER), Yaqui-Ma¥alley (YAQ), Rio Fuerte

Valley (FUE), and Culiacan Valley (CUL) as southegsident populations within
irrigated agricultural areas. We pulled breastkbaad head feathers from nestlings that
were 10-40 days-old, and we pulled the third rigiatrix from adult burrowing owls. We
did not use natal down feathers from nestlingsunstudy, which may have the isotope
signature of the mother’s diet during spring mignat Duxbury et al. 2003). We
performed bird handling, feather collection, anel ithport and export of feathers through
international boundaries under the compliance ofs@&an, Mexican, and U.S.
regulations. We also complied with the UniversityAoizona Institutional Animal Care

and Use Committee regulations under protocols #3lahd 04-296 (Appendix B).

B. Sample analysis

We initially used a chloroform:methanol solutiar €leaning feathers in 45.6%
of our samples to remove oils from feathers. Weseqgbently changed our cleaning

protocol to a two-step cleaning procedure thatuded both a detergent solution and
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chloroform:methanol solution after a paper was shield by Paritte and Kelly (2009).
We processed all our samples in the Environmestdbpe Laboratory at the University
of Arizona. We used a Finnegan MAT TC/EA connedteBlinnegan Delta Plus mass
spectrometer through a Finnegan MAT CONFLO Il ffagee to measure’H in feather
samples. Our analytical precision f6H based on the repeated analysis of a benzoic acid
lab standard was better than 1.8%o (parts per i@.used sheep wool and whooper
swan Cygnus cygn)deather tracer standards to calculate non-exaeslg 2H in owl
feather samples. We equilibrated samples and tsdgedards with ambient water vapor
in the laboratory for at least 4 days. After edpurdition, samples were dried with@?
dessicant to remove any adsorbed water. Threer tstanedards were included with each
batch of owl feather samples analyzed to moniteretifiects of lab water vapor on
measured®H values. Tracer standards were calibrated basedarn temperature
equilibration with 3 water vapors with a wide rarafe ?H values and an estimated
fractionation of =1.12 between water vapor and exchangeable hydrodeather
keratin. Using the calibrated non-exchangeaftevalue of the tracer standards and a
mass balance equation, tHé value of the exchangeable hydrogen in all feashenples
can be calculated. We then calculated fitevalue of the non-exchangeable hydrogen in
the owl feather samples using a mass balance equadsed on the proportion
exchangeable hydrogen and their total meastftédalue. At room temperature, the
percent exchangeable hydrogen in feathers is 9d@¥ermined based on the swan
feather tracer calibration). We measuréiC and **N on a continuous-flow gas-ratio

mass spectrometer (Finnigan Delta PlusXL). Samptre combusted with added
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oxygen in an elemental analyzer (Costech) coupleédd mass spectrometer.
Standardization was based on acetanalide for ekat@oncentration, NBS-22 and
USGS-24 for °C, and IAEA-N-1 and IAEA-N-2 for **N. Precision based on repeated
internal standards was better than 0.08%. t3€ and better than 0.2%. fot°N. Values
of 2H, '°C, and **N are computed for the Vienna Standard Mean OceateiV
standard, PeeDee Belemite standard, and atmospheriespectively. Precision fofH,
3¢, and **N based on replicate subsamples from the sameefeatire +4.78%o (1,263
feathers), £0.36%o0 (221 feathers), and £0.32%. (222hers), respectively, measured as
square root of the mean square error from an asayvariance with feather sample (for
’H , 3¢, and ™N) and date of measurement (féH) as fixed effects. We included
date of measurement in our estimates of precisiorH (and not for *3C and **N) to
account for variability in °H measurements caused by the uncontrolled excharite
atoms between ambient water (vapor) and the kerabar feather samples (Wassenaar
and Hobson 2003). The magnitude of this interchaagevary from date to date with
temporal changes ofH in ambient water and humidity, and can considgraffect

measurements ofH in feather samples.

C. Data analysis

Variability of *H measurements on the same feather among labes{&nith
et al. 2009) and across time within the same laborgLott and Smith 2006) create
challenges for using deuterium to track animal mosets. We attempted to address

these sources of measurement error by meastftihgvice in almost all feather samples
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in the same laboratory (within 2 different batcheslyzedx 30 days apart, range = 0—
479 days). We replicated samples within and amatgsdof analysis. We used a
generalized linear mixed model (Bolker et al. 2008&heR packagenlmeto generate

?H for individual owls (fixed effect) accounting fdate of measurement (random
effect).

Our dataset is not complete fot, 1°C, and °N. We have measuredH in 76%

of the owls for which we have measured batlC and *°N. Therefore, we used our
larger dataset ¢°C and N from 1,592 owls) to test our first predictiondtHocal
recruitment would be higher in agricultural area#)ce a larger sample size produces a
better estimate of a proportion (law of large nurabBoisson 1835). We used our
smaller dataset (all 3 isotopes from 1,213 owlggsd our second prediction (concerning
breeding dispersal). By following this approach,aeeld include 5 more locations in our
study (LEM, SDO, MOS, TXP, FBL) that either lackefd ?H or lacked of **C and

>N measurements in nestling feathers (nestling éeathre not necessary for every
location in our second prediction). First, we assdrhat adult burrowing owls with
stable isotope signatures outside of thB-pércentile ellipses defined by nestling
signatures were not in the location the previoeeting season. The purpose of this
approach was not to predict the origin of owls sifesd as migrant, but rather to estimate
the proportion of adults in each population thas wamigrant. We used packagiipse
in programR (R Development Core Team 2009) to generate artdhE®3-percentile
ellipses from a bivariate normal distribution fdfC or *°N. Second, we used a local

regression analysis (LOESS, Cleveland et al. 1i82patial interpolation to build base



63

maps of °H, '°C, and N across North America based on the stable isctimpatures
of nestling feather$H base maps for feathers are available for otherdgiecies for
portions of our study area (Lott and Smith 2006b$tm et al. 2009). The use dfC and

>N base maps to track animal movements remainsiyangexplored (Bowen and West
2008). Therefore, feather base maps f3€ and *°N are not currently available,
although surrogate base maps existsT0rin terrestrial vegetation (Suits et al. 2005) and
for N in soil and plants (Amundson et al. 2003). Weidkst to build our own base
maps specific to burrowing owl feathers given:Hg kack of information regarding
interspecific variation in fractionation processasg 2) our exhaustive sampling of
nestling feathers throughout the species’ breedinge (we typically caught juveniles
while attempting to catch adults). We are not avedithe availability of software to
conduct geographic assignment of individuals witbwn isotopic signature and
unknown origin. Therefore, we wrote our own scipprogramR. We created a
100 100 grid of points for the region encompassed bystwdy populations, with
0.23° 0.31° grid cells. We trimmed this grid by a maximaanvex polygon with
vertices defined by our study populations to axasdignment of adult owls to locations
out of our range of inference. We then used thencandpredict.loesgo predict *H,

3¢, and N values for each location in the final grid basedheR object generated
with commandoesson nestling data. We computed the standardizetidedistance
from the isotopic signature of tieh adult burrowing owli(= 1, 2, ... , 894) to the
isotopic signature predicted by the 3 base mapadt point on the geographic grjd=(

1,2, ...,5129). We computed the standardized Bulititanced) as:
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where each znx is the estimate of variance for each isotope caetpas the variance of

LOESS residuals. We assigned each adult burrowidipto the location on the grid
that produced the lowed(i, j). That is, we assigned each adult burrowing owh&o
location on our grid that had the most similar ktakotope signature to that of the adult
owl. However, several locations on the grid maqeally close ird (rounded up to 2
decimals). In situations where >1 location had kind values, we assumed that the
location closest to the collection site was mdkelii to represent the true origin of an
owl. Therefore, we assigned each adult burrowintisoavigin to the closest geographic
location on the grid among competing locations i samel. We used this as a
conservative approach intended to prevent the tieteaf spurious long-distance
dispersal events. A basic assumption in this argiyghat stable isotope signatures of
juvenile body feathers are comparable to thosedfices in adult feathers grown in the
same location (Langin et al. 2007, Smith et al.8J0Meehan et al. (2003) showed a
large, unexplained difference ifH values between juvenile and adult Cooper's hawks
(Accipiter cooperil. Burrowing owls molt their retricies simultanetuer nearly so,
towards the end of the nestling stage. Thus, weatl@xpect substantive differences such
as those found in Cooper’s hawk primaries thataotted over a longer time period
during the post-breeding season. We decided tquusaile body feathers (rather than
rectrices of fledglings) because nestlings areidengbly easier to trap and estimate age

than fledglings (which can be mistaken as aftecinag-year birds) and we could obtain
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a large sample allowing for more precise estimatkseover, we did collect developing
rectrices from juveniles to avoid any harm to thewgng birds. We used prograRv.

2.9.2 for Mac to perform all statistical analyses.
4. Results

A. Philopatry

The distribution of isotopic signatures of nestlfegthers varied among study
populations in the'*C- **N space (Fig. 12). Although we found a generalepatof
increased enrichment in botf*C and **N with decreasing latitude, we also found
similar **C—"*N signatures in nestling feathers from distantfioces. For example, the
northwestern Sonora ellipse (CAB) overlaps with tifadistant populations in central
Colorado (BRM,; Fig. 12). In addition, the ellipgerh northern Baja California (MEX)
overlaps with those for Alberta and Saskatchewae. dse of 98-percentile ellipses
allows us to minimize the error of classifying adbburrowing owl as an immigrant,
although this procedure may classify some immigrastlocals. The area of thé"95
percentile ellipses was not correlated (0.25) with the number of data points used to
generate them, suggesting that the sample sizes®&deto generate the ellipses (3-36
nestlings) did not bias our results.

