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ABSTRACT
Migration acts as a selective force on the ecology and evolutionary trajectory of
species, as well as presenting fundamental challenges for conservation. My thesis
examines the impact of migration by exploring patterns of differentiation among and
within migratory and non-migratory populations of the Loggerhead Shrike (Lanius
ludovicianus). First, I use morphological, genotypic, stable isotope and leg band
recovery data to quantify migratory connectivity in the species. Comparison across
markers reveals a generally concordant pattern of moderate connectivity to the Gulf
Coast, but overall mixing among populations on the wintering grounds. Combining data
from multiple markers in a Bayesian framework improves the resolution of assignment of
wintering birds to a breeding ground origin. Information on the species’ migratory
patterns provides an explicit framework for interpreting patterns of genetic and ecological
variation. I test two hypotheses regarding the interaction of gene flow and migratory
habit: (1) migration facilitates gene flow; and (2) gene flow will occur most often along
the axis of migration. Genetic population structure in migratory populations is weaker
than in non-migratory populations, with gene flow facilitated by dispersal movements of
females and first year breeders. As predicted, gene flow occurs most often along the
north-south axis of migration, likely due either to opportunistic settling of dispersers or
potentially, pairing on the wintering grounds. I investigate variation in the extent and
scheduling of moult in relation to underlying genetic differences among populations, age,
sex, body size, food availability and migratory habit. I find a pattern of interrupted moult
across migratory populations, which may represent a trade-off between time allocated to
breeding versus molt and migration. Loggerhead Shrikes in eastern and more southerly
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migratory populations undergo a greater extent of their moult on the breeding grounds
and non-migratory individuals undergo a more extensive pre-formative moult than
migratory individuals. I interpret this as suggesting a trade-off between resources
allocated to molt versus those required for reproduction.
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CHAPTER 1
General Introduction
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1.1 The Phenomenon of Migration
Migration is a spectacular natural phenomenon that has fascinated people at least
as far back as Aristotle (350 BC; see Balme 1991), who suggested that the seasonal
disappearance of species was due to them transmuting into others. From the movement
of Neotropical and Palearctic migrant birds over thousands of kilometers and inhospitable
landscapes, through butterfly migrations and the journeys of marine turtles, to the annual
migrations of large mammals such as caribou in the Arctic, the scale of migration and its
regularity has repeatedly prompted questions such as where do they go and come from,
and how do they know when and where to travel? Much research has been focused on
these and other questions (e.g. Keast and Morton 1980, Greenberg and Marra 2005). Yet
neither the evolutionary steps that lead to migratory populations nor the implications for
the ecology and evolution of migratory species are fully understood. Here, I quantify
migratory behaviour in a passerine bird species endemic to North America and attempt to
understand the impact of migration on two critical aspects of its life history, moult and
dispersal.

1.2 Migration and Migratory Connectivity
The terms resident, sedentary and non-migratory are often used to describe birds
that occupy the same general area year-round or populations that make no large-scale
movements resulting in changes to their geographical distribution. However, the term
migration is less easily defined and has been used to describe both the one-way and onetime movement of individuals between breeding areas in population genetic studies (e.g.
Whitlock 2003) and regular and annual post-breeding movements (e.g. Newton 2008).

2

Here, I use the term migration to describe the regular seasonal movement away from and
back to a breeding area.
Migratory behaviour, including whether an individual will migrate, the timing and
direction of migration and how far it will go, appears to be controlled by a small number
of nuclear genes in an additive fashion (reviewed in Berthold 1990, Berthold 1996 and
Pulido and Berthold 2003). As such, Zink (2002) suggested that the migratory status of a
bird should not be viewed as a single character with two states, present or absent, but
rather as shorthand for the genetic machinery underlying the act of migration.
As expected given the ‘mechanics’ of migration, a variety of avian migration
systems exist. Obligate migrants engage in a pre-programmed itinerary of flights
regardless of environmental conditions, while facultative migrants vary in their migratory
timing and movements (Newton 2008). In some cases, the initial migratory movements
of individuals are endogenous, but subsequent movements are facultative, depending on
habitat conditions, food availability, age and social status (Nichols et al. 1983, Terrill and
Ohmart 1984, Terrill 1987, Gwinner et al. 1988, Hepp and Hines 1991). Species can be
fully or partially migratory and migratory distances can vary among and within species
and populations (Berthold 1996, Pulido et al. 1996).
Webster et al. (2002) were the first to introduce the term ‘migratory connectivity’
into the biology lexicon, which describes the extent to which individuals from the same
breeding area migrate to the same nonbreeding area (including both stop-over sites and
wintering grounds) and vice versa. The concept of migratory connectivity is distinct
from, but can be considered among the concepts of connectivity in ecology (Crooks and
Sanjayan 2006). Migratory connectivity can vary from weak, as when populations from
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the same breeding area occupy many different wintering areas, to strong, when
populations from the same breeding area over-winter in the same wintering area (Webster
et al. 2002) (Figure 1.1).
Despite its apparently recent advent, biologists noted the patterns of connectivity
of individuals in nonbreeding areas long before the term ‘migratory connectivity’ was
coined (e.g. Nilsson 1858 in Alerstam and Hedenström 1998, Salomonsen 1955).
Salomonsen (1955), in a review of the spatial segregation of wintering populations of
numerous bird species, described populations that mixed freely within a winter area (i.e.
displayed weak connectivity) as exhibiting synhiemy. Conversely, populations with
distinct wintering grounds exhibited allohiemy, which could be described generally by
one of four patterns (Salomonsen 1955) (Figure 1.2): (1) leap-frog migration
encompasses the situation wherein the latitudinal sequence of different populations’
wintering areas is the reverse of their breeding areas; (2) cross-wise migration occurs
when the migration routes of neighbouring populations cross during migration; (3)
parallel migration occurs when adjacent populations breeding at the same latitude but
different longitudes migrate parallel to each other and; (4) longitudinal migration occurs
when populations migrate along the same longitude but settle at different latitudes, as in
chain migration where the winter quarters of different populations are situated in the
same latitudinal sequence as during the breeding season (Nilsson 1858 in Alerstam and
Hedenström 1998). Even in the absence of population level differences in migratory
behaviour, differential migration, in which birds of differing age or sex segregate on the
wintering grounds, can create similar patterns to those noted by Salomonsen (1955).
Regardless of the mechanism, the migration patterns likely result from differential
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migration costs among populations or cohorts therein and serve as a means of reducing
competition for resources (Gauthreaux 1982, Ketterson and Nolan 1983, Lundberg and
Alerstam 1986, Holmgren and Lundberg 1993).
Migration and migratory connectivity undoubtedly have profound consequences
for the ecology, evolution and conservation of species, but until recently, our
understanding of these impacts remained largely theoretical. A surge in research on both
topics over the last decade, focused mainly on birds, has resulted from major advances in
techniques for studying the movements of animals (reviewed by Hobson and Norris
2008). Broadly, studies of migratory birds have focused on two general areas of
research: (1) seasonal interactions related to how events or conditions in one region
affect individuals or populations in another, and (2) the consequences of migration on the
ecology and evolution of migratory birds.
Fretwell (1972) provided the theoretical basis for understanding how the
population dynamics of species in seasonal environments resulted from interactions
between the seasons. The continuum of cause-and-effect interactions cascading
throughout the annual cycle is known as the Seasonal Interaction Hypothesis (reviewed
by Webster and Marra 2005 and Hobson 2005). Despite this seminal development by
Fretwell, empirical data on how events occurring outside the breeding area affect the
fitness of migratory individuals have emerged slowly (Kaminski and Gluesing 1987,
Raveling and Heitmeyer 1989). More recently, Marra et al. (1998) demonstrated a link
between spring arrival times of male songbirds and the quality of habitat they occupied in
the winter. Subsequent work revealed that earlier arriving individuals obtained better
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territories, initiated clutches sooner and fledged more young than those arriving later
(Gill et al. 2001, Bêty et al. 2003, Norris et al. 2004).
Little is known about the consequences of migration on the ecology and evolution
of migratory birds. Two, albeit apparently conflicting, hypotheses are most frequently
discussed. One view is that migration facilitates gene flow by imparting increased
dispersal capacity (e.g. through morphological and behavioural adaptations)
(Montgomery 1895, Grinnell 1922, Helbig 2003). Therefore, geographic isolation among
populations, facilitating differentiation in the absence of gene flow, should become less
likely with increasing migratory tendency. Conversely, it has been suggested that if
migration does impart increased dispersal ability, this would result in lineages radiating
into new ecological and geographic spaces rather than simply homogenizing across the
existing geographic range of the species. Successful exploitation of these new resources
would most likely require adaptation and the resulting divergence would lead to
reproductive isolation, thereby promoting speciation (Rockwell and Barrowclough 1987,
Böhning-Gaese et al.1998, Winker 2000). The two views are not necessarily in conflict,
but rather may simply be operating at different times or spatial scales, or at different
junctures during a species’ evolutionary history.
As an extension of the preceding considerations, little is known about the
interaction between migratory connectivity and speciation, and discussion to date has
largely been focused on theory (Webster et al. 2002, Webster and Marra 2005, Marra et
al. 2006). Hypothetically, the strength of migratory connectivity affects both a species
ability to respond to selective pressures and the magnitude of that response. However, at
least in some cases, selective forces may be acting in opposition as migratory organisms
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face different selection pressures in the different regions encountered in their annual
cycle (Webster and Marra 2005). It is suggested that populations with weak connectivity
likely possess substantial genetic variation during the nonbreeding season, due to the
mixing of individuals from a broad geographic range that are likely genetically
differentiated, and may thus have a greater ability to adapt. Conversely, high gene flow
among populations could hamper adaptation to local factors during the season when
individuals and populations intermix (Webster and Marra 2005). Populations with strong
connectivity may have less genetic variation, which would limit their ability to respond to
changes. When faced with similar selective pressures across seasons these populations
may be better able to adapt to local conditions as the diluting influence of gene flow
would be limited (Webster and Marra 2005). However, arguments concerning the ability
for populations to adapt based on connectivity should also consider underlying genetic
population structure of the breeding population in question. For example, a large
panmictic breeding population may have a great amount of variation globally because of
high gene flow, thus resulting in wintering populations with high genetic diversity
regardless of the level of connectivity. Further, to date, there has been no attempt to set
guidelines regarding what is ‘weak’ versus ‘strong’ connectivity either in terms of the
composition of wintering populations or their spatial extent. Discussions assessing the
evolutionary impact of connectivity would benefit from such a foundation.
In addition to understanding the impact of species’ migratory movements on their
evolutionary trajectory, a greater understanding of the migratory connectivity of
populations is needed for effective conservation (Esler 2000, Martin et al. 2007). The
decline in populations of many North American bird species has been linked to habitat
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loss or degradation. Webster and Marra (2005) suggested that organisms could respond
to habitat change in two general ways, both of which were affected by migratory
connectivity – accommodate change because of phenotypic plasticity or adaptation, or
shift their ranges to track suitable habitat. Populations with strong connectivity may be
more vulnerable to declines as they have less chance of being ‘rescued’ through
connections with other populations and may be less able to shift their ranges (Marra et al.
2006). Dolman and Sutherland (1994) modeled interactions among habitat loss,
population regulation and the evolution of migratory behaviour in response to habitat loss
on the wintering grounds. They found that when migratory connectivity was strong, a
breeding population was severely affected by habitat loss, but when connectivity was
weak, the effect of the loss was reduced. However, while populations of individuals
exhibiting weak connectivity may be able to adapt more readily, they will be harder to
manage without large-scale measures incorporating several inter-connected populations.
Conversely, management of populations with strong connectivity should be feasible
through smaller scale, targeted conservation activities. Further, knowledge of migratory
connectivity is important to determine how conservation measures implemented in one
season will influence populations the following season (Martin et al. 2007). Thus,
considerations of how populations are connected can and should influence decisions on
how to allocate resources for species conservation.

1.3 Dispersal
The key to speciation in migratory birds is likely the interaction between
migration and dispersal, as local adaptation depends on the interplay between these life
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history traits (Webster and Marra 2005, Winkler 2005). Howard (1960) defined dispersal
as the movement an animal makes from some point of origin to the place where it
reproduces, and like migratory connectivity, which links breeding and wintering
populations, it is a form of population connectivity linking breeding areas. Dispersal can
be more precisely categorized by the life history stage at which it occurs. Natal dispersal
occurs as movement away from a natal area prior to an individual’s first breeding season
(Greenwood 1980). Breeding dispersal refers to the movement of an individual between
successive breeding sites (Greenwood 1980). A few apparently ubiquitous patterns exist:
(1) natal dispersal distances are greater than breeding dispersal distances (Greenwood
1980, Greenwood and Harvey 1982); (2) in birds, females tend to disperse more widely
than males, although this pattern differs among taxa (Greenwood 1980, Greenwood and
Harvey 1982) and; (3) the distribution of dispersal distances is left skewed, relative to the
normal distribution, and is platykurtotic – in other words, most individuals disperse to a
site that is relatively close to their natal site but some disperse a long way away from the
natal area (Koenig et al. 1996, Sutherland et al. 2000).
Dispersal plays a major role in population biology, impacting, for example, range
size and expansion (Taylor and Taylor 1977, Hengeveld 1994, Shaw 1995, Shigesada et
al. 1995, Losos et al. 1997, Reznick et al. 1997) and population persistence,
metapopulation and source-sink dynamics (Brawn and Robinson 1996, Hanski and Gilpin
1997, Whitlock 2003). As a pre-requisite to gene flow, rates of dispersal among
populations and the distribution of dispersal distances directly impact population genetic
structure (Wright 1943, 1946, Ibrahim et al. 1996).