In most locations, the signatures of feathersectdld from adults (open circles
and triangles in Fig. 12) had higher intra-popwalatvariation than those of the nestlings
in that same location (filled circles in Fig. 1@hich is expected given the likely

existence of immigrants within the adult populatigve found a remarkable geographic
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pattern of philopatry-immigration among burrowinglgopulations. Northern
populations in Alberta (ALB), Saskatchewan (SAK)daouthwestern Idaho (MNH) had
the highest proportion of immigrants among all buing owl populations, with 95%,
92%, and 67% of their breeding populations origimgaelsewhere, respectively (Fig. 13).
We also observed a high proportion of immigrantthanperipheral populations in central
and southern Baja California (MUL and SDO), as waslin southwestern Utah (SGE),
although our sample sizes for both nestlings amdt&d those locations were low. We
observed the highest proportion of philopatic birdan isolated population in central
Mexico (TEX) where 100% of the adult owls shareel $hable isotope signature of the
local nestlings. This result suggests that ounrestes of philopatry rate are meaningful
because a genetic survey indicates that this ptpuale central Mexico is genetically
differentiated from the remainder of the continéptgpulation (Chapter V). The
proportion of return birds in the remaining popigas, including agricultural populations
in northwestern Mexico, averaged 70.0+2.7% (rarig@-89.5%). The highest
proportion of philopatric birds among these popala (89.5%) was within an
agricultural area in central Sonora (Hermosillo,R4[Eigs. 12 and 13), providing some
support to the first prediction of the migration-gireed range-shift hypothesis: that
irrigated agricultural areas in the southern portbthe species’ range have higher site
fidelity than southern populations in non-agrictdduareas. However, agricultural areas
in Imperial Valley (SSW) had a relatively low propion of philopatric owls (41.7%)
compared to the rest of the interior populatiorgpWPations in eastern Washington

(TCY) at the northwestern edge of the species’dingedistribution also had relatively
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high levels of philopatry compared to that of p@tigns in Canada.

B. Breeding dispersal

LOESS regression allowed us to find geographicigraslin *H, *°C, and **N values
in nestling feathers across North America (Fig, &y use these isoscapes to document
general patterns of burrowing owl breeding dispgetsaughout the North American
continent. Deuterium showed a latitudinal gradmansistent with the well-known
geographical pattern documented for precipitatrath more enriched deuterium in
southern latitudes. However, we found a noticedldription in the general latitudinal
pattern in ?H in southwestern United States and northwesterxiddeFig. 14). This
disruption originated from extraordinarily lovfH values in burrowing owl nestling
feathers at Salton Sea National Wildlife Refuge§@and the Mexicali valley (MEX)
along the lower Colorado River (Fig. 15). We albserved a latitudinal pattern if°N
without major disruptions, with moréN -enriched nestling feathers in southern latitudes
(Fig. 14). *°C showed a longitudinal pattern with the 1&&-enriched values towards
the Rocky Mountains (Fig. 14). Despite these ldtital and longitudinal patterns in our
3 isotopes, we found large variation within studypplations that limited our precision in
predicting the origin of adult burrowing owls basadely on their isotopic signatures.
The difference between the maximum and minimumipted values (range) ofH,

3¢, and **N in basemaps was 76.5, 9.7, and 5.6%o, respectfi#y 14). This overall
geographic variation approaches the within-popoitetiariation in *°H, *3C, and N
(Fig. 16). Therefore, our results should be intetga with caution.

Breeding dispersal in burrowing owls seemed uncaim&d throughout the North
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American continent, although some latitudinal paten dispersion distances were
evident. Northern populations (e.g., ALB, SAK, MOX}Y and WYO) received
immigrants from more southern populations. Popoihetin Canada received immigrants
from locations as far south as central Califoras@thern Nevada, and western Arizona.
However, adult burrowing owls captured in Canadsa tere assigned to southern
locations irrigated with water from the Coloradow&imay be an artifact of similar
isotopic signatures in these 2 regions (Fig. 1b)yr&ving owl breeding populations at
intermediate latitudes, such as eastern Colorag&d/ABeceived immigrant owls from an
extensive region spanning from Canada to northwestexico, as well as central
Mexico (Fig. 17). Southern populations relied mondocal recruitment and immigration
from neighbouring populations than northern popalet. Populations in the California
Central Valley (DIX) seemed to recruit breedingrouing owls exclusively within the
valley. Populations in the Mohave Desert (EDW) appty received immigrants from
populations in agricultural areas in southern @atifla and northwestern Mexico, as well
as from populations in Canada and central Mexico.

Burrowing owl populations breeding in agricultuaakas in southwestern United
States and northwestern Mexico differed in the gagalgic origin of their immigrants.
Our study populations at Casa Grande (CAG) and dédixvalley (MEX) showed high
levels of local recruitment and immigration fromgteoring populations. However, the
burrowing owl population in southern California (8% adjacent to the Mexicali Valley
(MEX), received immigrants from a much larger segtred the species’ breeding range,

including central Sinaloa, eastern Washington,@adada. Both Sinaloa populations
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(FUE and CUL) had high local recruitment in additio immigrants from areas east of
the Sierra Madre Occidental, but received no migrémom Canada. FUE and CUL study
populations appeared to receive fewer long-distamo@grants compared to other
populations. Owl populations breeding in agricudtiareas of southern Sonora (YAQ)
relied exclusively on local recruitment and immigya from the Sonoran desert
populations, including those in southern Califori@ar results suggest a relatively high
proportion of local recruits in agricultural poptitens in central Sonora (HER), with
some immigrants for central Mexico. Isotopic sigmas of adults breeding in agricultural
areas in northwestern Sonora (CAB) suggest immayrdtom neighbouring populations
and from as far north as Canada and as far souttrdisal Mexico. Therefore, we found
evidence of burrowing owls from northern latitudgesere only migratory populations
breed) becoming resident breeders in agricultuesdsain both southern California and
northwestern Sonora. This pattern is what was predliby the migratory-mediated
range-shift hypothesis.

Populations in the Mexican Highlands in ChihuahiraN, CHI, and DEL),
Coahuila (LAG), and Nuevo Leon (GAL) suggest prittydsreeding dispersal at a
regional level (within the Mexican Highlands ane tBreat Plains) plus immigrants from
elsewhere: eastern Washington for JAN and CHI, &oand Sinaloa for LAG and GAL,
and central Mexico for all 5 populations. Burrowiogls in central Mexico (TEX) relied

mostly in local recruitment with only few immigranfrom Sinaloa and Sonora.

5. Discussion

We found regional variation in the extent of phadtny and breeding dispersal of
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burrowing owls throughout North America. Howewiese results should be regarded as
patterns that require further verification givee tiigh variation in?H, *°C, and N in
nestling feathers within study locations (Figs. 12, and 16). Overlap in loc&iC-"N
stable isotope signatures throughout the speaiestiing range may hinder our ability to
accurately estimate rates of philopatry (Fig. 12)addition, high intra-population
variation in N in nestling feathers observed in this study masepconcerns of the
validity of **N to produce continental-scale basemaps. The mgupirt°N bird feathers
at the continental scale has no precendent in spitee potential of°N to track large-
scale landbird movements (Chamberlain et al. 208ough™N in plants and soils has
a distinct geographic pattern (Amundson et al. 2008 deposition due to agricultural
production may disrupt this geographic patterrificiglly increasing *°N in bird
feathers (Hebert and Wassenaar 2001). We did et inestling feathers from an
agricultural study site and a non-agricultural gtade adjacent to each other and with
similar climate conditions (sincéN varies with temperature and precipitation;
Admundson et al. 2003) to examine the extent tawhi°N in bird feathers is elevated
in agricultural areas. Nevertheles§N of nestling feathers decreased with latitude .(Fig
18), a pattern consistent with both the positiveatation between mean annual
temperature and plant®N and the latitudinal gradient in temperature, suppg the
validity of our™N basemap.

Canadian burrowing owl populations (ALB and SAK3rsd out for their low rates
of philopatry compared to other sampled populati@ng results with*C and™N

suggest that more than 90% of burrowing owls bregdear the northern edge of the
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species’ distribution in Canada originated furtbeuth (i.e., very low local recruitment).
High rates of breeding dispersal in Canada has tgmnted from field studies; 137
banded burrowing owls did not breed more than ¢@&ereturn rate of breeders) in a 4-
year period at a study location in Saskatchewanl{@me 2005), a pattern which
corroborates the conclusions from our isotope amaly{owever, other estimates of adult
return rates in Canada are higher (29-58%, Haaf) €993). Moreover, a previous stable
isotope study estimated that 43% and 46% of bregdulinrowing owls were non-
immigrants in Alberta and Saskatchewan, respegtiii2lixbury 2004). If reproductive
success and juvenile survival in Canadian populatis also low (Clayton and Schmutz
1999), the northern edge of the species’ distridsutiould be a population sink (Pulliam
and Danielson 1991), where mortality and emigratimeeding dispersal) exceed local
recruitment and populations are maintained viaatisgd and re-colonization by
individuals from interior populations. This pattexhimmigration from interior
populations compensating for low recruitment haanleferred to as the “rescue effect”
(Brown and Kodric-Brown 1977) and forms the bagimetapopulation dynamics
(Hanski 1998). The northern edge of the speciedtidution could also be a population
source if juveniles produced there successfullpetise to other locations and breed.
Indeed, we found evidence suggesting that burrowwg with Canadian isotope
signatures had dispersed to other study locatiags 1B). However, low philopatry in
Canadian populations and theory on geographic sfgaston 2003) suggests the
existence of suboptimal conditions for reproductoil survival at species' range edges.

Estimation of survival and reproductive rates fastfyear birds produced in Canada



72

would help unveil the population dynamics at thetlmern edge of the species’
distribution. An alternative explanation for thevighilopatry in Canadian populations is
that migratory burrowing owls from the northern edyd the species’ range may molt
their feathers after leaving the breeding groungsd migration (Duxbury 2004).
Initiation date of fall migration might be underatg selection at the northern edge of
the owl's breeding range and, hence, owls may rtegraen before molting (and timing
of molt may not be flexible due to high phylogenetiertia, Svensson and Hedenstrom
1999). However, collection of molted feathers om @anadian breeding grounds suggest
that most burrowing owls do molt at the end ofrtlestling stage prior to fall migration
(G. Holroyd, R. Poulin, H. Trefry, T. Wellicome, 5ge comm.). Better information on
molting schedules in burrowing owls that breed an@&da (and elsewhere) would aid
future studies of breeding dispersal based onestabtope analyses of feathers in
migratory burrowing owl populations.

We also found a relatively high proportion of immagts in the burrowing owl
population in southwestern Idaho (MNH), where oapplations appear to be increasing
(Sauer et al. 2008), and in 2 populations in sautBaja California peninsula (which is
also on the periphery of the species’ breedingedhgg. 13). The apparent lack of
philopatry in the agricultural area near Santo Dayoi(SDO in Fig. 12) does not support
the idea of newly-created agricultural areas insthigthern part of the species’ range
being more attractive for burrowing owls than natimabitats. In addition, the low
philopatry observed in the burrowing owl populatioimperial Valley (Fig. 13) does

not support the idea that burrowing owls perceiyecaltural areas as high-quality
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habitats that promote residency (high philopatry}pite of the possible high intra-
specific competition for breeding territories doeathigh population density there
(DeSante et al. 2004, Rosenberg and Haley 2004).

The proportion of return birds inferred from oualde isotope results for most of
the populations in the interior portion of theiebding range (including those in
agricultural areas in the southern portion of thecges’ range) are comparable to
estimates of annual return rates for a non-migygtopulation in Florida (68% in adult
males, Haug et al. 1993). High rates of philopatrigurrowing owl populations in North
America may reflect overwintering birds seekingetain high-quality territories.
However, the proportion of return birds in eastéfashington (64%) was higher than
estimates of annual return rates from the samey streh based on band returns (<44%,
Conway et al. 2006). We would expect estimates fstable isotopes to be higher than
those from band returns because the former is gnérelpercentage of breeders that have
the local isotopic signature (rather than the paisge of banded birds that return to a
particular study site and are detected).

Our inferred geographic patterns iH, *°C, and N in nestling feathers show
some agreement with published model-based isoscipéspic signatures from feathers
of our burrowing owl nestlings coincide in someedp with geographical patterns in

13C based on the ecophysiological model by Suits ¢2@05). The southern Sonoran
desert and Chihuahuan desert show enrich&lvalues, although the rest of the
burrowing owl distribution remains depleted (witw variation). And our inferred

continental pattern in*>N coincides with the latitudinal pattern predictedAmundson
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et al. (2003) based on climate and soil propertissdoes not show the enrichedN
disruption in the Sierra Madre Occidental due tolaok of samples there (burrowing
owls do not breed in mountainous areas). Moreaxargeographic assignments of adult
feathers based on comparisons to our nestling-ettfiase map showed some
consistency with previous findings on burrowing dréeding dispersal. Burrowing owls
appear to be unconstrained in their breeding dsspheapabilities, with individual owls
frequently crossing major physiographic barriershsas the continental divide (Duxbury
2004; G. Holroyd, pers. comm.). In addition, popiokas further north tend to receive
more immigrants from more widespread locations caneqb to southern populations
(also see Duxbury 2004). If the immigrants thatisatope analysis suggests are
dispersing from southern populations into popufetiat the northern extent of the
breeding range are primarily second-year birds, fihding supports a component of
Rappole’s (1995) hypothesis for the evolution ofraiory behavior. Rappole (1995)
suggested that migration evolved in tropical resig@pulations, where high site fidelity
and competition forced juveniles towards northeeeling grounds (Rappole 1995).
Future studies should test whether immigrants ntheon populations are more likely to
be second-year birds compared to immigrants irraead southern populations. We
found some evidence that suggests that burrowing papulations in Canada and the
northern United States are declining due to nontlogrls dispersing to the agricultural
areas in northwestern Mexico and the southwesterted) States. However, the
prediction we used to test our hypothesis did movipe the resolution we initially

envisioned due to an unforeseen disruption in gotgradients in North America.
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Nestling feathers in the Salton Sea in southerifa@aia and Mexicali Valley in northern
Baja California showed similar isotopic signatut@shose of northern populations. This
similarity hinders our ability to correctly infergpersal events between these 2 regions
and their neighboring locations. Similarities fil can be explained by the influence of
the Colorado River water. Contribution of local gpétation to the ?H signature of the
agricultural ecosystem is extremely limited (89 mftiean annual precipitation in
Mexicali, Ruiz Corral et al. 2006). The water usedrrigate crops in the lower Colorado
River region comes almost entirely from the Color&iver (rather than from local
groundwater), which carriési-depleted water from precipitation that originated
throughout the Colorado River basin (which extemglsnto Colorado, Utah, and
Wyoming). The reasons for the similarities iC and *°N in nestling feathers between
Mexicali and Canadian populations are not as clear.

Our data suggests 100% philopatry for burrowingsdwkeding in an isolated
population in central Mexico (Texcoco) based"# and™N only (Figs. 12 and 13), but
with some immigration from local neighboring pogidas when usingH, **C, and™N
(Fig. 17). These results suggest that the populatid excoco (TEX) is non-migratory
with little connectivity with other populations. ©isotopic results are corroborated by a
genetic study that found genetic differentiatiortro$ population from any other
burrowing owl population (Chapter V).

In summary, our results suggest that burrowing dwalge high levels of
philopatry or localized breeding dispersal withinghpopulations in the central and

southern portions of their breeding distributiont bave a sufficient number of long-
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range dispersal events to promote high connectantgng populations throughout most
of their breeding range. This unconstrained moveras apparently lead to some
dispersal of burrowing owls from Canada to agricat areas in northwestern Mexico, in
support of the migration-mediated range-shift higpsts. These dispersal events likely
allow owls to colonize suboptimal habitat on thegeery of their breeding range.
Therefore, the patterns of breeding dispersal sstggat burrowing owls may have the
capability to re-colonize former breeding habifdius, documented population declines
may actually represent extirpation processes kaiteguated by breeding dispersal,
which has even deeper implications for the viapiht local burrowing owl populations

at the northern edge of their range.
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CHAPTER V. GENETIC VARIATION AND DIVERGENCE TIMES MONG
ISLAND AND CONTINENTAL POPULATIONS OF BURROWING OWL

SUBSPECIESATHENE CUNICULARIAIN NORTH AMERICA

1. Abstract

Subspecies diagnosis is highly relevant to adetyupteserve genetic variation,
especially for species of conservation concern efttlangered insular populations.
Burrowing owls Athene cunicularipare widespread in both North and South America
and resident populations occur on many islandsereastern Pacific Ocean and the
Caribbean Sea. Eighteen subspecies have beerfigtbritut these taxonomic
relationships are based primarily on morphologicats. This study characterizes
microsatellite and mitochondrial DNA variation angaine westernA. c. hypugaega
Florida A. c. floridang, and ClarionA. c. rostratd subspecies of the burrowing owl.
We also characterized genetic variation in 2 gguucally isolated populations of the
western subspecies, one on Guadalupe Island (25dffkime coast of Baja California)
and the other near Mexico City. We estimated momatates of 11 microsatellite loci for
burrowing owls from Clarion Island and used thoséation rates to estimate divergence
time between the western and Clarion subspeciesio@lburrowing owls had no
intrapopulation variation (i.e., fixation) at 5 aeft11 microsatellite loci. The Florida
subspecies had only polymorphic loci but had redueeels of genetic variation
compared with the western subspecies (a more-widadsubspecies that occurs
throughout western North America). We estimatedsargence time of 110,000 —

370,000 years between the Clarion and the westermowing owl subspecies. We found
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genetic differentiation between western burrowimg populations and a geographically
isolated population in central Mexico (near Texcbhee). We identified 3 haplotypes
for the western burrowing owl based on our exterdgdchondrial DNA survey; one of
them was present in all individuals sampled oni@talsland and another was present
exclusively on Guadalupe Island. These data cortfierhigh connectivity among
western burrowing owl despite several large gedygcdparriers. Our results suggest the
need for further research to explore the possyhilitre-classifying the burrowing owls
on Guadalupe Island and highlight the need to ptabke unique population of burrowing

owls in the Texcoco Lake area of central Mexico.

2. Introduction

Subspecies are of particular interest to evolutipb#logists because they are often
thought to represent evidence of speciation in q@sgy Most avian subspecies in North
America have been described as such based on nhogpdad, vocal, or plumage
characteristics (Cicero 2010). With the adventeriggic markers, many of these
subspecies designations have recently been reBsfdng these discrepancies is highly
relevant to adequately preserve genetic variatomaixa of conservation concern,
especially those with endangered insular subspé@erast 2010). Burrowing owls
(Athene cunicularipare widespread in North and South America, iniradpiopen arid
and semiarid plains from southern Canada to Tegft&uego, including islands in the
Caribbean Sea and Pacific Ocean (Kdnig et al. 139@hteen subspecies are
recognized, but these designations are based @tivarin size, weight, and plumage

coloration (Konig et al. 1999). Adaptive radiationburrowing owls has apparently been
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less intense in North America with only 3 recogdizabspecies: Clariod\( c. rostrata,
Florida A. c. floridang, and westernX. c. hypugaegburrowing owls. The western
burrowing owl is federally endangered in Canadaiaradspecies of conservation
concern in the U.S., and the Clarion burrowing mdederally endangered in Mexico.
Elucidating phylogeographic relationships amongdwing owl subspecies in North
America can help inform appropriate scales for gangent and recovery efforts and
potentially reveal major historical events thatedetined continental speciation patterns
in other taxa.