9

Kin interaction, inbreeding avoidance, mate and resource competition, and
temporal and spatial heterogeneity all impact on the evolution of dispersal (see Clobert et
al. 2003 for a review). Dispersal is governed by genetic (Roff and Fairbairn 2003) and
environmental factors (e.g. predation and parasitism; Weisser et al. 2003), physiology
(e.g. steroid hormones; Dufty and Belthoff 2003) and, in some cases, may be condition
dependent (Ims and Hjermann 2003). Dispersal may also be affected by a species’
migratory behaviour (Barrowclough 1980) and migration route (Winkler 2005). For
example, Paradis et al. (1998) found that migratory species in the British Isles exhibited
significantly greater dispersal distances than non-migratory species. Winkler (2005)
suggested that short-distance dispersal in migratory Tree Swallows (Tachycineta bicolor)
was informed by prospecting and biased to the direction of migration. Not only would
migrants be able to prospect for breeding sites during migration, they would have a
broader geographic range from which to select among potential breeding sites than would
non-migratory species or populations (Johnson and Grier 1988, Spendelow et al. 1995),
which may explain the findings of Weatherhead and Forbes (1994), who found that natal
philopatry was less common in migratory bird species than residents. Further, variation
in dispersal distance may be related to differences in return date of migrants, with greater
dispersal distances in those individuals that return later to the breeding grounds, and are
thus forced into less preferred sites (Forstmeier 2002).
Given the role that dispersal plays in geographic distributions, population
structure and population dynamics of species, quantifying dispersal is fundamental for
conservation initiatives, where lack of information on dispersal is especially problematic
(Brawn and Robinson 1996). Effects of habitat fragmentation and other landscape level
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processes on population dynamics cannot be predicted without a thorough knowledge of
dispersal behaviour (Walters 1998). Grassland bird populations have declined more
precipitously in recent decades than those of any other group of North American birds
(Peterjohn and Sauer 1999) and as such, the need for information about dispersal
behaviour is great. The population declines of most species parallel vast reductions and
fragmentation of native prairie habitats (Vickery and Dunwiddie 1997). Yet, grassland
bird species are expected to have a high capacity for dispersal due to their need to exploit
a changing mosaic of habitat maintained by natural disturbance regimes (i.e. periodic fire
and grazing). As with other species, little data exist on the dispersal of these species.
Where data do exist on dispersal distances in birds generally, they are often limited in
geographic extent, likely due to the difficulty in studying dispersal, in particular over
large spatial scales (but see Winkler et al. 2005). In a modern day conservation context,
the successful recovery (i.e. long-term persistence) of grassland species requires that they
be able to disperse among protected areas of habitat separated by substantial expanses of
inhospitable habitat, or that habitat be restored to sufficient extent that dispersal is
facilitated. Ultimately, a better understanding of dispersal distances and biases (e.g. sex
and age related factors) will facilitate the design of habitat conservation and restoration
initiatives.

1.4 Study Species: Loggerhead Shrike (Lanius ludovicianus)
Shrikes (Laniidae) are comprised of 74 species grouped in 12 genera, including
26 species in the Genus Lanius, which exhibit diverse migration strategies (Lefranc and
Worfolk 1997). Lanius shrikes radiated first in Africa and Eurasia and arrived more
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recently in North America, likely during the Pleistocene across what is now the Bering
Strait, and subsequently pushed south in a glacial epoch (Lefranc and Worfolk 1997).
Only two species of shrike occur in North America, the Northern or Great Gray Shrike
(Lanius excubitor), which has a circumpolar distribution, and the Loggerhead Shrike
(Lanius ludovicianus). The Loggerhead Shrike is found exclusively within North
America and is believed to have expanded its range into northeastern North America with
the clearing of deciduous forests for agriculture following European colonization (Pruitt
2000). However, it is possible that the species was present in eastern North America
prior to this in the isolated areas with grassland habitat that existed prior to European
colonization (Vickery and Dunwiddie 1997).
The Loggerhead Shrike epitomizes the dire conservation status of many grassland
birds. Populations have been declining range-wide for the last 50 years (Cade and
Woods 1996). Of 341 species of Neoptropical migratory birds, 127 of which are known
to be in decline, the Loggerhead Shrike has experienced the 6th largest decline over the
life of the Breeding Bird Survey (79%; Berlanga et al. 2010). Breeding Bird Survey data
indicate an annual rate of decline of 3.8% (Sauer et al. 2008) and Christmas Bird Count
data an average decline of 1.7% per year (National Audubon Society 2010). The United
States Fish and Wildlife Service considers the Loggerhead Shrike to be a bird of
Conservation Concern and it is currently listed as an Endangered, Threatened, Species of
Concern or a Watch List species in 26 states (Pruitt 2000). In Canada, the Committee on
the Status of Endangered Wildlife designated the western subspecies (L.l. excubitorides)
as Threatened in 1986 and the eastern subspecies (L.l. migrans) as Endangered in 1991
(Johns et al. 1994).
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Definitive causes for this species’ drastic and persistent decline remain
unidentified, with research to date focusing on car collisions (Flickinger 1995), pesticides
(Busbee 1977, Anderson and Duzan 1978, Morrison 1979), climate change (Cadman
1990), predation (Morrison et al. 1980), reproductive success (Chabot et al. 2001a), and
habitat loss (Telfer 1992, Prescott and Collister 1993, Cuddy 1995, Bjorge and Prescott
1996, Chabot et al. 2001b). In general, habitat limitation occurring on the breeding
grounds (Prescott and Collister 1993) but perhaps more so on the wintering grounds
(Brooks and Temple 1990, Lymn and Temple 1991, Telfer 1992, Temple 1995) is the
most frequently cited cause of their decline. However, much apparently suitable habitat
still exists in most portions of the species’ breeding range (Cuddy 1995, Chabot et al.
2001b, Pruitt 2000, Glynn-Morris 2010), further suggesting limiting factors occurring
outside of the breeding season. Therefore, identifying and delineating the wintering
locales of the migratory populations, and subsequent work on the ecology of the species’
wintering grounds, are critical areas of research for this species.
Despite – or perhaps because of – its status as a species of conservation concern,
the Loggerhead Shrike presents an excellent model for the study of migration and the
impact of migration on speciation. Both migratory and non-migratory populations occur,
which overlap during the wintering season (Yosef 1996). Studies undertaken across a
single species’ range and multiple populations allow us to look at the impact of migration
and connectivity at the lowest possible taxonomic scale, thereby limiting phylogenetic
confounds. The shrike’s predatory nature and its habit of using roadside utility wires as
perch sites while foraging facilitates live-trapping of individuals using specialized traps
(Craig 1997). The accessibility of shrike populations year-round in North America
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permits large-scale study in both the breeding and wintering seasons. The distinct agespecific plumages of shrikes permit study among cohorts (Pyle 1997). During the
breeding season, shrikes can be reliably sexed by morphological characteristics (i.e.
presence or absence of a brood patch), facilitating the study of sex-biased patterns.
Finally, both molecular (i.e. nuclear microsatellite and mitochondrial genetic markers)
and biochemical markers (i.e. stable isotopes) have been used successfully in previous
studies on this species (Mundy 1997, Vallianatos et al. 2001, Vallianatos et al. 2002,
Hobson and Wassenaar 2001, Chabot et al. 2005, Pérez 2006, Pérez and Hobson 2006,
Pérez and Hobson 2007, Coxon et al. 2010).

1.5 Study Methods: Markers for Study of Migration, Dispersal and Population
Genetic Structure
Various methods have been employed to study migration, quantify migratory
connectivity and assess population structure in birds. They are often grouped according
to the type of marker used, either as extrinsic markers such as leg bands, satellite
transmitters and geolocators, or intrinsic markers that include stable isotopes, genotypic
data, morphology and plumage (reviewed in Hobson 2005 and Hobson and Norris 2008).
To the degree possible, my study employs both extrinsic (i.e. leg bands) and intrinsic
markers (i.e. stable isotope and genetic markers), including both acquired (i.e. leg bands
and stable isotopes) and inherited (i.e. morphological and genetic) traits. Each class of
marker has limitations and assumptions and, theoretically, the combination of different
classes of markers will provide the greatest resolution and highest probability of
disentangling patterns relevant to migration and dispersal patterns. However, it is
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important to understand the underlying assumptions and inherent limitations of each
technique.
Extrinsic markers often require both capture and recapture of individuals, which
limits the amount of data collected and will bias estimates to the sample areas where
birds are captured and recaptured. Leg banding of birds with subsequent recapture of
banded birds has been the most widely used external marker, and while data are often
limited over broad geographic scales, this method provides the most direct empirical
estimate of movements. This technique provides high spatial resolution, but results are
biased toward the initial capture population (Hobson and Norris 2008). Further, the
upper limit of band recapture distance will necessarily be less than or equal to the size of
the study area. Finally, band return records are likely skewed toward areas with higher
human population density.
Newer methodologies, including transponders (Riley et al. 1996), radio (VegaRivera et al. 1998, Cochran et al. 2004) and satellite transmitters (Britten et al. 1999,
Hays et al. 2001), have yielded excellent information for some species (e.g. Pearce and
Petersen 2009). But researchers face limitations due the cost, size and weight of the tags,
as well as limited transmission range for all but satellite transmitters, although newer
technology may help to address some of these concerns (Wikelski et al. 2007). However,
the tags themselves may affect the behaviour of the animal involved (Barron et al. 2010),
thus making results subject to speculation. Geolocators may prove to be as revolutionary
for tracking migratory movements of smaller birds (Shaffer et al. 2005, Shaffer et al.
2006, Stuchbury et al. 2009), and are less expensive than satellite transmitters, but this
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relatively new technique also requires the recapture of the bird to retrieve the data from
the device.
Intrinsic markers representative of the region of origin of interest require only an
initial capture, but to be of use, population level differences that are arrayed
geographically must exist. For example, existing diagnostic variation among populations
that reflect heritable differences (e.g. Ramos and Warner 1980, Ramos 1983, Pearce and
Bollinger 2003) can be used as a marker to distinguish among breeding populations on
the wintering ground. Differences in the morphological characteristics of individuals
within and among populations of the same species often result from the selective forces
imposed on their ancestors and the ability of those individuals to adapt to those forces. It
is this mechanism (i.e. natural selection) potentially coupled with sexual selection that
ultimately drives much of speciation (Darwin 1859, Price 2008).
While various intrinsic markers have been identified (reviewed in Hobson 2005
and Hobson and Norris 2008), the two most commonly used are genetic and stable
isotope markers. Due to variation in the number of neutrons in the atomic nucleus,
several chemical elements occur in more than one stable form (referred to as isotopes)
with one of the isotopes being more abundant than the other. These stable isotopes
behave in the same way chemically, but their mass difference confers different rates of
reactions. As a result, the ratio of the two isotopes can vary geographically due to
climate, altitude, latitude and distance from oceanic or paleo waters (e.g. Chamberlain et
al. 1997, Hobson and Wassenaar 1997). The recognition of systematic variation in stable
isotope values across landscapes at a continental scale and the fact that the variation was
reflected in organisms (Cormie et al. 1994, Chamberlain et al. 1997, Hobson and
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Wassenaar 1997) has resulted in increased use of this technique in migration studies
(Hobson 2005).
In particular, stable-hydrogen isotopes or deuterium analysis is now likely the
most commonly applied technique in studies of migration (Wassenaar 2008). The
continent-wide pattern in stable-hydrogen ratios (δD: deuterium:protium, a measure of
H2/H1, hereafter referred to as deuterium) from rainfall is transmitted through food webs
and this local isotopic signature is integrated into the tissues of an organism, providing a
latitude-specific tag. Within North America, there is a strong latitudinal but weak
longitudinal pattern in deuterium, with northern and mountain ecosystems characterized
by highly negative values and southern and coastal ecosystems characterized by less
negative values (Sheppard et al. 1969, Taylor 1974).
Since the pioneering work of Chamberlain et al. (1997) and Hobson and
Wassenaar (1997), the application of stable isotopes has received much attention in the
study of migration because of the ability to infer geographic origins and spatial
connections for a range of species and temporal events (see reviews in Hobson 1999,
Webster et al. 2002 and Rubenstein and Hobson 2004). The application of stable isotope
methods in wildlife study must consider the time frame over which spatial information is
retained. This will depend on the tissue chosen, with information from metabolically
inert tissues, such as the keratin in feathers, reflecting the values of the area in which they
were formed, and thus providing information about the geographic location where a bird
has moulted and replaced a feather. Migratory birds typically moult feathers once or
twice per year, with flight feathers most usually replaced on the breeding ground prior to
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migration (Pyle 1997). Thus, specific feathers should provide information on the
breeding ground origin of an individual.
However, a number of assumptions underlie the application of a deuterium
isoscape to the study of geographic connectivity, which must be addressed directly or
incorporated into the isoscape model itself. These are as follows (Wunder 2009): (1) the
deuterium isoscape is known and variance around the spatial pattern is negligible, (2) the
transfer function of the isotope value through the food web to the tissue of interest can be
estimated empirically, (3) the values of the isotope once incorporated into the tissue do
not change over time, (4) the variance due to lab-based assays can be estimated
empirically or can be calibrated, (5) the tissue has been synthesized in the geographic
area of interest (e.g. on the breeding grounds), (6) there are no sex or age biased
influences on the isotope values, and (7) there are no measurable, seasonal impacts on
isotope values in the tissue of interest outside of the area in which it was synthesized. A
review of the isotope literature sheds light on the first six points. Work to date suggests
that while there is variance in isotope values among years, the average obtained and used
in comparison to single-year studies is generally robust (assumption 1, Hobson 2003,
Boulet et al. 2006), the food web values of the deuterium isoscape can be derived
(assumption 2, Yapp and Epstein 1982, Cormie et al. 1994), and lab methods exist to
control for and estimate variance (assumption 4, Wassenaar and Hobson 2003, 2006).
More concerning is assumption 3, in that limited research to date has indicted that isotope
values can vary within a single generation feather (Wassenaar 2008), but this has not
been found to hold for all species (Wassenaar 2008). Theoretically, while it is possible to
estimate within-feather variation for each individual (i.e. assay individual portions of