The Clarion burrowing owlA. c. rostratalownsend) is the most isolated of all of
the 3 recognized subspecies in North America, ogogpa small island in the Pacific
Ocean about 700 km southeast of the Baja Califgperansula. The Clarion burrowing
owl is listed as an endemic endangered specidsdifetleral government in Mexico
(Secretaria de Medio Ambiente y Recursos Natu2d@2), and was negatively affected
by feral goats and pigs that were once common and® Island before their removal in
recent years (Everett 1988, Brattstrom 1990). Thezean assessment of the genetic
variation and phylogeography of the Clarion burmgvowl is necessary to assess its
taxonomic status as a required component of anylptpn viability analysis. The
Florida subspecie®\( c. floridanaRidgway) inhabits the Florida peninsula and is
genetically differentiated from the western subgge@orfanta et al. 2005). The western
burrowing owl A. c. hypugae8onaparte) is the most widespread subspecies ocupy
a continuous breeding distribution over the weskeihof North America (Wellicome

and Holroyd 2001). However, isolated western bumgwpopulations may exist on
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islands off the Baja California Peninsula (Pala@bal. 2000) and south of the published
breeding range in central and southern Mexico (fE@z-Rocha 1997), where burrowing
owls have been observed during the breeding season.

In this study, we used mitochondrial DNA sequeraras DNA microsatellite
markers to characterize genetic variation amongtberently recognized North
American subspecies of burrowing owls. We estimdiedrgence time between the
western and Clarion subspecies based on micrasatadliation. We also examined
samples from 2 geographically isolated populatibias were both assumed to be western
burrowing owls: Texcoco and Guadalupe Island. Teecdco population of western
burrowing owl inhabits the area around the anclexcoco Lake, near Mexico City.

This resident population appears to be isolateah fifee rest of the subspecies’ breeding
distribution (the nearest known breeding populai#or400 km to the north) and genetic
divergence from populations in the core breedimgeamight be expected. Guadalupe
Island is an oceanic island 250 km west of Bajaf@ala, Mexico (Fig. 19). Our study
intended to expand upon past genetic surveys obburg owl subspecies based on
mitochondrial DNA (cytochrome b) by Desmond (20@&J DNA microsatellite markers

by Korfanta et al. (2005).

3. Methods

A. Sample collection

We trapped burrowing owls during the spring and m@mof 2004-2009. Within the

range of the western burrowing owl, we obtained@emfrom 1,671 burrowing owls
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from 37 locations representing 2 provinces in Canad states in the United States, and
8 states in Mexico, including 19 burrowing owlsrfr@excoco and 6 owls from
Guadalupe Island. Study locations and number o @ampled per location for the
western burrowing owl are provided in ChapterBikds on Clarion Island are year-
round residents and 19 samples were collected ueiMber 2008 by G. Holroyd, E.
Valdez, and H. Trefry. We did not include any bitkdat were known to be closely
related (i.e., parents and their offspring, or jules from the same nest burrow). Our
primary source of genomic DNA was blood. We obtdir&0 L of blood through a
venipuncture of the brachial vein. We also useghfland/or body feathers occasionally
(4%) as the source of genomic DNA when we couldofbain a blood sample. We
performed bird handling, and blood and featheremibn, as well as the import-export
through international boundaries, under the compbaof Canadian, Mexican, and U. S.
regulations. We also complied with the UniversityAozona Institutional Animal Care
and Use Committee regulations under protocols #8&hd 04-196. We obtained DNA
from museum specimens (American Museum of Natuistioly) for a subspecies of
burrowing owl in South America c. cunicularig to determine the adequacy of our
microsatellites for phylogenetic inference, andlittie owl (A. noctud, a congener that

is resident in Europe, Asia, and northern Africa.

B. Genotyping

We followed laboratory procedures for DNA extraatipolymerase chain reaction, and

allele scoring for microsatellite loci as descrilxed\ppendix A and Chapter Ill. In
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addition, we sequenced mitochondrial DNA (mtDNA}me cytochrome b gene as

outlined in Desmond et al. (2001).

C. Data analysis

We used MS Excel© mac®BENALEX3.6 (Peakall and Smouse 2006) to calculate
standard measures of genetic variability withinrbwing owl subspecies including
number of allelesN,), observed heterozygositiif), and expected heterozygosityf.
We usedSENEPOP4.0.10 (Rousset 2008) to calculétg (Weir and Cockerham 1984)
between the Texcoco population and each of the 8&@opulations of western
burrowing owl to reveal subtle genetic differerbat

We used microsatellite repeat data to calculaterdence timeT) between the
western and Clarion subspecies of burrowing owigday the stepwise mutation model
(Ohta and Kimura 1973), divergence time is giverifgyexpression (Goldstein et al.

1995):

2

T ——
2W

wherew is the mutation rate (mutation probability per as&$) and ?is the squared

difference in the mean number of repeats betwee fubspecies. Zhivotovsky (2001)
suggested an estimator of divergence fiim¢hat does not assume mutation-drift
equilibrium and is independent of population growthhe absence of gene flow.
However,Tp requires one more unknown component, the varianttee number of
repeats in the ancestral population, so we couldis® this statistic. We used genotype

data from Clarion Island only to estimatéecause we can fairly assume that migration
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is not affecting genetic variation within this spbsies and that all genetic variation is

due to mutation-drift equilibrium. We estimated rogatellite mutation rates at each

locus by first estimating the population-scaled atioh parameter under mutation-drift

equilibrium (where =4Ng.w, andNg is the effective diploid population size) and ufiesl
n estimator derived by Ohta and Kimura (1973) fe skepwise mutation model. The
 estimator is given by the equation:

1
~ 2
1H

1

H

whereH is the expected heterozygosity. The simplicity,@fioes not hinder its
efficiency as an estimator ofbecausey performs as well as more advanced likelihood-
based estimators (RoyChoudhury and Stephens 20@7yomputed the mutation rate
with the expressiomw = 1 (4Ne)™. However, we observed allele fixation in 5 outtuf

11 microsatellite loci studied (Table 6). In sudlations, estimates ¢f, , andw
become zero. We therefore assumed a populatioeesoaltation ratey = 0.1051 for
those 5 loci. Thisy value amounts to capturing a heterozygous indaliflur a second
allele in one additional sampling attempt at Clarisland (capturing a #0owl), which is
a conservative estimate of. We used packad®ootstrapin programR (R Development
Core Team 2009) to generate 1,000 bootstrap régdicd population-scaled divergence
times [T(2Ne)™) over the 11 loci. We used these replicates imest the 95%-
confidence interval of the average population-stdigergence time between Clarion

and western burrowing owils.
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4. Results

The amount of genetic variation within subspeci@sed considerably among the 3
currently recognized subspecies of burrowing owlslorth America (Table 6). The
western burrowing owl had high levels of genetidat#on at all loci and all populations.
Western burrowing owl populations had high obsetvegrozygositiesf,= 0.823 +
0.022), similar to that of the isolated populatiortentral Mexico H,= 0.807 + 0.037)
in spite of the large difference in sample sizes(Lénd 21 owls, respectively). However,
this large difference in sample size between thedeo population and the rest of the
populations of the western subspecies was eviddhei mean number of alleles per loci
(7.7vs.22.5 alleles, respectively). The Florida burrowavg had lower levels of genetic
variation (H,= 0.548 + 0.059 ani, = 5.1+0.1) compared to the western burrowing owl,
and had no unique alleles and no fixed loci (atmlsorfanta et al. 2005). In contrast, the
Clarion burrowing owl had even lower levels of giéneariation (H,= 0.177 + 0.090),
had 5 fixed loci (45%; Table 6), and did not hamg anique alleles. The virtual absence
of unique alleles in our markers extended to otlispecies and congeneric species. We
found only 1 allele at locus ATCUO4 in 2 of 3 buming owls from ArgentinaA. c.
cunicularia), 1 homozygous and 1 heterozygous. We found nguenalleles in 2
European little owlsA. noctud genotyped for these 11 loci.

Fststatistics suggest that the Texcoco burrowingmygulation is genetically
different from all other populations of the westburrowing owl. The mean pairwisgr

for comparisons involving the Texcoco populatiég(= 0.0386 + 0.0011) is



85

significantly higher{= 26.77, d.f. = 701P < 0.0001) than the mean pairwisgramong
all other burrowing owl population&§r= 0.0085 + 0.0003).

We estimated 108.6 years individtg@D5% C. I. from 1,000 bootstrap replicates:
15.0 - 232.9) as the average population-scaledgivee time T{(2Neo) ™) across loci
between Clarion and western burrowing owls. Estsaff divergence time depend on
the effective population siz&l§) and therefore a careful choiceNfmust be made to
adequately estimate divergence time. Potentiahaséis of effective population size for
Clarion burrowing owls vary by orders of magnitughejuding 10 owls (Everett 1988),
and 1,700 owls (850 pairs, Wanless et al. 2009. |&tter estimate dfle originated from
a recent call-broadcast survey but may have overatgd the population size, which is
probably closer to 500 owls (200-300 pairs; G. By, H. Trefry, and E. Valdez, pers.
comm.). Divergence time varies considerably withis range of\ estimates (Fig. 20).
Estimated divergence time between the Clarion hadvestern burrowing owls occurred
370,000 years ago (95% C.I. = 51,000-790,000 yéfakk)= 1700, and 110,000 years
ago (95% C.I. = 15,000-240,000 yeard)if= 500, more than a million years after
Clarion Island emerged as a volcanic island indkes Pliocene (Brattstrom 1990).