18

each feather and repeat these assays across multiple individuals), this may not be
logistically feasible (i.e. only a small portion of the feather is sampled to reduce impact
on the individual sampled) or may be financially impossible. Further, it should be
possible to control for this source of variance by ensuring the same portion of the tissue is
sampled across individuals. No study to date has examined the perhaps intractable
question of cross-seasonal impacts (assumption 7). Robust study plans should and can
incorporate methods to test and account for assumptions 5 and 6.
Genetic markers are perhaps the next most commonly employed intrinsic markers
for migration studies and complement deuterium analysis in North America, where
species have been impacted by glaciation, as they often have a longitudinal pattern of
variation (Avise and Walker 1998, Swenson and Howard 2005). Theoretically,
putatively neutral genetic markers present an unbiased estimate of population level
differences largely reflecting the interaction of gene flow and genetic drift only. In the
last two decades, several key advances in molecular genetics have facilitated the wide use
of molecular markers in all facets of biology, including population and spatial ecology
(Sunnucks 2000): (1) the development of polymerase chain reaction (PCR), which
amplifies specified regions of DNA to copy numbers sufficient to be visualized (Ellegren
1992), (2) the development and application of conserved sets of PCR primers that can
amplify the same segment of the genome across disparate populations or taxa (e.g.
mitochondrial DNA primers, Avise 2004), (3) the advent of routine automated
sequencing and genotyping of DNA, and (4) the recognition of hypervariable
microsatellite loci (Jarne and Lagoda 1996). The rate of change of different genetic
markers (i.e. number of character states) will vary based on the differential action of
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fundamental processes that include recombination, mutation and selection. The most
appropriate genetic ‘tool’ for an analysis will depend upon both temporal and spatial
aspects of these factors, and population genetic studies must start with a decision
regarding appropriate genetic markers (e.g. sensitivity, organelle versus nuclear DNA)
(reviewed in Sunnucks 2000).
Various genetic markers have been used in studies attempting to distinguish
among breeding populations on the wintering grounds. These include mitochondrial
DNA (mtDNA) sequence (Weninck and Baker 1996, Wennerberg 2001, Kimura et al.
2002, Ruegg and Smith 2002, Smith et al. 2005, Boulet et al. 2006), random amplified
polymorphic DNA (RAPD) markers (Haig et al. 1997), and DNA microsatellites (Clegg
et al. 2003, Kelly et al. 2005, Pérez 2006). Of these, mtDNA markers have been used
most frequently to date. The effective population size of mtDNA is approximately four
times smaller than nuclear markers due to both maternal–inheritance (in vertebrates) and
haploidy, theoretically allowing differentiation to arise more rapidly between isolated
populations. However, the patterns revealed by mtDNA are most often significant only
at broad continental scales (Clegg et al. 2003, Lovette et al. 2004, Smith et al. 2005,
Boulet et al. 2006). Given their high variability and bi-parental inheritance,
microsatellite markers may be a better choice of genetic marker for studies of migratory
connectivity (Sunnucks 2000, Avise 2004).
As a biological marker in sexually reproducing diploid organisms, microsatellites
will have two different states (i.e. alleles) at each character (i.e. locus), which are reshuffled at each generation via recombination and have high rates of mutation (Avise
2004). Therefore, they are useful for resolving questions at the finest temporal and
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spatial scales. Moreover, because they are PCR-based and rely on minute quantities of
DNA, they can be used in conjunction with minimally invasive sampling methods
(Taberlet et al. 1999), which is important for conservation-based applications. Coupled
with recent advances in statistical and simulation techniques (reviewed in Manel et al.
2005 and Excoffier and Heckel 2006), microsatellites have become the marker of choice
for studies interested in individual identification, parentage and relatedness, inbreeding,
effective population size, dispersal and migration (reviewed in Luikart and England
1999). However, the use of genetic markers for questions that require quantification of
spatial genetic structure must also recognize that the ‘signal’ imparted is that of the natal
origin of individuals, rather than individuals’ most recent, geographic provenance.

1.6 Study Objectives: Assessing the Impact of Migration on Population Genetic
Structure in Loggerhead Shrikes
The main objective of my study is to evaluate the relationship between migratory
behaviour and genetic population structure, which ultimately impacts a species’
evolutionary trajectory, by comparing migratory and non-migratory populations of
Loggerhead Shrike. The resulting information will facilitate the design and
implementation of management and recovery activities for this species.
In Chapter 2, I identify the wintering grounds and quantify migratory connectivity
in Loggerhead Shrike using data from both intrinsic and extrinsic markers. Using
microsatellite data and Bayesian assignment approaches (Pritchard et al. 2000, Chen et al.
2007), I quantify the population genetic structure of the species and subsequently use this
information to assess the location of wintering grounds for the genetic groupings of
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Loggerhead Shrikes. I use feather isotope data from breeding shrikes (i.e. known-source
birds) to establish a continental map of deuterium values. Using this feather isoscape, or
‘base map’, and genetic data as prior information, I assign wintering shrikes to a breeding
ground origin within a Bayesian framework. I compare assignment of wintering
individuals to a breeding cluster based on morphological data to those deduced from
deuterium and genetic data alone. I use banding data to provide direct estimates of
migratory distance and assess the location of wintering grounds for the species.
In Chapter 3, I use nuclear DNA markers (i.e. microsatellite) to quantify gene
flow in non-migratory and migratory populations of Loggerhead Shrike, thus
investigating the impact of migration on population genetic structure. I quantify the
strength and spatial scale over which genetic structure occurs using spatial
autocorrelation (Peakall and Smouse 2006), make inferences on the biological processes
by assessing sex and age-biased gene flow, and assess gene flow patterns in relation to
the migratory routes and wintering grounds of the species.
Moult is one of the most energetically demanding events in the annual life cycle
of a bird and differences in moult scheduling among populations likely represents a tradeoff between resources allocated to moult versus those required for reproduction and
migration (Holmgren and Hedenström 1995, Leu and Thompson 2002). In Chapter 4, I
compare moult patterns across migratory and non-migratory populations of Loggerhead
Shrikes and between individuals based on age, sex and regional breeding grounds. I
examine the relative importance of migratory behaviour to that of age, sex, underlying
genetic differences and food supplies as a selective force on moult in an Information
Theoretic Approach (Burham and Anderson 1998).
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Figure 1.1. A simple schematic demonstrating weak and strong migratory connectivity as defined by Webster et al. (2002).
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Figure 1.2. A schematic of the common migration patterns linking breeding to wintering locales as defined by Salomonsen (1955).
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CHAPTER 2
Migration and Migratory Connectivity in the Loggerhead Shrike
(Lanius ludovicianus): Insights from Multiple Markers.
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2.1 Introduction
Migratory behaviour, including whether an individual migrates, the timing of
migration and migratory direction, appears largely to be controlled by a small number
of nuclear genes in an additive fashion (reviewed in Berthold 1990, Berthold 1996
and Pulido and Berthold 2003). As such, Zink (2002) suggested that the migratory
status of a bird should not be viewed as a single character with two states, present or
absent, but rather as shorthand for the genetic machinery underlying the act of
migration.
As the body of knowledge on migration grows (e.g. Keast and Morton 1980,
Greenberg and Marra 2005), two seminal observations emerge. Migration itself is a
selective force acting on morphology (Leisler and Winkler 2003, Winkler and Leisler
2005), physiology (McWilliams and Karasov 2005), behaviour (Mettke-Hofmann and
Greenberg 2005), and, likely speciation (Grinnell 1922, Winker 2000, Helbig 2003,
Webster and Marra 2005). Second, the phases of a migratory bird’s annual cycle
connect, with events during one phase impinging on the survivorship and
reproductive fitness at other phases. For example, Marra et al. (1998) demonstrated a
link between spring arrival times of male songbirds and the quality of habitat they
occupied in the winter, and subsequent work revealed that earlier arriving individuals
obtained better territories, initiated clutches sooner and fledged more young than
those arriving later (Gill et al. 2001, Bêty et al. 2003, Norris et al. 2004). Thus, it is
now clear that quantifying the spatial connectivity between breeding and wintering
areas is imperative to understand migratory population demographics (Esler 2000,
Hobson et al. 2009); this, in turn, is key for the design of effective management
strategies for migratory species (Martin et al. 2007), understanding the impact of
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migration on a species ecology (Norris et al. 2004, Norris and Marra 2007, Pérez and
Hobson 2009) and the evolutionary trajectory of species (Webster and Marra 2005).
As a result of their migratory movements, migratory breeding populations will
exhibit varying degrees of connectivity on their wintering grounds. Formally defined
by Webster et al. (2002), ‘migratory connectivity’ describes the degree of mixing of
individuals from differing populations among breeding, stopover and wintering sites.
Connectivity is a continuum, ranging from strong, where all individuals from a
breeding area congregate in the same nonbreeding area, or vice-versa, to weak, where
individuals from one or more breeding areas mix among several independent
nonbreeding areas. Thus, the degree of migratory connectivity is defined by the
relative spatial distribution of breeding and wintering populations, and differing levels
of connectivity can occur among populations (Webster and Marra 2005, Boulet and
Norris 2006). Over the last decade, rapid advancement in techniques by which
individuals can be tracked across seasons and among geographic areas has resulted in
an increased ability to quantify migratory connectivity (reviewed in Hobson and
Norris 2008).
Markers used to study the movements of birds, including those related to
migration, dispersal and population structure, can generally be categorized as being
either intrinsic or extrinsic. The use of applied extrinsic markers, such as leg bands,
dramatically increased our knowledge of the migratory movements of birds and
provides the most direct empirical estimates of movements (Brewer et al. 2000,
Bairlein 2001). Inherited external traits in the form of phenotypic characterisitics that
show geographic variation have proven useful for distinguishing among breeding
populations on the wintering ground (Ramos and Warner 1980, Ramos 1983). While
various intrinsic markers have been identified (reviewed in Hobson 2005, Hobson and
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Norris 2008), genetic and stable isotope markers are now the most commonly applied
in migratory studies and hold much promise when combined with each other (e.g.
Royle and Rubenstein 2004, Boulet et al. 2006) as well as with other markers (e.g.
VanWilgenburg and Hobson 2010). Here, we employ a suite of markers to
characterize the migratory connectivity of the Loggerhead Shrike (Lanius
ludovicianus), a broadly dispersed bird in North America, with information from one
marker serving either as prior information for another in a Bayesian context or as
independent corroboration of patterns deduced from different data types.
The Loggerhead Shrike is one of two species of shrike (Laniidae) in North
America, and the only shrike with an exclusively North American range. Eleven
subspecies are generally recognized (Miller 1931), although subsequent study
suggests as few as 7 or as many as 13 subspecies (reviewed in Yosef 1996). The
species has undergone one of the most persistent and drastic population declines of
any North American passerine (79% over the life of the Breeding Bird Survey,
Berlenga et al. 2010) and is listed as Endangered, Threatened or as a Species Of
Concern across a large portion of its range (Pruitt 2000). Recovery efforts in the
United States are focused on L.l. mearnsi, the ‘Endangered’ subspecies found on San
Clemente Island, California (Morrison et al. 1980) and, in Canada, on L.l.
excubitorides and L.l. migrans, the only two subspecies that occur there reliably,
which are designated as ‘Threatened’ and ‘Endangered’, respectively (Johns et al.
1994, Environment Canada 2010). The consensus is that constraints associated with
habitat, in particular on the wintering ground, are limiting to the northern migratory
populations (Telfer 1992, Temple 1995, Cade and Woods 1996, Pruitt 2000). To
date, research identifying the winter grounds of the species has been limited in either
scope or methodology (Burnside 1987, Hobson and Wassenaar 2001, Pérez and
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Hobson 2007). The greatest deficit in our knowledge of this species is that of
migratory connectivity of breeding and wintering areas and the winter ecology of the
species.
The Loggerhead Shrike is an interesting focal species for a study of migration
due to the fact that the species has both migratory and non-migratory populations, and
that the wintering grounds of migratory populations are encompassed almost entirely
within the range of year-round residents (Yosef 1996). We use data from band
recoveries, stable hydrogen isotopic composition in feathers, genetic markers and
morphological characteristics from individuals captured across the species’ breeding
and wintering ranges to characterize migratory connectivity in this species. We use
assignment tests based on ordinations of morphological data, and Bayesian analysis of
genetic and stable isotope data to predict the breeding origin of shrikes sampled
across their nonbreeding range. The results of our study provide important insights
into migration in short-distance migrants in North America, provide information
critical for conservation and management of the species, specifically that of its
wintering ground location and connectivity among breeding and wintering
populations, and add to the body of knowledge on employing and integrating data
from multiple markers to disentangle questions of migratory connectivity.

2.2 Materials and Methods
2.2.1 Field Data Collection, Aging and Sexing
Loggerhead Shrikes were sampled from 2004 to 2008 across their geographic
range (Table 2.1, Figure 2.1). Adult shrikes were captured using a modified version
of a Potter trap (Craig 1997) baited with a live mouse (Mus mustellus), which was
placed in a protective hardware cloth cage. Shrikes were sexed based on the presence
(female) or absence (male) of a brood patch during the breeding season. Individuals
29

sampled during the winter were sexed using the primers 2550F (5’GTTACTGATTCGTCTACGAGA-3’) and 2718R (5’ATTGAAATGATCCAGTGCTTG-3’) (Fridolfsson and Ellegren 1999) as per Brady
et al. (2009). Each bird was aged based on moult limits (Pyle 1997). To facilitate
analyses, we refer to any individual in the first year of life, starting from the time
when they were hatched (May-July) until the end of their first breeding season, when
they undergo a complete moult (Miller 1928, Chapter 4) as being Second Year (SY).
We refer to individuals in the second year of life or later as After Second Year (ASY)
birds. To ensure that we sampled only breeding individuals, field sampling was
undertaken between the end of April and August, when most individuals are on their
breeding grounds (Yosef 1996). Similarly, wintering fieldwork occurred from the
end of November to February, which coincides with the known wintering period for
the species (Yosef 1996).

2.2.2 Banding Data
Encounter records for Loggerhead Shrike were obtained from the Migratory
Bird Populations Division, National Wildlife Research Centre of the Canadian
Wildlife Services for the years of 1923 to 2009. The data set contained location
information for all captures and subsequent encounters in the Americas. Only those
records with banding dates representing the breeding season (April to September) and
subsequent wintering season recovery dates (October to March) were retained.
Encounters were then categorized into two groups: direct encounters, which were
those occurring during the season following the initial banding capture, and indirect
encounters, including recaptures occurring two or more seasons after the banding
capture. Indirect encounters cannot be used to identify direct migration movements
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between sites, but they provide useful information to identify linkages between sites
used by an individual throughout its life cycle. Encounter locations were plotted on a
map of North America using ArcGIS™ (ESRI, Redlands, CA). Recovery records
specified the latitude and longitude (recorded as the southeast corner of 10 minute –
latitude by longitude – blocks) of the banding and recovery sites. From these data, we
computed the distance between banding site and recovery site in an equidistant conic
projection using Spatial Analyst™ (ESRI, Redlands, CA). Mean migratory distance
was calculated by age, sex and region as defined by genetic groups from our analyses
(see Section 2.2.3 Molecular Genetic Methods and Analyses).

2.2.3 Molecular Genetic Methods and Analyses
Total genomic DNA was extracted from an ~1cm clipping of the proximal tip
of a tail feather obtained from each individual sampled, using a QIAGEN (Venlo,
Netherlands) DNEasy Extraction Kit according to the manufacturers instructions.
Fifteen microsatellite loci were assayed, including 14 primer pairs developed for use
with Loggerhead Shrike LLU15, LLU39, LLU40, LLU55, LLU 82, LLU 85, LLU89,
LLU90, LLU95, LLU102, LLU112, LLU133, LLU176 (Coxon et al. 2010), LS4
(Mundy et al. 1997) and one (SJR4), developed for the Florida Scrub-Jay Aphelocoma
coerulescens (D. B. McDonalds and W. K. Potts, unpublished; see Hansson et al.
2000) but used previously with this species (Mundy et al. 1997). Variation at
LLU011, LLU20, LLU40, LLU45, LLU89 and LLU133 was assessed by polymerase
chain reaction (PCR) in 10µL reactions containing approximately 5ng genomic DNA,
1µL 1x Taq buffer with KCL (Fermentas), 0.8µL of 25mM MgCl2, 0.3µL of 10mM
dNTPs, 0.3µL of 10µM forward primer, 0.3µL of 10mM reverse primer and 0.1 U
Taq polymerase (Fermentas). The thermal cycling profiles were as per Coxon et al.
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(2010) as follows: 5 minutes at 95oC, 35 cycles of 95oC for 30 seconds, 55°C or 59oC
for 45 seconds and 72oC for 45 seconds, followed by a final extension of 72oC for 5
minutes. PCR products were genotyped on a Li-Cor DNA sequencer (IR2 System).
Scoring of each individual’s genotype was done manually using IRD 700 50-350 base
pair size standards. LLU15, LLU39, LLU55, LLU82, LLU85, LLU90, LLU95,
LLU102, LLU112, LLU157 and LLU176 were amplified in 3 multiplexed PCR
reactions (Coxon et al. 2010). Each 10µL multiplex reaction contained approximately
5ng genomic DNA, 4µL QIAGEN Multiplex PCR Master Mix and1µL of
multiplexed forward and reverse primers at 0.56 to 2.23µM of each primer. The
thermal cycling profile was as follows: 15 minutes at 95°C, 35 cycles of 94°C for 30
seconds, 60° for 90 seconds and 72°C for 90 seconds, followed by a final extension of
72°C for 10 minutes. PCR products were genotyped using a Beckman Coulter
CEQ8000 capillary automated sequencer and alleles were scored using the CEQ8000
Genetic Analysis System.
Analysis of genetic structure of individuals sampled during the breeding
season was undertaken using the Bayesian-clustering programs STRUCTURE 2.3
(Pritchard et al. 2000) and TESS 2.1 (Chen et al. 2007). Comparing the outputs from
these two programs that use different algorithms facilitated interpretation of results
required to assess the true value of k, the number of unique genetic clusters or
groupings. STRUCTURE combines information from several loci into a single
probability model, and estimates the amount of genetic partitioning among
individuals and populations (Pritchard et al. 2000). Individuals are assigned to one or
more genetic clusters based upon their level of admixture, as designated by an
admixture coefficient (Q) (Pritchard et al. 2000; Rosenberg et al. 2002). TESS uses a
spatial assignment approach to group individuals into genetic clusters, each of which
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is in Hardy Weinberg Equilibrium, and assumes geographical continuity of allele
frequencies by including an interaction parameter. Thus, samples that are spatially
close in the connection network are given a higher probability of belonging to the
same genetic cluster than samples that are further apart (Chen et al. 2007). Neither
program requires a priori population designations, thereby allowing genetic clusters
to be designated post hoc based on genetic distinctiveness of individuals among
sample areas.
STRUCTURE was run 20 times for values from k = 1 to k = 20 using the
admixture model with correlated allele frequencies, with and without the use of
sample area information as priors (Husbiz et al. 2009). A burn-in period of 100,000
replicates and 1,000,000 MCMC iterations was selected based on the values of the
summary statistics output by the program in test runs as suggested by Pritchard et al.
(2000). The best model was selected by determining when the posterior probability
values of k reached a plateau (Pritchard et al. 2000), and using an ad hoc statistic
based on the rate of change between runs for successive values of k (Evanno et al.
2005). TESS was run 20 times for clusters from k = 2 to k = 20 using the conditional
autoregressive (CAR) admixture model (Durand et al. 2009), a burn-in of 20,000
replicates and 50,000 iterations based on output from initial test runs. The CAR
model was chosen because geographical sampling was done discretely across the
sample range. The number of clusters was determined by assessing when the deviance
information criterion (DIC) values reached a plateau and the Q-matrix stabilized
(Chen et al. 2007).
To control for between-run variation from TESS and STRUCTURE, the
output from all 20 runs for the chosen best k was exported to CLUMPP (Jakobsson
and Rosenberg 2007). CLUMPP first uses an algorithm to find the optimal alignment
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of the replicate matrices of membership coefficients, and then calculates the mean of
the permuted values across replicates. We used the LargeK-Greedy algorithm, with
30,000 random input orders and H as the estimate of pairwise similarity between
matrices (Jakobsson and Rosenberg 2007).
Using output from CLUMPP (Jakobsson and Rosenberg, 2007), we assigned
each individual to the genetic group for which it had the highest mean membership
coefficient. Comparison of assignments of individuals to a genetic cluster based on
their admixture coefficients revealed an 81.40% agreement in individual assignments
between programs. As such, only results from STRUCTURE were used for
subsequent analyses. The spatial structuring of the genetic clusters was visualized by
exporting the mean membership coefficients output from STRUCTURE to ArcGIS™
(ESRI, Redlands, CA). We used the kriging technique, where values of unsampled
areas are interpolated using data from known localities, with an exponential model.
Once breeding population genetic structure was defined, we assigned a
breeding ground origin to samples obtained during the winter season using
STRUCTURE (Pritchard et al. 2000). Recognizing that in breeding clusters, we may
have sampled individuals of mixed ancestry, we compiled a data set including only
those breeding individuals that assigned with 80% or greater probability to a genetic
group (Coulon et al. 2008, Fedy et al. 2008). This data set was then combined for use
as ‘trainers’ with the wintering ground samples. The “Use Prior Population
Information to Assess Migrants” model in STRUCTURE (Pritchard et al. 2000) was
run with correlated allele frequencies, again with a burn-in period of 100,000
replicates and 1,000,000 MCMC iterations. The admixture coefficients of wintering
origin individuals were again averaged across 20 runs in CLUMPP (Jakobsson and
Rosenberg 2007) using the parameters noted above. In this case, individuals were
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assigned to a genetic cluster (i.e. breeding origin) if they had a 0.60 or greater
admixture coefficient in a group. We reasoned that if more than half the genome of
an individual assigned to a genetic group then they could be assigned with some
confidence (Coulon et al. 2008). Individuals having the same genetic origin as the
area in which they were sampled were considered to be residents. Spatial structure of
each of the genetic groups in the wintering season was visualized using individual
admixture coefficients in ArcGIS™ (ESRI, Redlands, CA).