Mitochondrial DNA suggests a more recent evolutigrsplit of the Clarion
subspecies from the western burrowing owl comptredat of the Florida burrowing
owl. We only found 3 informative sites in the mtDNAtochrome b sequence of 307
base pairs with substitutions in base pairs 85, &8 274. We did not attempt any
statistical inference with phylogenetic trees iis tthapter considering such a limited

amount of informative sites. These 3 informatitesyielded 4 haplotypes. We found
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haplotypes TGA and TGG in western burrowing owlydapons, and TAG in Florida
burrowing owls. In addition, we found haplotype C@G3 out of 5 owls on Guadalupe
Island (Fig. 21). Surprisingly, we did not find éxsive haplotypes for Clarion Island,
where all burrowing owls had the TGG haplotype f(the 2 found in western burrowing
owl! populations throughout their range). Haplotyp&A and TGG were found in equal
frequency among all western burrowing owl populati¢Fisher’s exact te?,= 0.065;

Fig. 21), including the Guadalupe Island populatidowever, low sample size may have
reduced our power to detect differences in haplfypquencies among populations.
This result suggests high connectivity among weadberrowing populations on the
mainland (except Texcoco) despite the presencargé lgeographic barriers such as the

Rocky Mountains, the Sierra Madre Occidental, d&edGulf of California (Fig. 21).

5. Discussion

Avian endemism is high in the Revillagigedo Archgg®, with greatest affinity to the
Sonora-Sinaloa area of mainland Mexico (Brattsti®®0). Mitochondrial DNA

supports this origin for the Clarion burrowing owlhich possesses a western haplotype,
and not a Florida or South American haplotype (Dawiret al. 2001). Divergence time
estimated by our microsatellite data is boundedraliy the age of Clarion Island, and
provides a time framework for the colonization ld Revillagigedo Archipelago.
However, our estimates of divergence times betv@arion and the western burrowing
owl, although realistic, may be biased low. The afse )?-(2w)™* to estimate divergence
time relies on a mutation-drift equilibrium and@nstantN. (Ramakrishnan and

Mountain 2004), assumptions which are likely not oreClarion Island. Clarion
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burrowing owls may have been near extinction rdgdBverett 1988) and probably
underwent a recent population expansion after thei@ation of feral pigs in 2002
(Wanless et al. 2009). If populations are growing)?-(2w)™* underestimates the actual
divergence time (Zhivotovsky 2001). Furthermore, sirrogates of expected
heterozygosity for fixed loci in Clarion burrowirogvls may have also affected our
divergence time estimates. However, the lack ofuaimtDNA haplotypes on Clarion
Island suggests that these 2 subspecies divergedhlan 200,000 years ago based on the
so-called 2% rule (Lovette 2004), which supportsesiimate of divergence time based
on microsatellite data. An extended genetic sumeluding more mtDNA and nDNA
sequences will help refine the estimate of whemi@teburrowing owls diverged from
the western burrowing owl. The Clarion burrowingl evas proposed as a different
subspecies based entirely on morphology (Towns880)1 Intriguingly, the lack of
exclusive microsatellite alleles or exclusive h&ypes does not support subspecies status
for the Clarion burrowing owl.

Desmond (2001) found that Florida haplotype (TA@eds in 2 nucleotides
from the one found in the western burrowing owl A)@nd applied the 2% rule
(Lovette 2004) to suggest a divergence time of 88D years. However, the presence of a
second western haplotype (TGG) that differs in dnhucleotide from the Florida
haplotype would suggest a more recent split of @D years. This study shows that even
with slow-evolving markers such as mtDNA, sampie svithin populations and
subspecies, not only among species, is criticabtain better inferences in phylogenetic

relationships.
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Our microsatellite marker data set confirmed ttsaits from Korfanta et al.
(2005) that the Florida burrowing owl had lowerdés/of genetic variation than the
western burrowing owl. These authors found thaRlbeida subspecies had a 37% lower
expected heterozygosity than that of western bunmgwwl, quite similar to the
difference found in our marker set (33%). Howetee, number of alleles in the western
burrowing owl in our marker set was 4.1 times highan that in the Florida subspecies,
whereas this factor was only 1.7 times in Korfattal. (2005). This difference
highlights again the importance of sample sizedeqaately assess levels of genetic
differentiation at any level.

Microsatellite markers suggest that the residentdwing owl population near
Texcoco in central Mexico is genetically differérdm the rest of the western burrowing
owl populations. This population inhabits the opesas in the former Texcoco Lake at
an elevation above 2,000 m. Perhaps the geneticgéince from the other western
burrowing owl populations reflects a recent colatian event of Texcoco Lake followed
by drift due to small population size. The burrogvowl population at Texcoco Lake
inhabits an area with a large human populationhighly urbanized landscape, and, if
differentiated, this population deserves the ab@ntf conservation biologists and land
managers. In addition, burrowing owl specimens hH@een collected during the breeding
season in the State of Hidalgo and Veracruz (Eeaefocha 1997) and more breeding
populations probably exist south of the Neovolcakics, which may also have diverged

from the northern populations.
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The existence of a uniqgue mtDNA haplotype on Gugukalsland is intriguing
and suggests some genetic differentiation of topufation at the subspecies level.
Guadalupe Island haplotype (CGG) differs from Wies{@ GA and TGG) and Florida
(TAG) haplotypes in a transition at the"88ase pair (T C), as well as from 3 South
American subspecieé\( c. cuniculariaA. c. nanodesandA. c. punensisDesmond
2001). This fact suggests that this transitiondedved character. The possibility of a
Guadalupe Island subspecies should not be surgrsuen the high levels of avian
endemism on Guadalupe Island (Quintana-Barriot 2086). In addition, the presence
of the 2 western haplotypes, not one, also suggeastsent colonization or recent gene
flow from continental western burrowing owl poputeis. Future studies should focus
their attention on the burrowing owl population®@nadalupe Island and additional
samples (and more DNA markers) may help furtheslvesthe phylogeography of this
isolated island population.

In summary, our data reveal novel information algmrtetic variation of
burrowing owl subspecies in North America. Clarmnrowing owls appear to have
diverged from the western burrowing owl approxinhag90,000 years ago. In addition,
the Texcoco and Guadalupe Island populations appdser genetically differentiated
from the remainder of the continental populationd aur data suggest complex historical
mechanisms for genetic isolation unexplained byenirseparation by distance or

geographic barriers.
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APPENDIX A. NOVEL MICROSATELLITE LOCI FOR THE BURR®/ING OWL

ATHENE CUNICULARIA

Abstract

The breeding distribution of western burrowing éswexperiencing an intriguing
southward shift, contrary to the predictions ofmdie change. To determine the breeding
dispersal patterns underlying this distributiortzmge, we developed 11 novel
polymorphic microsatellite loci for the species. Wsted these loci in 2 burrowing owl
breeding populations, one from central Sinaloa, ifexand one from the Central Valley
of California, U.S.A. All loci were at Hardy-Weinkgeequilibrium, except 2 loci for the
California population. Expected heterozygosity welatively high (H.= 0.813, range
0.515—0.942). Average number of alleles was 11lrédge 5—25). We found no

evidence of linkage disequilibrium for any pairwtsests between loci.

The western burrowing owR¢hene cunicularia hypugagaas undergone an intriguing
distributional change since the mid™2€entury. While many avian distributions in North
America are shifting northwards in response to aterchange (Hitch and Leberg 2007,
La Sorte and Thompson 2007), the breeding distabudf the burrowing owl is shifting
in the opposite direction. Burrowing owl populatsomear the northern edge of the
species’ breeding range in southern Canada anlderortnited States are declining or
even disappearing (Wellicome and Holroyd 2001, &leital. 2003, Conway and

Pardieck 2006). Because of these persistent papuldéclines, the species has been
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legally protected in Canada, Mexico and the Un@éates (Klute et al. 2003).
Paradoxically, burrowing owl populations in irrigdtagricultural valleys of the Sonoran
desert of California and Arizona have steadily éased during the second half of th& 20
century (Sauer et al. 2008) and may now supportitjieest breeding densities in the
species range (DeSante et al. 2004). The breedtrghdtion of burrowing owls has also
expanded southwards into coastal Sonora and Simaleathwestern Mexico, where
recent agricultural development of desert thornst¢ras created suitable breeding habitat
in these otherwise wintering grounds (Enriquez-Rot®97). Breeding densities in the
agricultural areas of coastal Sonora and Sinaloabaas high as those in the Imperial
Valley of California. We developed and charactetinew 11 microsatellite loci to
estimate migration rates among burrowing owl pojarts in North America and
determine the breeding dispersal patterns underiyiis odd distributional change.
These loci more than doubles the existing librdry microsatellite loci for this species
(Korfanta et al. 2002).

We constructed an enriched genomic DNA library gsirmodified version of a
published protocol (Glenn and Schable 2005). Wiated genomic DNA using the
DNeasy Blood & Tissue Kit (Qiagen®) from <24& of blood collected from 10 owls
captured in Pueblo Chemical Depot, Fort Carson,Barakley Air Force Base, Colorado.
We mixed all DNA from these 10 individuals. We ditegl DNA with Rsal (NEB®) and
ligated fragments to double-stranded SuperSNX+#ls (Glenn and Schable 2005).
We recovered linker-ligated fragments ranging fi@®0 to 1400bp using the polymerase

chain reaction (PCR), SuperSNX-24 forward primad Rlatinum high-fidelity Taq
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DNA polymerase (Invitrogen®) to create a PCR ligraWe hybridized these recovered
fragments to 5biotinylated microsatellite oligonucleotide prol{€T);s, (CT)s,