2.2.4 Morphological Methods and Analyses
Eleven measurements were recorded for all breeding and wintering shrikes
sampled in the United States and eastern Canada by AAC: (1) leg diameter in the
middle of the tarsus; (2) tarsus length measured from the notch in the upper joint to
the distal edge of the first scale on the middle toe that completely encircles the dorsal
surface of the foot; (3) hind-toe length from the point where the upper edge joins the
tarsus (i.e. the distal edge of the last scale which completely encircles the dorsal
surface of the foot) to proximal end of the claw; (4) middle-toe length in same manner
as hind toe; (5) bill length from anterior margin of nares to tip of upper mandible; (6)
bill width from outside edges of bill opposite anterior ends of nares; (7) bill depth the
greatest dorso-ventral distance at the nares with mandibles closed; (8) wing chord
from wrist to tip of wing, with wing unflattened and flexed at wrist; (9) white on
primaries from distal edge of the basal white area to wrist on an unflattened wing;
(10) long tail length as taken from the distal end of uropygial gland to tip of the
middle (i.e. longest) rectrix when the tail is closed; and (11) short tail length, taken
from the point where the bases of the rectrices emerge from the skin to the tip of the
longest rectrix when the tail is closed. From the wing chord and tail length measures,
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two additional variables were calculated: (1) wing chord-to-long tail ratio and (2)
wing chord-to-short tail ratio, which have been found to vary significantly among
populations and sexes in this species (Haas 1987, Collister and Wicklum 1996).
Wing chord and length of white in the primary were measured to the nearest 1 mm
using a wing ruler. Tail measures were obtained to the nearest 1 mm using a clear
plastic ruler. All other measurements were obtained to the nearest 0.01mm using
digital calipers.
Each breeding bird was assigned to a genetic group based on their genetic
admixture coefficient, as noted above, excluding individuals having less than a 0.60
membership coefficient in a group. Genetic clusters encompassing both migratory
and non-migratory populations were split into sub-groups to reflect their migratory
behaviour. We chose to use 38° latitude as a cut-off between migratory and nonmigratory populations based on Yosef (1996), our field experience and Christmas
Bird Count data (National Audubon Society 2010).
Morphology varies among populations within species (e.g. Zink and Dittman
1993, Zink 2008) due to a variety of factors, including migratory habit (Fitzpatrick
1999, Leisler and Winkler 2003, Winkler and Leisler 2005). Regardless of whether
variation has a heritable basis or is ecophenotypic and acquired during development
on the natal ground, it should provide a signal of natal, and thus likely breeding
ground origin given that the majority of individuals will disperse to a breeding site
that is close to their natal site (Koenig et al. 1996, Sutherland et al. 2000). Therefore,
we expected that morphological characteristics could be used to distinguish among
individuals from different genetic clusters and likely also among migratory and nonmigratory populations of Loggerhead Shrike. In a preliminary investigation to see if
the assumption of significant differences in morphological characteristics among
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genetic clusters was met in the Loggerhead Shrike and to determine if significant
differences occurred between age cohorts or sexes within each genetic cluster, we
used Analysis of Variance (ANOVA) to test for differences for each morphological
characteristic. Comparisons indicated significant differences in most variables among
genetic clusters (results not shown). Results also indicated significant variation
between sexes and age cohorts within each subgroup, with differences more often
between sexes than age cohorts but with infrequent interactions between age and sex
(results not shown).
We then conducted discriminant function analysis on our defined sub-groups
using morphological data from breeding birds only. Based on the results of our
ANOVAs, we opted to derive discriminant functions for each sub-group, with
separate equations for males and females within each, but to maintain adequate
sample size, we combined age classes within sub-groups. The ability of our
discriminant functions to identify each individual to sub-group was calculated as the
percent correct assignment. As we had wintering individuals that could not be
genetically sexed (n = 120), we also derived discriminant functions for each subgroup in which sex was not included as a factor. Wintering individuals (i.e. unknown
origin) were then assigned to one of the sub-groups (i.e. to a breeding ground origin)
using the functions derived from breeding season samples.

2.2.5 Stable Isotope Methods and Analyses
An approximately 1.0 x 0.5 cm section of the distal tip of the first primary
(P1) feather was clipped from each shrike captured; P1 is a feather that is almost
exclusively grown on the breeding grounds in this species (Pérez and Hobson 2006,
Chapter 4). To our own samples, we added feather tissue from 40 shrikes of known
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breeding provenance from across Mexico obtained using specimens kept at the
Universidad Autónoma de Mexico to assist in calibration of the isoscape for Mexico
(see below). Feathers were cleaned in 2:1 chloroform:methanol solution overnight,
drained, and air dried under a fumehood. Feather tissue was then cut and 350 µg ± 10
µg weighed into 4.0 x 3.2 mm silver capsules for online hydrogen isotope analysis by
continuous-flow isotope-ratio mass spectrometry (CF-IRMS). Stable hydrogen
isotope analytical measurements (δD) followed the ‘comparative equilibration’
technique described by Wassenaar and Hobson (2003). This method includes
precalibrated keratin working standards run along with unknown tissue samples,
which are then isolated from the atmosphere using a zero-blank autosampler and
analyzed in a single session, thus ensuring quality and accuracy of results (Wassenaar
2008). Stable hydrogen isotope ratios are reported as the non-exchangeable hydrogen
expressed in the typical delta notation in units of per mil (‰) (δD: deuterium)
normalized on the Vienna Standard Mean Ocean Water-Standard Light Antarctic
Precipitation scale (VSMOW-SLAP), in which higher values of δD correspond with
heavier isotope composition. Experiments with feathers and hair have shown that the
overall level of δD variance associated with measurements strictly due to internal
metabolic processes and laboratory methodology is of the order of ±3‰ (Bowen et al.
2005, Wassenaar and Hobson 2006), which is very close to the analytical error
inherent in CF-IRMS measurements for δD (± 2‰) (Wassenaar 2008). Feather
samples were analyzed at the stable-isotope facility of the National Water Research
Centre in Saskatoon, Canada. Due to limited tissue sample from each individual, only
one assay was run per bird. Therefore, we cannot assess within-sample heterogeneity
(Wassenaar 2008).
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Despite the success in using deuterium values in feather tissue to assign
origins to wintering birds (e.g. Royle and Rubenstein 2004, Kelly et al. 2005, Norris
et al. 2006, Boulet et al. 2006), analytical error, within population inter-individual
variance in δD feather values (hereafter δDf) and errors associated with depiction of
an isoscape will influence the accuracy of assignment (Langin et al. 2007, Wunder
2009). Within-population variance in δD feather values can result from several
factors, including age effects (Lott and Smith 2006), dispersal among populations
(Hobson et al. 2004) and species effects (Lott and Smith 2006). Regional variation in
δD precipitation values (hereafter δDp) has also been shown to affect accuracy of
assignment (Lott and Smith 2006). We investigated and attempted to correct for, or
incorporated, variance due to these factors in our isoscape model.
We opted to derive a species-specific isoscape based on previous work
showing species effects in the relationship between δDp and δDf (Lott and Smith
2006). To ensure that feathers used to calibrate the deuterium precipitation isoscape
were grown in a given region, known-source material from feather samples of longterm residents, fledglings or nestlings is recommended (Meehan et al. 2001, Lott et al.
2003, Hobson and Norris 2008). However, feathers produced while young are in the
nest may not reflect local stable isotope signatures due to physiological factors such
as heat stress, in which an increase in the rate of evaporative water loss relative to
drinking water intake leads to isotopic enrichment of body water relative to water
sources (McKechnie et al. 2004), a phenomena which seems to occur in the
Loggerhead Shrike (Chabot et al. unpublished data). Therefore, we opted to use
feather samples taken from adult shrikes obtained during the breeding season across
our study range. As all shrikes moult their first primary flight feathers on or near
their breeding sites prior to fall migration (Pérez and Hobson 2006, Chapter 4), and
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maintain flight feathers until after subsequent reproduction the next year, the
hydrogen isotope values of these feathers should be suitable for use as known-origin
samples.
We assessed whether age was a factor in shrike feather deuterium values, as it
would then need to be accounted for in deriving an isotopic base map. We used a
General Linear Model with δDp from Bowen et al. (2005) as the predictor variable
and δDf and age as factors, and allowed interactions among factors. Based on the
AICc values of each model, we determined that the most likely model was δDp = δDf
+ age (results not shown). Therefore, we created separate isotopic surfaces for each
age class independently. However, before doing so, we removed a randomly selected
subset of breeding birds (n = 102, 20% of the total in each age class) to comprise a
data set to independently test our assignments using the shrike feather deuterium
isoscapes. Individuals were selected from across the study range, but in no case was
the number of samples from any sample locale reduced to less than 6 individuals.
Our approach assumes that most of the birds in a given population are not
from elsewhere, but dispersal among populations may occur even over long distances
(Koenig et al. 1996, Sutherland et al. 2000). Therefore, we attempted to identify and
remove outliers that were likely indicative of dispersers among populations prior to
creating our feather isoscapes as follows. We converted a GIS-based model of
expected growing-season δDp (Bowen et al. 2005) into a δDf model (feather isoscape)
by regressing the known-source feather δDf against δDp using the following equations
derived from our feather samples: SY: δDf = -4.50 + 1.02*δDp; ASY: δDf = 0.64 +
1.02*δDp. Specifically, the Map Calculator feature in Spatial Analyst™ (ESRI,
Redlands, CA) was used to multiply each 1km2 grid cell of the Bowen et al. (2005)
surface by the slope of the regression equation and subtract the intercept. We added
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interpolated regression residuals to this layer to adjust for regional variation in the
relationship between δDf and δDp (sensu Bowen and Wilkinson 2002, Lott and Smith
2006). Residuals of the expected versus the actual δDf for each individual were then
calculated and examined to identify outliers, indicative of likely dispersers, which we
defined as any bird whose residual value fell outside of three standard deviations from
the mean of the residuals.
After removing outliers (n = 10, 2%), we again derived the regression
equations describing the relationship between δDf and δDp for shrikes, which were as
follows: SY: δDf = -1.27 + 1.04*δDp; ASY: δDf = 2.03 + 1.04*δDp (Figure 2.2).
These regression equations were used to derive final feather isoscapes for SY and
ASY shrikes as above. The final isoscapes were then circumscribed by the known
current breeding range of the species by masking the surface with an overlay of the
species’ range (http:/www.cec.org).
Deuterium isoscapes reflect broad latitudinal clines with little longitudinal
variation (Bowen et al. 2005), which can result in relatively coarse spatial resolution
for assignments of birds with broad longitudinal distributions. Previous work has
shown that it is possible to incorporate other sources of information to constrain the
assigned origins of unknown source birds and a variety of methods have been applied
(e.g. Royle and Rubenstein 2004, VanWilgenburg and Hobson 2010). Here, we used
Bayes’ Theorem to compute the probability that a location was the origin of a winterseason bird given its deuterium feather value. We conditioned the probability of
assignment for each individual on its genetic admixture coefficients from our
STRUCTURE analysis. Using this method, we modeled probability densities to
describe potential origins for each of the 761 wintering Loggerhead Shrike (sensu
VanWilgenburg and Hobson 2010). We then assigned individuals to an origin one at
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a time by determining the odds that any given assigned geographic origin was correct
relative to the odds that it was incorrect. Based on 2:1 odds that a given bird had truly
originated from within the range defined by the odds ratio, we identified the set of
raster cells that defined the upper 67% of estimated “probabilities of origin” and
coded those as 1, and all others as 0, resulting in one binary map per assigned
individual. Using this methodology, 84% of ASY and 69% of SY birds in our
randomly selected subset of 102 known-source breeding shrikes were correctly
assigned to within 200 kms of their expected location. Therefore, while our choice of
odds ratio was somewhat subjective, we felt that for our application this method
provided a reasonable compromise between risk of being incorrect and geographical
resolution to which birds could be assigned. Using lower odds would result in
assignments to smaller geographical areas, whereas higher odds would result in birds
being assigned to increasingly larger areas with lower risk of misclassification.
For visual depiction of the probable breeding origins of shrikes sampled
during the winter, we combined the geographically indexed probability maps for each
individual into a single surface, which was then visualized with ArcGIS™ (ESRI,
Redlands, CA). However, based on the results of our investigations of migratory
behaviour using other markers, we chose to display the likely origins for individuals
sampled during the winter in areas to the east and west of the Mississippi River
independently.
To facilitate comparison of assignment among marker types, we assigned each
wintering individual as either a ‘non-migratory or ‘migratory based on comparison of
the individual’s actual deuterium feather value to that expected at its capture location
as derived from our isoscapes. We considered residents to be all birds that had
deuterium feather values within ±10‰ from the expected value. That assumption
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was based on previous work (Langin et al. 2007), consideration of the minimum
variance in δDf under controlled experimental conditions (Wassenaar and Hobson
2006) and examination of the within-site variance of our own data set (results not
shown).
All analyses were performed using JMP 8 (SAS 2008) with the exception of
assignment of wintering origin birds using deuterium feather values, which was
undertaken using functions within the R statistical computing environment using the
‘raster’ package (R Development Core Team 2008).

2.3 Results
Our analyses included Loggerhead Shrikes from 44 breeding and 36 wintering
locales across North America (Table 2.1, Figure 2.1). All possible individuals were
used in genetic, morphological and stable isotope analysis; however, in all cases, only
a subset of the total samples collected from across the range were used for each
analysis as feather samples for deuterium analysis were not collected from western
Canada, morphological data were not obtained for individuals in western Canada or
Mexico and some samples did not consistently amplify for all loci using our suite of
microsatellite primers (Table 2.1).

2.3.1 Genetic Structure of Loggerhead Shrike Populations
Results from both STRUCTURE (Pritchard et al. 2000) and TESS (Chen et al.
2007) suggested that the model k = 5 best described the genetic structure of samples
within our study area (Figure 2.3), with 81.40% agreement on individual assignments
between the two programs. In total, 653 (85.14%) of 767 breeding season origin
samples assigned with high probability (>80%) to a genetic cluster. The genetic
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groups are spatially grouped in North America (Figure 2.4), similar to the geospatial
depictions of subspecies suggested by Miller (1931) (Figure 2.5). Therefore, we
chose to adhere to Miller’s subspecies designations when delineating genetic groups
with the following modification. Our analyses indicated that shrikes in northeastern
North America formed a unique genetic cluster within the range of Miller’s (1931)
L.l. migrans, and we hereafter refer to this group as ‘Northeast’ (Figure 2.5). Further,
we found no apparent genetic differentiation between Miller’s (1931) L.l. gambeli and
L.l. mexicanus (Figure 2.5); therefore we combined samples from the ranges of both
putative subspecies into one genetic group, which we refer to as L.l.
gambeli/mexicanus.

2.3.2 Migratory Connectivity Inferred from Banding Records
Winter season band recovery data for 65 individuals, including 51 direct and
14 indirect encounters (Figure 2.6), indicated that populations of Loggerhead Shrike
breeding north of 40° latitude are usually, but not always migratory. Northwestern
migratory populations generally migrate southeast while northeastern migratory
populations generally move southwest. Shrikes in mid-latitude breeding areas in
eastern North America show a south-southeast migration pattern. Most migrants in
western populations appear to winter in areas within Texas, but banding data indicate
that some over-winter in more northerly areas, in particular within Oklahoma, Kansas
and Missouri. The over-wintering locations of eastern populations are less clear, as
data are somewhat limited. The southeastern states of Tennessee, Alabama, Arkansas
and Louisiana had winter season recaptures of Loggerhead Shrikes from eastern
North America. Winter season recaptures north of 40º, where the species is thought
to be an obligate migrant were noted (Figure 2.6). Northward and ‘local’ migration
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movements (i.e. migratory movements of individuals from areas where the species is
thought to be non-migratory) were observed (Figure 2.6). However, without
subsequent recapture during the breeding season, it is not possible to distinguish
putative local migration from one-way dispersal events.
Mean distance between breeding and nonbreeding sites based on banding
recovery data was greatest in the migratory populations of L.l. excubitorides, followed
by the Northeastern genetic group and L.l. migrans (Table 2.2). Direct band recapture
distances of birds banded within their first year of life and recaptured during the nonbreeding season outside of their 10° capture block averaged 738 km (n=27), with a
range of 0 to 2587 km (n = 21), but mean migratory distance as determined by direct
recaptures varied based on genetic cluster (Table 2.2). The migratory movements of
birds banded as breeding adults and recaptured during the first winter outside of their
intital capture area averaged 269 km (n = 16), with a range of 0 to 2116 km (n = 5).
The recapture distance of direct encounteres of two known females banding during
the breeding season and recaptured during the winter season were 0 and 1268 km,
respectively. Four direct recaptures of males have been documented for the species,
with recovery distance of 0 km for 2 individuals, and 14 km and 890 km for the
others.

2.3.3 Migratory Connectivity Based on Genotypic Markers
In total, genetic data were obtained from 767 breeding and 817 wintering
individuals (Table 2.1). Of these wintering individuals, 651 (79.68%) could be
assigned to a breeding origin based on their genetic admixture coefficients (Table
2.3). Individuals from eastern breeding populations were found to move to wintering
areas in the southwest and those in western populations moving southeast (Figure
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2.7). Spatial structure was less apparent among genetic clusters during the winter
season as individuals from the genetic clusters occurred throughout most of the winter
range (Figure 2.8), indicative of local migration and northward migration within areas
in which the species is non-migratory. Northern migrants from L.l. migrans, L.l.
excubitorides and the Northeastern genetic cluster appeared to winter most often in
Arkansas, Louisiana, Mississippi, New Mexico, Oklahoma, Tennessee, Texas and
throughout Mexico (Table 2.3). Florida and Georgia appeared to include wintering
migrants from populations of L.l. migrans.

2.3.4 Migratory Connectivity Based on Morphology
Morphological data were obtained for 558 breeding shrikes (Table 2.1). Low
misclassification rates were obtained when considering only breeding (i.e. known
origin) birds in the discriminant function analysis, with an overall 8.90%
misclassification rate to a sub-group for females, a 20.93% misclassification rate for
males and a 23.32% misclassification rate when sex was not included as a factor.
Of the 443 wintering individuals in the United States for which we had
morphological data (Table 2.1), 107 (94.69%) female, 177 (83.49%) male and 106
(90.60%) unknown sex shrikes were assigned a breeding ground origin (Table 2.4).
Comparison of individual assignments based on morphology versus genetic markers
indicated a high level of agreement in assignment (Table 2.5). Arkansas, Louisiana,
Mississippi, Oklahoma, Tennessee, Texas, and, to a lesser extent, Florida, South
Carolina and Georgia, were found to contain northern migrants (Table 2.4, Figure
2.9). The assignment of wintering birds to L.l. ludovicianus and non-migratory subgroups of L.l. excubitorides and L.l. migrans within the geographic area of sub-groups
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other than their own suggests local migration among wintering areas (Table 2.4,
Figure 2.9).

2.3.5 Migratory Connectivity Based on a Stable Isotope Marker
Deuterium data were obtained from 556 breeding and 760 wintering shrikes
from throughout the continental United States, eastern Canada and Mexico (Table
2.1). Deuterium values derived from breeding SY and ASY shrikes revealed a
continent-wide latitudinal pattern of variation in δDf with little longitudinal resolution
(Figures 2.10 and 2.11). The assignment of wintering individuals as non-migratory or
migratory based on comparison of actual to expected deuterium feather values was in
general agreement with the proportion of migrants versus residents assigned in each
area based on morphological and genotypic data (Table 2.5 and Figure 2.12).
Validation of our advanced geospatial model, in which we incorporate genetic
assignments as priors in the assessment of origin of wintering individuals based on
feather deuterium values, improved the resolution of our assignments (Figure 2.13).
Our geospatial assignment model suggested that both SY and ASY migratory shrikes
winter throughout the area where the species do not migrate (Figure 2.14). However,
in the eastern half of the wintering range, most of the migrants originated from more
easterly populations (Figure 2.14) while in the western half of the wintering range, the
majority of migrants originated from more westerly populations (Figure 2.14).

2.4 Discussion
2.4.1 Migration and Migratory Connectivity in the Loggerhead Shrike
Our results are generally concordant across markers and provided sufficient
resolution to allow us to say the following: 1) Loggerhead Shrikes originating north
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of 40º latitude are mostly, but not exclusively, obligate migrants; 2) most individuals
in western migratory breeding populations migrate in a south-southeast direction; 3)
individuals in eastern migratory breeding populations migrate in a southwestern or
south to south-southeast direction; 4) local migration is apparent within areas where
the species is thought not to migrate; 5) breeding populations from across the species
range mix on the wintering grounds, and therefore geographically separate and likely
independent breeding populations may not be demographically independent during
the wintering season; 6) in general the Loggerhead Shrike displays weak migratory
connectivity between breeding and wintering sites; 7) migratory populations of
Loggerhead Shrike display a pattern of moderate migratory connectivity to the Gulf
Coast region; and 8) populations appear to spatially segregate only very broadly on an
east-west basis on the wintering grounds.
Our results suggest that migratory Loggerhead Shrike are broadly distributed
throughout their wintering range, overlapping the areas in which the species does not
migrate, with a moderate degree of migratory connectivity to the Gulf Coast region in
the United States and Mexico. The redistribution of local breeding populations in
winter is a central problem in the study of bird migration and several hypotheses have
been advanced to explain observed patterns (e.g. Alerstam and Högstedt 1980,
Greenberg 1980, Pienkowski et al. 1985, Holmgren and Lundberg 1993). Individuals
or populations should choose the winter site that confers the maximum probability of
survival outside the breeding season with survivorship including both over-wintering
and migration costs. Intrinsic qualities of sites such as food supply, climate, predation
and accessibility will determine the optimal location of wintering areas, which
arguably should be similar for populations originating across broad portions of the
breeding range, especially when they share a migration route.

48

The underlying assumption of hypotheses proposed to explain the segregation
of populations across a wintering range (Alerstam and Hogstedt 1980, Greenberg
1980, Pienkowski et al. 1985, Holmgren and Lundberg 1993) is that competitive
interactions resulting from density-dependent factors will constrain the use of the
same areas by all populations. However, a general understanding of the conditions
leading to patterns of winter distribution among populations is still lacking. We
hypothesize that competitive interactions could explain the overall weak migratory
connectivity noted in the Loggerhead Shrike, as, with the possible exception of the
Gulf Coast in Mexico where the species is not believed to occur in the breeding
season (Yosef 1996), the entirety of the species’ wintering grounds is inhabited by
non-migratory populations. The presence of non-migratory shrikes in the wintering
range of northern migrants perhaps acts as a force against the development of strong
migratory linkages between breeding and wintering sites, which in this case, would
result in a greater degree of competition for resources between migrants and nonmigrants than if migrants were diffused across a larger wintering range.
Alternatively, the intrinsic qualities of the wintering area – which encompasses all of
the southern United States and Mexico – may be similar and suitable throughout the
species’ wintering range, thus leading to weaker migratory connectivity within the
species. It is also possible that within the wintering range, migrants and residents coexist by partitioning of resources (Cox 1985, Telleria and Pérez-Tris 2004). Pérez
and Hobson (2009) found that wintering habitat use among non-migratory and
migratory Loggerhead Shrikes differed in Mexico, and thus it is likely that this occurs
elsewhere in the species’ wintering range.
Migration routes have been explained by historical range shifts for species
including the Swainson’s Thrush (Catharus ustulatus) (Ruegg and Smith 2002) and
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Wilson’s Warbler (Wilsonia pusilla) (Boulet et al. 2006). Thus, the location of
wintering sites for migrants will be, at least in part, a consequence of the species’
historic range in prior to post-glacial expansion after the Pleistocene where a
refugium for many species has been identified (Soltis et al. 2006). This may underpin
the patterns of moderate migratory connectivity to the Gulf Coast in Loggerhead
Shrike and also the marked regional synheimy among populations that we found.

2.4.2 Conservation Implications
Seasonal interactions can impact the fitness of migratory individuals
(Kaminski and Gluesing 1987, Raveling and Heitmeyer 1989, Marra et al. 1998, Gill
et al. 2001, Norris et al. 2004), implying that population abundance is controlled by
the interplay of events throughout the annual cycle (Sherry and Holmes 1996, Norris
2005). For example, the quality of habitat where an individual winters will determine
not only over-winter survival, but also the level and speed with which body condition
for migration will be reached and ultimately arrival date on the breeding grounds
(Marra et al. 1998). Arrival date in turn affects reproductive success by influencing
the quality of territory obtained and the initiation date of reproduction, which
ultimately affects the number of young fledged (Gill et al. 2001, Bêty et al. 2003,
Norris et al. 2004).
The Loggerhead Shrike appears to have moderate connectivity to the Gulf
Coast region of North America, but overall, has weak connectivity between breeding
and wintering grounds. The species has undergone a drastic and widespread decline,
in particular among northern migratory populations, with a general consensus that
limiting factors occurring during migration and on the wintering grounds are of
greatest importance (Pruitt 2000). Knowledge of migratory connectivity is important
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for predicting how conservation measures undertaken in one season will impact
individuals in another (Martin et al. 2007). Clearly, explicit consideration of how
populations are connected can result in different decisions on how and where to
allocate limited financial resources for conserving species (Norris and Marra 2007).
Migratory connectivity relates to opportunities for local adaptation, speciation, and
the extent to which migrants respond to alterations in habitat quality, extent or
location induced by climate change (Webster and Marra 2005). Populations
exhibiting weak to moderate connectivity, as we found for shrikes, are likely to
contain more genetic variation for migratory behaviour and may be more able to
respond to changing selection pressures (Both and Visser 2001, Webster et al. 2002).
When connectivity is weak, substantial genetic variation for migratory behaviour
exists within breeding populations, including variation in timing and direction, thus
allowing for rapid evolutionary responses to spatial and temporal changes related to
habitat (Dolman and Sutherland 1994, Webster and Marra 2005). However, while
populations of weakly connected individuals may be inherently less at risk, they will
be harder to manage as measures must be enacted over large regions. Conversely,
populations with strong connectivity, and thus those wintering in more geographically
restricted areas, are more vulnerable to habitat destruction or alteration and may have
little chance to be ‘rescued’ by peripherally connected populations (Marra et al.
2006). Therefore, our findings of weak to moderate connectivity and a large
wintering area are encouraging for the Loggerhead Shrike. However, as strongly
connected populations will likely benefit the most from conservation efforts because
the connections between areas are well established, our findings suggest that
conservation measures aimed at the wintering grounds will be more difficult to
implement for the species, requiring a large network of local and regional
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collaborators. Further, it may be more difficult to identify the causes of population
declines in populations that are weakly connected (Marra et al. 2006).
The results of research on the limiting factors of Loggerhead Shrike suggest
that recovery activities should include research outside of the breeding range (Lymn
and Temple 1991, Telfer 1992, Cade and Woods 1996, Pruitt 2000). Clearly,
effective management of migratory species requires quantifying the factors that limit
and regulate populations in different periods in the annual cycle, how they interact at
the population (e.g. survival and fecundity) and individual (e.g. social status) level,
and the spatial scales at which these factors act. Recovery activities for the
Loggerhead Shrike in Ontario have revealed that, despite good annual reproductive
success, low over-wintering survival appears to limit recruitment into the breeding
population (Canadian Wildlife Service unpublished data, Tischendorf 2009, Chabot
2010). Indeed, a Population Viability Analysis undertaken for Loggerhead Shrike in
eastern Canada indicates that over-wintering survival of fledged young is the most
influential model variable for projections of long-term population abundance and
extinction (Tischendorf 2009). Sherry and Holmes (1996) developed a conceptual
model for the regulation of migratory bird populations by factors occurring on the
breeding grounds, the wintering grounds and during migration between sites,
highlighting the variety of both spatial and temporal scales at which individuals could
be limited. This model provides a framework within which research plans could be
developed for the Loggerhead Shrike, including research not only on the breeding
grounds, but also focused on wintering populations.
The associations between shrike breeding and wintering areas identified in our
study provide a starting point for examining the effect of region on demographic
processes operating outside of the breeding season for the Loggerhead Shrike, and
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perhaps for other species with broadly sympatric ranges. Conceptual models suggest
that the ability to predict population trends when habitat is lost at a given breeding or
wintering location will be highly dependent upon the degree of connectivity between
breeding and wintering areas (Dolman and Sutherland 1994). This is particularly
important for Loggerhead Shrikes, where northern migratory populations have shown
the largest and most persistent population declines (Pruitt 2000). Our findings
suggest that this work should be aimed in particular at the Gulf Coast region but
consider wintering areas throughout the species year-round range. Future work
should build on what is already known about the species’ use of winter habitat (Pérez
and Hobson 2009), expanding into areas of the Gulf Coast in the United States and,
ideally, elsewhere, and include consideration of intra- and inter-specific interactions
and survival rates. In particular, further study is required to evaluate habitat
availability, the degree to which migratory and non-migratory shrikes partition habitat
resources within wintering areas (Pérez and Hobson 2009) and the level of winter site
fidelity within and among seasons.
The Gulf Coast area appears to be particularly important for all migratory
shrike populations and may be so for other short-distance migrant grassland bird
species as well. Habitat quantity and quality in this region likely affects population
trends and genetic diversity of shrikes more so than elsewhere due to the stronger
connectivity exhibited between this wintering region and breeding populations of both
eastern and western northern migratory populations. The decline of the Loggerhead
Shrike in North America epitomizes the plight of grassland birds more broadly, which
have shown the most consistent and widespread declines of any avian group, as
assessed over the life of the Breeding Bird Survey (Peterjohn and Sauer 1999). With
few exceptions, such as the Upland Sandpiper (Bartramia longicauda) and Bobolink
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(Dolichonyx oryzivorus) that are long distance migrants, grassland birds are shortdistance migrants similar to the Loggerhead Shrike, and indeed many appear to have
similar wintering ranges. Future study of the migratory behaviour of short-distance
migrant grassland birds will help to develop effective multi-species, multinational
conservation strategies. If many species are found to use the same wintering areas, it
may be possible to develop cost-effective, large-scale multi-species management
plans. While genetic and stable isotope data are not yet available for most species,
banding encounter data could be analyzed now. Even though band returns are
typically limited, our results suggest that such data provide information similar to that
of other markers and so a multi-species assessment of migratory movements of shortdistance grassland birds should prove valuable.