(GATA) 10, and (GACA). We captured hybridized fragments on streptavidiated
paramagnetic beads (Dynal®) and recovered thegmé&ats by PCR. We immediately
ligated fragments into the vector PCR4-TOPO (llmngan®) and transformed them into
TOP10 chemically competeBscherichia colicells (Invitrogen®) following the
manufacturer’s protocol. We directly amplified asetjuenced 273 colonies in both
directions using M13 primers on an Applied Biosysse3730XL DNA Analyzer using
the BigDye Terminator Cycle Sequencing Kit (AppliBdsystems®). Seventy-seven
clones contained microsatellite sequences. We kedig5 primer pairs out of the 77
sequences using program Primer 3 (Rozen and Ska®90), with 11 polymorphic
loci successfully amplifying (Table 1). We labeledward primers with universal M13
primers at the %end (Schuelke 2000). We designed reverse primignsavwpig-tail’ at

the 5 end to reduce variability in adenylation of ampétion products (Brownstein et al.
1996). We performed PCR reactions in a 15/0lume containing 10-50 ng genomic
DNA, 10X PCR buffer (20 mM Tris—HCI pH 8.4, 50 mMX Invitrogen®), 0.2 mM
each dNTP, 0.02M unlabelled M13-tailed forward primer, 0.2 reverse pig-tailed
primer, 0.2 M fluorescently labeled M13 primer, 2 mM Mg{0.4 U Tag DNA
polymerase (Invitrogen®), and 0.02% BSA. We usedigue touchdown protocol for
all loci consisting of an initial denaturation & 9C for 4 min followed by 10 cycles at 94
°C for 30 s, annealing at 60-52 °C for 90 s (2 &Crdase every 2 cycles), extension at

72 °C for 30 s, followed by 30 cycles at 94 °C 30rs, annealing at 50 °C for 30 s and 72
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°C for 30 s, and a final extension of 7 min at Z2 We analyzed PCR products on an
Applied Biosystems 3730 Genetic Analyzer and scatksdies using Applied Biosystems
Genotyper 3.7. We used program Tandem (MatschimSalzburger 2009) to assign
integers to DNA fragment sizes. We calculated olekand expected heterozygosities
and deviations from Hardy—Weinberg equilibrium (HWESing MS Excel© macro
Genalex (Peakall and Smouse 2006). We calculatectggic linkage disequilibrium
with program Genepop (Raymond and Rousset 19954@0@2008) using the Fisher’s
method. We used program Micro-Checker (Van Oostérabal. 2004) to detect the
presence of null alleles and estimate their freqesn(Chakraborty et al. 1992). We
performed statistical analyses under &®.05 adjusted for multiple comparisons through
sequential Bonferroni tests (Rice 1989).

We genotyped 40 non-related owls from breeding [ajauns in irrigated
agricultural areas near Culiacan, in the Mexicatestof Sinaloa, and 40 non-related owls
from Naval Air Station Lemoore, in the Central \égllof California, U.S.A. Average
observed and expected heterozygosities were 0r®0.816 for the Sinaloa population,
and 0.793 and 0.809 for the California populatr@spectively (Table 7). Mean number
of alleles was 11.73 (range 5-25) and 11.55 (r&r@®&) for the Sinaloa and California
populations, respectively. All loci were in HWEoth populations, except loci
ATCU39 and ATCUA41, which showed a deficit of hemotes in the California
population (Table 1). Micro-Checker suggested tresgnce of null alleles at ATCU39

and ATCUA41 for the California population, with freznpcies of 0.0781 and 0.1396,
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respectively. We found no evidence of linkage disldarium for any pairwise tests
between loci.

This set of 11 polymorphic microsatellite loci wiltovide a high resolution for
testing different breeding dispersal patterns ach@th America that could explain the
observed distributional changes described abowtic®arly, we will test if migratory
burrowing owls from declining populations near ttfwethern edge of the species’
breeding range are becoming resident breedergimrtbated agricultural valleys of the

arid southwestern United States and northwesterxidde
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Table 1. Characteristics of irrigation districtsnorthwestern Mexico (Baja California, Sonora anmth®a, Direccion General
de Distritos de Riego, 1973). These areas reprgsdeitial burrowing owl breeding habitat. Irrigatidistricts marked with
(*) denote districts where our survey efforts resgr@ the first documentation of breeding burrovwemg populations
inhabiting irrigated agricultural areas in thosstucts. (—) denotes information not availablehia teference above.

Irrigated Irrigation

Irrigation district Main water source Start .Of surface Area channels Drains
operations (ha) (ha) (km) (km)

Rio Colorado* Colorado river 1939 171,561 203,055 1,900 1,815
Rio Altar, Pitiquito y Caborca* Deep groundwater and Altar river 1951 48,753 59,585 71 —
Valle de Guaymas Deep groundwater 1967 22,311 24,179 13 —
Costa de Hermosillo* Deep groundwater 1963 119,056 149,382 — —
Colonias Yaquis Yaqui river 1937 19,926 20,000 249 191
Rio Yaqui* Yaqui river 1951 203,603 215,880 2,424 2,060
Rio Mayo* Mayo river 1951 84,000 93,287 1,348 785
Valle del Carrizo Alamos river 1969 28,185 40,000 479 406
Rio Fuerte* Fuerte river 1956 165,579 240,356 1,801 2,112
Rio Fuerte - Guasave Sinaloa river 1944 21,423 48,040 338 —
Mocorito* Mocorito and Humaya rivers 1958 10,556 12,168 114 —
Humaya Humaya river 1965 75,977 93,159 1,287 726
Culiacan* Tamazula, Humaya, and San Lorenzo 1923 87,128 98,894 1,256 1,336
San Lorenzo San Lorenzo River 1923 12,282 15,766 364 190
Total 1,070,340 1,313,751 11,644 9,620

L6
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Table 2. Numbers of individuals sampled within eatB6 burrowing owl study

locations in Canada, United States, and MexicadySkocation acronyms with (*) and (1)

denote southern agricultural populations and nontdeclining migratory populations,

respectively

Study location Acronym Individuals
genotyped
Southern Alberta, Alberta, Canada ALBT 37
Baja California Sur, Mexico BCS 23
Buckley Air Force Base, Colorado, U.S.A. BUC 33
Buffalo Gap National Grassland, South Dakota, U.S.A BUF 54
Caborca Valley, Sonora, Mexico CAB* 25
Casa Grande, Arizona, U.S.A. CAG* 59
Fort Carson Army Base, Colorado, U.S.A. CAR 23
Coyame and Ahumada, Chihuahua, Mexico CHI 34
Comanche National Grassland, Colorado, U.S.A COM 40
Culiacan Valley, Sinaloa, Mexico CuL* 63
Delicias, Chihuahua, Mexico DEL 25
Dixon Naval Radio Transmitter Facility, Californid,S.A. DIX 29
Dugway Air Force Base, Utah, U.S.A. DUG 30
Edwards Air Force Base, California, U.S.A. EDW 44
Rio Fuerte Valley, Sinaloa, Mexico FUE* 67
Galeana, Nuevo Leon, Mexico GAL 47
Grand River-Little Missouri Natl. Grasslands, NoBbkota GRLTt 21
Hermosillo, Sonora, Mexico HER* 60
Holloman Air Force Base, New Mexico, U.S.A. HOL 22
Janos, Chihuahua, Mexico JAN 62
Kiowa - Rita Blanca National Grasslands, NM, TXSLA. KIB 29
Kirtland Air Force Base, New Mexico, U.S.A. KIR 73
La Laguna, Coahuila, Mexico LAG 54
Naval Air Station Lemoore, California, U.S.A. LEM 47
Mexicali Valley, Baja California, Mexico MEX* 59
Mountain Home Air Force Base, ldaho, U.S.A. MNH 62
Moses Lake, Washington, U.S.A. MOS 55
Nellis Air Force Base, Nevada, U.S.A. NEL 55
Nevada Test Site, Nevada, U.S.A. NTS 25
Pawnee National Grassland, Colorado, U.S.A. PAW 54
Grasslands National Park and Regina Plains, Sdukatn SAKT 61
Tri-Cities, Washington, U.S.A. TCY 54
Tucson, Arizona, U.S.A. TUC 25
Texas Panhandle, Texas, U.S.A. TXP 15
White Sands Missile Range, New Mexico, U.S.A. WSM 24
Yaqui-Mayo Valley, Sonora, Mexico YAQ* 70
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Table 3. Mean number of alleldd,§, number of effective allele®f), number of private
alleles (\,), observed heterozygositiig), expected heterozygosithi€), and fixation

index ) averaged across all 11 loci for each of 36 stadgtions of burrowing owls in
North America. Population acronyms are shown inl@ &b

Population N, N, N, Ho He F

ALB 13.40+1.72 7.2441.09 0.20+0.13 0.83+0.02 0.84+0.02 0.00+0.02
BCS 11.00+1.26 6.36+0.96 0.20+0.13 0.81+0.04 0.82+0.02 0.02+0.03
BUC 12.00+1.62 7.04+1.12 0.00+0.00 0.82+0.04 0.82+0.03 0.01+0.03
BUF 14.20+1.76 7.09+1.33 0.20+0.13 0.84+0.02 0.83+0.02 -0.01+0.01
CAB 10.80+1.27 6.70+0.78 0.00+0.00 0.84+0.03 0.83+0.02 -0.01+0.02
CAG 14.70+1.76 6.88+1.07 0.00+0.00 0.84+0.02 0.83+0.02 -0.01+0.01
CAR 10.40+0.79 5.77+0.65 0.00+0.00 0.86+0.03 0.81+0.02 -0.06%0.03
CHI 12.30+1.29 6.66+0.92 0.00+0.00 0.82+0.03 0.83+0.02 0.01+0.02
COM 13.40+1.76 7.42+1.15 0.00+0.00 0.87+0.03 0.84+0.02 -0.04+0.02
CUL 13.00+1.81 7.29+1.28 0.00+0.00 0.81+0.04 0.82+0.04 0.02+0.01
DEL 11.20+1.11 6.60+0.87 0.30+0.21 0.83+0.03 0.82+0.02 -0.01+0.03
DIX 10.00+1.03 6.17+0.72 0.00+£0.00 0.86+0.03 0.82+0.02 -0.04+0.04
DUG 11.70+1.14 6.66+0.87 0.00+0.00 0.86%+0.02 0.83+0.02 -0.04+0.02
EDW 12.30+1.10 6.58+0.95 0.10+0.10 0.83+0.02 0.83+0.02 0.00+0.02
FUE 13.50+1.68 6.85+0.98 0.10+0.10 0.83+0.03 0.82+0.03 0.00+0.02
GAL 13.30+1.56 7.25+1.17 0.00+0.00 0.84+0.02 0.84+0.02 -0.01+0.02
GRL 11.10+1.29 6.98+1.02 0.00+0.00 0.85+0.03 0.83+0.03 -0.03+0.03
HER 13.40+1.30 6.92+1.09 0.00+0.00 0.83+0.02 0.83+0.02 0.00+0.02
HOL 10.70+1.18 6.81+1.03 0.00+0.00 0.86+0.04 0.83+0.02 -0.04+0.03
JAN 14.10+1.63 7.22+1.21 0.20+0.13 0.86+0.02 0.83+0.02 -0.03+0.01
KIB 11.90+1.34 6.80+1.05 0.00+0.00 0.80£0.03 0.82+0.03 0.03+0.02
KIR 15.00+1.56 7.34+1.11 0.30+0.30 0.84+0.02 0.84+0.02 0.00+0.02
LAG 14.20+1.73 7.42+1.19 0.20+0.13 0.83+0.03 0.84+0.02 0.01+0.03
LEM 12.60+1.50 6.82+1.27 0.10+0.10 0.83+0.03 0.82+0.02 0.00+0.02
MEX 13.70+1.67 7.20+1.22 0.10+0.10 0.83+0.03 0.83+0.02 0.00+0.02
MNH 14.50+1.90 7.36+1.29 0.00+0.00 0.84#£0.03 0.83+0.02 -0.01+0.01
MOS 14.20+1.36 7.37+1.15 0.50+0.40 0.84+0.03 0.84+0.02 0.00+0.01
NEL 12.50+1.34 6.15+0.57 0.00+0.00 0.83+0.02 0.82+0.02 -0.01+0.01
NTS 11.30+1.24 6.95+0.70 0.00+0.00 0.81+0.03 0.84+0.02 0.04+0.03
PAW 14.20+1.65 7.82+1.37 0.00+0.00 0.84%£0.02 0.84+0.02 0.00+0.02
SAK 15.70+2.09 7.64+1.38 0.20+0.13 0.84+0.02 0.84+0.02 0.00+0.03
TCY 13.10+1.68 7.13+0.93 0.00+0.00 0.86+0.03 0.84+0.02 -0.02+0.03
TUC 9.40+1.13 5.70+0.76 0.00+0.00 0.78+0.04 0.79+0.03 0.01+0.03
TXP 9.50+1.26 5.95+0.93 0.00+0.00 0.78+0.05 0.78+0.04 0.00+0.04
WSM 11.70+1.09 7.11+0.98 0.10+0.10 0.85+0.03 0.84+0.02 -0.02+0.02
YAQ 13.50+1.55 6.79+0.96 0.20+0.20 0.82+0.02 0.83+0.02 0.01+0.01
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Table 4. Statistical significanc@{alues) of Analyses of Molecular Varian@&OVA
based on th&sr statistics for each of 8 two-group classificatioh86 burrowing owl
study sites. Group 1 includes the southern agtaallstudy sites (CAB, CAG, CUL,
FUE, HER, MEX, and YAQ) and the study sites listethe table below. Group 2
includes the remainder of the study sites. Acronginedisted in Table 2. Bold-face
values denote significant comparisons for 0.05

P-value
Study sites in Group 1 Standard Weighted aver_aged
over all loci
ALB, GRL, SAK 0.028 0.012
MNH, MOS, TCY 0.240 0.218
BUF, CAR, PAW 0.131 0.117
EDW, NEL, NTS 0.220 0.238
COM, KIB, KIR 0.184 0.174
DEL, GAL, LAG 0.060 0.046
DIX, LEM 0.329 0.328

CHI, JAN, TUC 0.027 0.008
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Table 5. Burrowing owl study populations. Study plagion acronyms with (*) and ()
denote southern agricultural populations and nontdeclining migratory populations,

respectively.

Study population (Location, State/Province, Country Acronym
Southern Alberta, Alberta, Canada ALBYT
Buckley Air Force Base — Rocky Mountain Arsenalldzado, U.S.A. BRM
Caborca Valley, Sonora, Mexico CAB*
Casa Grande, Arizona, U.S.A CAG*
Fort Carson Army Base, Colorado, U.S.A CAR
Ahumada and Coyame, Chihuahua, Mexico CHI
Culiacan Valley, Sinaloa, Mexico CuL*
Delicias, Chihuahua, Mexico DEL
Dixon Navy Radio Station, California, U.S.A. DIX
Dugway Air Force Base, Utah, U.S.A. DUG
Edwards Air Force Base, California, U.S.A. EDW
Fort Bliss, New Mexico, U.S.A. FBL
Rio Fuerte Valley, Sinaloa, Mexico FUE*
Galeana, Nuevo Leon, Mexico GAL
Hermosillo, Sonora, Mexico HER*
Holloman Air Force Base, New Mexico, U.S.A. HOL
Janos, Chihuahua, Mexico JAN
Kirkland Air Force Base, New Mexico, U.S.A. KIR
La Laguna, Coahuila, Mexico LAG
Naval Air Station Lemoore, California, U.S.A. LEM
Mexicali Valley, Baja California, Mexico MEX*
Mount Home Air Force Base, ldaho, U.S.A. MNH
Moses Lake City, Washington, U.S.A. MOS
Mulege, Baja California Sur, Mexico MUL
Nellis Air Force Base, Nevada, U.S.A. NEL
Nevada Test Site, Nevada, U.S.A. NTS
Grasslands National Park and Regina Plains, Sdskatmn, Canada SAKT
Santo Domingo Valley, Baja California Sur, Mexico SDO
St. George, Utah, U.S.A. SGE
Salton Sea National Wildlife Refuge, California3UA. SSW*
Tri Cities, Washington, U.S.A TCY
Texcoco, Estado de Mexico, Mexico TEX
Tucson, Arizona, U.S.A TUC
Texas Panhandle, Texas, U.S.A. TXP
White Sands Missile Range, New Mexico, U.S.A. WSM
Thunder Basin, Wyoming, U.S.A. WYO
Yaqui-Mayo Valley, Sonora, Mexico YAQ*




Table 6. Estimates of genetic variation per miciglte loci in the Clarion, Florida, and westemarfibwing owl subspecies

compared to a geographically isolated populatiax¢bco) of the western subspecies in central Meklgd,, andH.

denote number of alleles, and the observed andctegbbeterozygosity, respectively. Boldface numbkamv fixed loci.
Locus names provided in Appendix A. We do not pievestimates for the Guadalupe Island populatiorengdur small
sample of owls at that location € 6).

LocUs Clarion Island Florida Texcoco Western
Na Ho He Na Ho He Na Ho He Na Ho He
ATCUO04 2 0421 0.499 5 0.683 0.666 3 0571 0.625 18 0.756 0.763
ATCUO06 2 0.053 0.051 4 0.512 0.676 8 0.762 0.761 31 0.882 0.892
ATCUO8 10 0.947 0.859 13 0.805 0.793 15 1.000 0.907 38 0.933 0.949
ATCU13 1 0.000 0.000 4 0.610 0.649 6 0857 0.747 18 0.767 0.786
ATCU20 2 0.000 0.100 5 0.634 0.638 8 0.667 0.803 21 0.868 0.890
ATCUZ28 2 0.158 0.145 4 0.341 0.355 6 0810 0.754 16 0.803 0.816
ATCU36 1 0.000 0.000 2 0.122 0.424 8 0714 0.723 17 0.705 0.793
ATCU39 1 0.000 0.000 6 0.561 0.580 9 0.857 0.823 22 0.888 0.892
ATCU41 1 0.000 0.000 3 0.390 0.366 6 0905 0.702 20 0.744 0.771
ATCU43 1 0.000 0.000 4 0.659 0.580 8 0.833 0.787 31 0.854 0.853
ATCUA45 6 0.368 0.500 6 0.707 0.715 8 0.905 0.769 15 0.851 0.856
Mean 26 0.177 0.196 5.1 0.548 0.586 7.7 0.807 0.764 22.5 0.823 0.842
S.E. 0.9 0.090 0.088 0.9 0.059 0.044 0.9 0.037 0.022 2.3 0.022 0.018

20T



Table 7. Eleven microsatellite loci developed fog burrowing owl. Number of allelebl{), and the observedi) and

expectedKlg) heterozygosities for populations in central SaaMexico and in Naval Air Station Lemoore, Catifia. All
individuals successfully amplified for all loci. &2 boldfacdHe values denote loci that deviated significantly freiardy-
Weinberg Equilibrium.