2.4.3 Methodological Considerations
Our analyses highlight the utility of using multiple markers to delineate
migratory connectivity, although our results also indicate some concerns about the
assignment of unknown source birds to an origin using intrinsic markers. The
following should be considered in future studies.
The Loggerhead Shrike has a broad geographic range and is relatively
common in the southern portion of its range, which encompasses the wintering area of
northern migratory populations. The data obtained from band recoveries in the
wintering area were relatively informative but there were too few records to assess
connectivity. However, while somewhat limited in extent, banding data were the most
spatially accurate, provided the only means for direct estimates of migration
movement and distances and provided a general picture of migration routes and overwintering areas concordant with patterns deduced from our other data.
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Although microsatellites have shown much less genetic differentiation across
populations than mtDNA in several bird species, including Yellow Warbler
(Dendroica petechia) (Gibbs et al. 2000), Wilson’s Warbler (Wilsonia canadensis)
(Clegg et al. 2003), Grasshopper Sparrow (Ammodramus savannarum) (Bulgin et al.
2003) and Common Eider (Somateria mollissima) (Tiedemann et al. 2004), we found
they provided sufficient resolution to differentiate among geographically continuous
breeding populations both longitudinally and latitudinally. Genetic markers are fixed
from birth and thus provide information on the natal site of an individual, rather than
simply its previous site of occupation. For hatch-year or philopatric birds, genetic
diagnoses will be concordant with those based on acquired markers, such as stable
isotopes, but this will not be the case for dispersing individuals. Also, the presence of
“hybrids” between genetically differentiated populations will confound assignments.
For example, approximately 20% of the breeding birds that we examined were
diagnosed as admixed and could not be easily categorized based on genetic markers.
The presence of hybrids also obviously confounds assignment of wintering
individuals.
Phenotypic markers were among the first used to assess migratory
connectivity (Bent 1963, Ramos and Warner 1980, Ramos 1983, Atwood 1992).
However, their use has met with varying degrees of success and they do not work
well for some species (e.g. Bensch et al. 1999). We found morphological attributes in
Loggerhead Shrike differentiated not only among genetically distinct populations but
also between migratory and non-migratory within the same genetic group. Diagnostic
differences in the morphology of migratory versus non-migratory birds and among
individuals varying in migratory distance appears common (Mulvihill and Chandler
1990, Fitzpatrick 1999, Calmaestra and Moreno 2000, Leisler and Winkler 2003,
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Winkler and Leisler 2005), not surprisingly as migration likely is a strong selective
force resulting in altered flying apparatus, including wings and hind-limbs. Therefore,
we suggest that future research attempting to differentiate between migratory and
non-migratory populations would benefit from comprehensive morphological
analyses. While we do not present it here, we suggest that morphological information
could be used as priors in Bayesian analysis using other data, such as stable isotopes.
Our results indicated that analyses based on morphology better distinguished between
female residents versus migrants than for similar comparisons in males, and that
significant differences existed among age cohorts, suggesting that ideally information
on age and sex should be included in assignment methods based on morphology.
We found a strong relationship between feather and precipitation-based
patterns of stable-hydrogen isotopes across North America, similar to previous studies
(Meehan et al. 2001, Bowen et al. 2005, DeLong et al. 2005, Lott and Smith 2006).
Where differences occur among existing isoscapes, they may be attributable to lack of
standardization among studies, caused by differences in lab methods and the choice of
model for estimating precipitation based deuterium values (Lott and Smith 2006), or
to ecophysiological differences among taxa. The Loggerhead Shrike is of particular
interest in that it is a passerine, but has raptorial attributes that allow it to take
vertebrate prey. As a result, the shrike’s diet is quite distinct from other passerines
but similar to small raptors like the American Kestrel (Falco sparverius).
The process of associating a stable-isotope value with a geographic location is
one of assignment, similar to that of population genetic studies. There is growing
interest in the Bayesian statistical approaches in stable isotope studies that we use
here, similar to that experienced for genetic population studies (e.g. Pritchard et al.
2000, Chen 2007, Corander et al. 2008). This approach poses two major challenges;
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choosing suitable priors and integration of these priors in a Bayesian framework. A
variety of markers and approaches have been used to date in assignments of unknown
origin winter birds using stable isotope data. Royle and Rubenstein (2004) provided
the first example of incorporating priors in a Bayesian assignment framework, in
which they used data from two isotopes. Data on species abundance derived from the
Breeding Bird Survey (BBS) has been used as prior information when considering
assignment of unknown origin birds to a source using stable isotopes in other studies
(Ibarguün 2004, Royle and Rubenstein 2004, Norris et al. 2006). While these data are
readily available, their use may not be widely applicable due to biases inherent in the
BBS’s road-side based methodology, which will not adequately sample birds in
regions devoid of roads, and due to problems associated with breeding phenology or
detectability of species during the June census period (Vickery et al. 1992, Bock and
Jones 2005, Rich 2006, Faaborg et al. 2010). More recently, Van Wilgenburg and
Hobson (2010) presented a method incorporating banding data as priors to increase
accuracy of assignment using stable isotope data. Genetic and stable isotope data
have been combined in different manners among studies (Kelly et al. 2005, Boulet et
al. 2006). Here we extend the methodology of Van Wilgenburg and Hobson (2010)
by admixture coefficients for genetic clusters as priors for Bayesian assignments
based on deuterium.
The concordance of connectivity patterns across data types supports their
validity, but there are three sources of error in particular. First, we cannot be sure that
the feather isotopic data used to calibrate the precipitation-based stable hydrogen data
for a particular region were in fact representative of that region. For example,
evapotranspiration of body water, especially common in hot and arid regions, will
result in the enrichment of tissue deuterium values in birds (McKechnie et al. 2004),
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which places birds at more southerly latitudes than their actual origin. Species that
grow feathers during energetically demanding periods such as incubation and chick
rearing may also have enriched deuterium feather values because of evaporative loss
of body water, compared with those species that moult after the breeding season
(Smith and Dufty 2005). Powell and Hobson (2006) found that Wood Thrushes
(Hylocichla mustelina) growing feathers in Georgia had higher deuterium feather
values than expected and speculated that heat stress during moult may have been a
factor. The use of an additional acquired marker, in particular stable oxygen (Hobson
et al. 2009a) would provide independent verification to address this concern in future
study. Second, as noted previously, dispersal may result in spurious assignments.
Genetic data represent an individual’s natal origin; therefore genetic and stable
isotope data will be discordant for individuals that have dispersed beyond the
boundaries of the spatial resolution for our isoscape. The same will be true of
heritable morphological markers. Finally, because only two International Atomic
Energy Agency (IAEA) locations currently exist in Mexico (Bowen et al. 2005) our
deuterium base map is not as reliable for that region, even when combined with
known-source feather tissue. We thus caution that interpretation that our results from
Mexico are necessarily preliminary until such time as additional data on deuterium
precipitation levels in this region become available.
Regardless of the preceding caveats, stable-hydrogen isotopes for the study of
migratory connectivity remain valuable, and there has been considerable refinement
in how individuals are assigned since the method was first proposed for birds
(Chamberlain et al. 1997, Hobson and Wassenaar 1997). Yet, there remains room for
refinement and further testing of assumptions, as well as for the development of novel
robust approaches for assigning migrants to an origin using isotopic base maps (e.g.
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Wunder 2009, VanWilgenburg and Hobson 2010). In this regard, we view our base
map of deuterium feather values as a work-in-progress that should be refined in future
study. Nonetheless, our results highlight that, with the use of multiple markers, we
were able to increase our insight into the phenomenon of migration, and moreover
have revealed interesting phenomena that have implications for ecology, evolution
and conservation for this species.

2.4.4 Comments on Genetic Structure and Intraspecific Taxonomy
On a continental scale, there is evidence of marked genetic population
structure in Loggerhead Shrike with differences among eastern and western and
northern and southern regions. Our analysis revealed geospatial patterns of
population genetic structure in the species similar to that of previous work based on
morphometrics done by Miller (1931). Where our data depart from Miller (1931), the
findings are not unexpected. For example, Miller’s (1931) taxonomic examination of
Loggerhead Shrike did not include representation from shrikes in the eastern
Canadian provinces or New England states. Thus, our finding that Loggerhead Shrike
in this region are genetically distinct from the L.l. migrans subspecies is likely related
to sample coverage rather than to differences in interpretation. Further, our finding is
supported by the work of Vallianatos et al. (2002) in which L.l. migrans in the United
States was found to contain an eastern and western management unit based on
historical samples and a mitochondrial DNA marker; Vallianatos et al.’s (2002)
eastern management unit corresponded to our Northeastern genetic group. These
results are of importance given that the species has largely been extirpated in this
area, with the exception of Ontario, where recovery efforts are underway (Johns et al.
1994, Environment Canada 2010).
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While the range of L.l. migrans as delineated in our study is similar to that of
Miller (1931), we found that the geographic range of this subspecies according to
DNA microsatellite assignments has a more westerly boundary than previously
assumed (Figure 2.5). Similarly, our results suggest L.l. excubitorides extends further
east, into Miller’s putative L.l. migrans range (Figure 2.5). Our results also differ
from that of Miller (1931) in that populations of Loggerhead Shrike from southern
California through Mexico comprise one genetic group, rather than two (Figure 2.5).
Discrepancies in the geospatial boundaries of putative subspecies may be due simply
to sampling differences, in particular because previous studies (Miller 1931,
Vallianatos et al. 2002) extrapolated their results for areas where we now have sample
coverage. Alternatively, it is possible that these apparent discrepancies can be
attributed to the fact that the characters used by Miller (1931) to denote subspecies are
phenotypic (e.g. plumage and external morphology) and may exhibit some
ecophenotypic variation. Patterns in variation based on morphological and putatively
neutral genetic markers are often not in perfect concordance as the former are subject
to local selection pressures. Despite this, our results indicate that morphology still
serves as a powerful marker for distinguishing among individuals on the wintering
grounds.
We did not sample the southwestern region of the United States, the Channel
Islands, Baja Peninsula and the extreme southern tip of Florida during the breeding
season, where as many as seven additional putative subspecies occur, including L.l.
nevadensis, L.l. sonoriensis, L.l. anthonyi, L.l. mearnsi, L.l. grinnelli, L.l nelsoni and
L.l. miamensis (Miller 1931, Phillips 1986, Yosef 1996). Incorporation of these
samples would provide a truly comprehensive and objective assessment of genetic
diversity in this species that is critical to conservation and management of the species.
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2.4.5 Summary
Our study shows that a multi-marker approach to diagnosing migratory
connectivity allows for independent confirmation of results among data sets, and
helps to inform the interpretation of results from each. We have presented a new
method of incorporating genetic data as priors in a Bayesian framework and used this
to assign probable breeding ground origins to wintering birds using stable isotope
data. This approach greatly improved the spatial resolution of our assignments. Our
results suggest that data on morphological characteristics could be usefully
incorporated as Bayesian priors for use with stable isotope data in a similar manner,
in particular when attempting to distinguish among migratory and non-migratory
conspecifics, which show distinct morphologies across a range of species (Fitzpatrick
1999, Leisler and Winkler 2003, Winkler and Leisler 2005). Finally, our analyses
provide information on the wintering grounds and connectivity of the Loggerhead
Shrike over the vast majority of its wintering range, which should aid in future
recovery and management activities for the species.
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Table 2.1. List of sampling sites included in this study, the geographic coordinates of individuals sampled and number of samples used
for each data type.
Sample locale (Abbreviation)
Alabama, US (AL)
Alberta, CND (AB)
Aquascalientes, MX (AQ)
Arkansas, US (AR)
California, US (CA)
Chihuahua-N, MX (CH-N)
Chihuahua-S, MX (CH-S)
Coahuila-N, MX (CU-N)
Coahuila-S, MX (CU-S)
Colorado, US (CO)
Distro Federal, MX (DF)
Durango, MX (DU)
Florida-NC, US (FL-NC)
Florida-NE, US (FL-NE)
Florida-NW, US (FL-NW)
Florida-SE, US (FL-SE)
Florida-SW, US (FL-SW)
Georgia-E, US (GA-E)
Georgia-W, US (GA-W)