Locus Si cl Sinaloa i = 40) California 0 = 40)
(GenBank loned ¢ ori . ize one
aCCesSion Cloned repea rimer sequences (5'-3") ra;)nge stlJze Na Ho He Na Ho He
no.) (bp) (bp)

ATCUO04 (CARTG(CA);g F: TTCATGGGTTTATGATCTGACTTC 349-367 335 5 0.500 0515 10 0.800 0.764
(GU167941) R: AGCCATTCCCTTCAGTCTTC
ATCUO06 (CTYCA(CT)z F: GAAATGGAAGGAGGAGTGC 201-255 199 15 0.925 0.888 13 0.875 0.863
(GU167942) R: GCCATCCCTAATGCTTGTG
ATCUO08 (CA)q F: GCCCTCATATCATTAAGATCCTTC 223-293 211 25 0.925 0.942 25 0.925 0.942
(GU167943) R: GGATTGTCATTTCCCCTCAG
ATCU13 (GT), F: ACCCCGAGTGCTCTAGTCAG 222-258 221 10 0.725 0.821 10 0.775 0.733
(GU167944) R: GTTGTGAAGCGAGGGATG
ATCU20 (CA)s F: GTTGCCATCATAGCAGCAG 171-197 154 11 0.900 0.881 11 0.925 0.875
(GU167945) R: GCCAGATAACTACCCCAAATG
ATCU28 (GTYAT(GT)y F: CAGTGTCAGAGTCAAGACATGC 328-352 312 10 0.875 0.833 9 0.775 0.800
(GU167946) R: TGGAGAGGTTTAGGGCTAGG
ATCU36 (GT)z F: TTGCACAGAAAATCCTGAGTC 397-413 374 8 0.725 0812 7 0.675 0.682
(GU167947) R: AACAAGAGTTACCTGAAGAGATGC
ATCU39 (GT)e F: GTGTGGGTTGCCTCACATC 159-189 160 13 0.800 0.851 13 0.725 0.848
(GU167948) R: AACATCCAGGAAACAAGATGC
ATCU41 (CA), F: AGAGATAGTAGTTTAGGGTAGGCTC 201-223 188 7 0725 0.768 9 0.550 0.728
(GU167949) R: ACGACACTTCTAGCACGTTG
ATCU43 (CA)g F: GATCAGCTTGCAGCAAAGG 174-212 174 14 0.825 0.843 12 0.900 0.821
(GU167950) R: GGGAGATGTTGAGGAAATCG
ATCU45 (GATAXGGTA F: CTACCGAGCAGTGACAGTTTG 242-282 215 9 0.775 0824 10 0.800 0.847
(GU167951) (GATA) R: GGGTGGACAGTTCCTCATTC

=0T
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Figure 1. Relationship between the number of haresamsed in the double Fourier
series (to model intercept and slope of the limekationship between year and logit of
presence; see text) and the number of model pagasn(@tled circles; solid line) and
deviance (empty circles; dashed line) in logistigression models for predicting
presence of burrowing owls based on Breeding Bind&y data in North America.
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Figure 2. Number of Breeding Bird Survey routesyssr at which % burrowing owl
was detected.
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Figure 3. Spatial and temporal (1971-1975 vs. 22005) variation in the proportion of
Breeding Bird Survey (BBS) routes at which burrowing owl was detected in 2-degree
blocks. Black and gray sectors in each pie charbtkethe proportion of BBS routes with
and without owls, respectively. All circles includeme black because the map includes
only BBS routes at which>burrowing owl was detected and the map of 2000520
includes more circles because the number of BB&saurveyed increased over time.
White dots indicate routes where owls were deteictd®71-1975 but not in 2001-2005.
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Figure 4. Estimated change in the breeding randpiiwbwing owls from 1967 to 2008
based on logistic regression of Breeding Bird Syi(BBS) data. The gray area denotes
the owl's breeding range in 1967 as predicted byrtbdel whereas the red area denotes
the owl's breeding range in 2008 as predicted byrtbdel. All dots show BBS routes at
which >1 burrowing owl was detected. Empty dots indicaBSBoutes where>
burrowing owl was detected before 1987 but noner 4887. Black dots indicate BBS
routes where ® burrowing owl was detected after 1987 (regardbé$sw many were
detected prior to 1987).
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Figure 5. Frost-free days per year across the brgednge of the western burrowing owl
in North America. Dotted line denotes the limittbé species’ historic breeding
distribution (from Wellicome and Holroyd 2001). Nbers on the map denote irrigation
districts in northern Mexico: (1) Rio Colorado, Rio Altar, Pitiquito y Caborca, (3)
Costa de Hermosillo, (4) Valle de Guaymas (5) Caleryaquis, (6) Rio Yaqui, (7) Rio
Mayo, (8) Valle del Carrizo, (9) Rio Fuerte, (10pFuerte — Guasave, (11) Mocorito,
(12) Humaya and Culiacan, (13) San Lorenzo, (14)dtelLagunera, (15) Delicias, and
(16) Santo Domingo. White numbers indicate locatismere our survey efforts
represent the first documentation of breeding winig owl populations inhabiting those
irrigated agricultural areas.
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Figure 6. Burrowing owl study locations in Canalliexico, and the United States.
Acronyms for study locations are listed in Table 2.
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Figure 7. Scatterplot of actual differentiatibrvs. geographic distances for all pairwise
comparisonsn=630) among our 36 burrowing owl study locationsas North

America. Black dots indicate pairwise comparisoesveen northern study locations and
southern agricultural locations, whereas empty tholisate pairwise comparisons among
the remainder of the study locations. Mantel catieh between geographic and genetic
distance is not significantly different from ze@506 C. I. from -0.05 to 0.08).
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Figure 8. Estimated number of populatiol$ hased on the distribution of the log-
likelihood of burrowing owl genotypic data as esited by prograrfSTRUCTURE
(upper plot), and the distribution of paramet&ras a function of the number of
populations K) in the same interval (lower plot).



Figure 9. Posterior probability of membership &6l burrowing owls to the 3 distinct populationsnitiéeed by program
STRUCTUREAcronyms of the burrowing owl study locations hséed in Table 2.

21T
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Figure 10. Geographic variation among study locetio the posterior probability of
membership to each of the 3 populations inferregrogramSTRUCTUREPie chart
sizes are proportional to the number of individugaotyped at each study location.
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Figure 11. Burrowing owl study populations in Caaalllexico, and the United States.
Study population acronyms are provided in Table 5.



Figure 12. Stable isotope signatures’ef and™N in nesting and adult feathers collected at 27dwing owl study study
locations. Filled and open circles show the isotsigaature of nestling and adult feathers, respelgti Circles and triangles
denote males and females, respectively. Ellipses she 95-percentile ellipses for the bivariate normal disition based on
isotope data on nestling feathers. Study popula@onyms are shown in Table 1.

alT



Figure 12 (continued). Stable isotope signaturéé®and™N in nesting and adult feathers collected at 27dwing ow!
study locations. Filled and open circles show siiédpe signature of nestling and adult featherseadisiely. Circles and
triangles denote males and females, respectivéllpsgs show the 95percentile ellipses for the bivariate normal disttion

based on isotope data on nestling feathers. Stogylation acronyms are shown in Table 1.

ITT



Figure 12 (continued). Stable isotope signaturéé®and™N in nesting and adult feathers collected at 27dwirrg ow!
study locations. Filled and open circles show sfiédpe signature of nestling and adult featherseadisiely. Circles and
triangles denote males and females, respectivéllpsgs show the 95percentile ellipses for the bivariate normal disttion

based on isotope data on nestling feathers. Stogylation acronyms are shown in Table 1.
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Figure 12 (continued). Stable isotope signaturéé@and™N in nesting and adult feathers collected in 2%dwing owl
study populations. Filled and open circles showisb®ope signature of nestling and adult feathexspectively. Circles and
triangles denote males and females, respectivéllgsgs show the 95percentile ellipses for the bivariate normal disttion

based on isotope data on nestling feathers. Stogylation acronyms are shown in Table 1.
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Figure 12 (continued). Stable isotope signaturéé®and™N in nesting and adult feathers collected at 27dwing ow!
study locations. Filled and open circles show ffidape signature of nestling and adult featherseatisely. Circles and
triangles denote males and females, respectivéllpsgs show the 95percentile ellipses for the bivariate normal disttion

based on isotope data on nestling feathers. Stoplylation acronyms are shown in Table 1.
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Figure 13. Geographic patterns of philopatry anchignation in burrowing owl
populations across North America, as suggestedidyesisotopes*C and™N. Each pie
chart indicates the proportion of inferred phylomatgray) and immigrant (black)
burrowing owls at each study population. The affezach pie chart is proportional to
number of adult owls sampled at that locatiog.{= 83).



Figure 14. Maps representing the geographic variati H, **C, and **N (from left to right) of nestling feathers (i.e.chi
isotope ratios) as inferred by local regressionyaima(LOESS) with latitude and longitude as exptanavariables. Black
dots represent study locations (see Figure 1).
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Figure 15. Latitudinal variation irfH values in burrowing owl nestling feathers. The
black dots represent individual feathers samplenhfdifferent latitudes (see Figure 1).
Samples from the lower Colorado River Valley in Meti and Salton Sea deviate
noticeably from the general latitudinal patternngitude introduces variation irfH not
illustrated in this graph (Figure 14).



Figure 16. Local variation in’H, °C, and N values shown as the distribution of residuals feolacal regression analysis
(LOESS) with latitude and longitude as explanat@siables.
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Figure 17. Geographic origin of breeding adult buing owls (open circles) at each of 21 study lan#i(triangles), as
inferred from nestling base maps 6H, *°C and '*N data.
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Figure 17 (Continued). Geographic origin of bregdadult burrowing owls (open circles) at each okfidy locations
(triangles), as inferred from nestling base map<sidf **C and *°N data.
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Figure 17 (Continued). Geographic origin of bregdadult burrowing owls (open circles) at each obfidy locations
(triangles), as inferred from nestling base mapstdf **C and *°N data.
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Figure 17 (Continued). Geographic origin of bregdadult burrowing owls (open circles) at each okfidy locations
(triangles), as inferred from nestling base mapsidf **C and *°N data.
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Figure 17 (Continued). Geographic origin of bregdadult burrowing owls (open circles) at each okfidy locations
(triangles), as inferred from nestling base mapsidf *C and *°N data.
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Figure 18. Latitudinal and longitudinal variation i*°N in burrowing owl nestling feathers in North Ane=i
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Figure 19. Insular (Clarion and Guadalupe) andatsal mainland (Texcoco) study
populations of burrowing owls in Mexico. The gragadenotes the western burrowing
owl's and the Florida burrowing owl’s breeding distition (as in Haug et al. 1993).
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Figure 20. Mean divergence time (dashed linestea®5% C. I. limits) between the
Clarion and the western burrowing owl as a functibeffective population sizé\().

The vertical dotted line indicated the hypothesie#dctive population sizes on Clarion
Island (500 owls, G. Holroyd, pers. comm; 1,700gWVanless et al. 2009).
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Figure 21. Geographic variation in the frequency oltochrome-b haplotypes (307 bp)
found in burrowing owl populations in continentabith America and Pacific Ocean
Islands. The area of the pie charts are propottionsample sizenf.x= 11)
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