Season
Breeding
Winter
Breeding
Winter
Breeding
Winter
Breeding
Winter
Winter
Breeding
Winter
Winter
Breeding
Winter
Breeding
Breeding
Winter
Winter
Winter
Winter
Winter
Breeding
Winter
Winter
Breeding
Winter

Latitude (°N)
30.32 to 30.41
30.29 to 30.44
49.10 to 51.48
21.64 to 21.81
34.45 to 34.78
34.53 to 34.70
33.50 to 38.67
30.73 to 31.75
20.05 to 29.38
25.28 to 25.38
27.75 to 28.97
25.19 to 28.73
38.50 to 38.84
38.30 to 38.40
19.20
24.02
24.44 to 25.00
29.63 to 29.93
28.77 to 30.25
30.05 to 30.40
25.40 to 25.51
27.22 to 27.64
27.20 to 27.45
31.93 to 3212
31.06 to 32.13
31.01 to 32.25

62

Longitude (°W)
-87.68 to -87.77
-87.68 to -87.80
-110.00 to -112.07
-101.96 to -102.30
-91.87 to -92.17
-91.88 to -92.15
-117.00 to -122.00
-108.02 to -108.68
-101.13 to -106.40
-100.61 to -101.42
-100.51 to -101.03
-100.71 to -101.02
-104.17 to -105.84
-104.10 to -104.20
-99.09
-104.76
-104.68 to -105.09
-82.27 to -82.58
-81.11 to -81.60
-83.08 to -84.24
-80.46 to -80.57
-81.60 to -81.87
-81.79 to -82.32
-81.18 to -81.32
-83.61 to -83.92
-83.66 to -83.91

NTotal
26
20
52
28
22
28
39
38
40
3
34
23
30
2
3
1
56
22
22
5
26
24
25
20
25
23

NMorph
26
20
0
0
22
28
0
0
0
0
0
0
0
0
0
0
0
21
21
5
25
24
25
20
25
23

NMsat
25
20
52
26
22
28
39
27
27
0
18
20
30
2
0
0
45
22
21
5
26
24
25
20
25
23

NδD
25
20
0
26
22
28
0
27
26
3
18
20
0
2
3
1
38
20
21
5
26
23
25
20
25
22

Table 2.1 continued. List of sampling sites included in this study, the geographic coordinates of individuals sampled and number of
samples used for each data type.
Sample locale (Abbreviation)
Guanajuato, MX (GU)
Guerrero, MX (GE)
Illinois-N, US (IL-N)
Illinois-S, US (IL-S)
Indiana, US (IN)
Iowa, US (IA)
Jalisco, MX (JA)
Kansas-C, US (KS-C)
Kansas-NW, US (KS-NW)
Kansas-SW, US (KS-SW)
Kentucky, US (KY)
Louisiana, US (LA)
Manitoba, CND (MB)
Mexico State, MX (ME)
Michoacan, MX (MI)
Mississippi, US (MS)
Missouri, US (MO)
Montana, US (MT)
Morelos, MX (MR)

Season
Breeding
Breeding
Breeding
Breeding
Winter
Winter
Breeding
Winter
Breeding
Breeding
Breeding
Winter
Breeding
Breeding
Winter
Breeding
Breeding
Breeding
Winter
Breeding
Winter
Breeding
Winter
Breeding
Breeding

Latitude (°N)
20.72 to 21.11
17.55
41.35 to 41.40
38.61 to 38.73
37.40 to 38.68
38.77
40.71 to 41.43
20.39 to 20.47
39.38 to 39.84
38.61 to 38.67
37.01 to 37.10
37.04 to 37.12
36.56 to 36.66
30.04 to 30.25
30.19 to 30.45
49.67 to 50.15
18.90 to 19.09
19.47 to 20.01
19.89 to 20.05
33.13 to 33.22
33.12 to 38.34
38.13 to 38.29
37.47 to 38.34
47.42 to 48.24
18.70 to 18.86
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Longitude (°W)
-101.30 to -101.77
-99.50
-88.03 to -88.17
-87.89 to -88.19
-88.19 to -89.09
-87.04
-94.37 to -95.17
-103.02 to -103.33
-101.54 to -101.77
-97.76 to -97.94
-100.11 to -100.36
-100.111 to -100.25
-86.59 to -86.78
-92.09 to -92.34
-92.16 to -93.42
-96.75 to -97.65
-99.50 to -100.07
-101.09 to -101.60
-101.12 to -105.85
-90.75 to -91.03
-90.69 to -91.00
-94.16 to -94.33
-94.19 to -94.38
-104.34 to -105.78
-98.98 to -99.25

NTotal
3
2
49
11
2
1
8
29
6
3
8
8
10
23
37
41
3
24
43
25
23
11
6
10
4

NMorph
0
0
49
11
0
0
7
0
6
3
4
3
10
23
34
0
0
0
0
25
23
9
6
10
0

NMsat
0
0
10
11
2
1
8
29
6
0
8
8
10
23
37
41
0
24
42
25
23
11
6
10
0

NδD
3
2
34
11
2
0
0
29
0
0
5
7
10
23
37
0
3
16
41
25
22
0
6
10
4

Table 2.1 continued. List of sampling sites included in this study, the geographic coordinates of individuals sampled and number of
samples used for each data type.
Sample locale (Abbreviation)
Nayarit, MX (NA)
Nebraska, US (NE)
New Mexico, USA (NM)
North Carolina-N, US (NC-C)
North Carolina-S, US (NC-S)
North Dakota, US (ND)
Nuevo Leon-E, MX (NL-E)
Nuevo Leon-W, MX (NL-W)
Oaxaca, MX (OA)
Oklahoma-N, US (OK-N)
Oklahoma-S, US (OK-S)
Ontario, CND (ON)
Saskatchewan, CND (SK)
Sinaloa, MX (SI)
South Carolina, US (SC)
South Dakota-N, US (SD-N)
South Dakota-S, US (SD-S)
Tamaulipas, MX (TA)
Tennessee-C, US (TN-C)
Tennessee-W, US (TN-W)
Texas-C, US (TX-C)
Texas-N, US (TX-N)

Season
Breeding
Breeding
Winter
Breeding
Winter
Breeding
Breeding
Breeding
Winter
Winter
Breeding
Breeding
Winter
Winter
Breeding
Breeding
Breeding
Breeding
Winter
Breeding
Breeding
Winter
Winter
Breeding
Winter
Breeding

Latitude (°N)
21.39 to 21.55
41.17 to 42.93
32.00 to 36.28
35.32 to 35.82
35.34 to 35.50
34.41 to 34.67
46.26 to 47.42
24.71
25.08 to 27.36
25.71 to 26.01
17.55 to 17.80
36.23 to 36.97
36.39 to 36.97
34.18 to 34.49
44.32 to 45.47
49.10 to 51.94
25.73
33.36 to 33.67
33.42 to 33.63
44.36 to 45.20
43.03 to 43.20
23.66 to 25.30
35.27 to 35.34
35.63 to 35.99
31.62 to 31.79
33.66 to 33.87
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Longitude (°W)
-104.83 to -104.86
-100.50 to -103.67
-103.27 to -108.00
-77.09 to -77.91
-78.70 to -79.05
-78.97 to -79.20
-102.63 to -103.36
-100.23
-99.01 to -101.02
-98.88 to -99.62
-97.28 to -97.77
-95.78 to -99.25
-95.48 to -99.15
-98.07 to -98.23
-76.65 to -81.13
-101.91 to -109.81
-107.51
-80.20 to -80.92
-80.44 to -80.84
-102.28 to -103.13
-100.11 to -100.75
-97.73 to -99.07
-87.25 to -87.46
-88.94 to -89.32
-96.66 to -96.80
-98.22 to -98.64

NTotal
3
23
55
25
19
25
20
1
72
13
2
11
13
24
73
94
1
25
26
21
15
32
12
24
25
22

NMorph
0
18
0
25
18
25
20
0
0
0
0
11
6
24
73
0
0
24
26
21
15
0
12
24
25
22

NMsat
0
21
55
25
18
25
20
0
55
10
0
11
13
23
34
94
0
25
26
21
15
24
12
24
24
22

NδD
3
21
12
25
18
25
18
1
55
10
2
11
6
24
72
0
1
25
25
20
14
24
12
23
25
22

Table 2.1 continued. List of sampling sites included in this study, the geographic coordinates of individuals sampled and number of
samples used for each data type.
Sample locale (Abbreviation)
Texas-S, US (TX-S)
Texas–SE, US (TX-SE)

Season
Winter
Breeding
Winter

Latitude (°N)
26.15 to 26.50
28.66 to 28.98
28.65 to 28.99
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Longitude (°W)
-97.63 to -97.82
-96.41 to -96.68
-96.41 to -96.69

NTotal
12
26
86

NMorph
12
26
66

NMsat
12
26
42

NδD
12
25
49

Table 2.2. Winter season banding recovery distances in kilometers for Loggerhead Shrike derived from direct encounters (1923-2009).
Genetic Cluster

All birds (km)
Sub-adult (km)
Mean1 ± SD
Range
Mean1 ± SD
Range
(N)
(N)
L.l. excubitorides
1618 ± 818
12 to 2533
1664 ± 838
23 to 2587
migratory
(18)
(10)
L.l. excubitorides
101 ± 152
0 to 328
176 ± 215
24 to 328
non-migratory
(5)
(2)
L.l. migrans
539 ± 533
14 to 1327
273 ± 0
273
migratory
(6)
(1)
L.l. migrans
30 ± 0
0 to 30
30 ± 0
30
non-migratory
(2)
(1)
L.l. ludovicianus
126 ± 114
0 to 226
56 ± 96
0 to 226
non-migratory
(12)
(5)
L.l. gambeli/mexicanus
19 ± 5
0 to 24
3±6
1 to 15
non-migratory
(18)
(5)
Northeastern
781 ± 598
126 to 1297
781 ± 598
126 to 1297
migratory
(3)
(3)
1
Mean calculated excluding individuals recaptured within same 10° block as capture location.
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Adult (km)
Mean1 ± SD
(N)
1425 ± 628
(3)
16 ± 0
(1)
14 ± 0
(1)
0±0
(1)
0 ±0
(1)
0 ±0
(1)
–
(0)

Range
890 to 2116
16
14
0
0
0
–

Table 2.3. Assignment of wintering season samples of unknown origin based on mean
individual admixture coefficients above 0.60 in a genetic cluster obtained from
STRUCTURE (Pritchard et al. 2000). See text for details. EXCU stands for shrikes
assigned as L.l. excubitorides, MIGR as L.l. migrans, LUDO as L.l. ludovicianus, GAME
as L.l. gambeli and L.l. mexicanus, NEAS for Northeastern and UNAS for unassigned
birds.
Sample locale
N
EXCU MIGR
Within the range of L.l. excubitorides
Colorado
2
0
0
Kansas-SW
8
2
4
Missouri
6
3
0
New Mexico
55
22
13
Texas-C
24
13
0
Within the range of L.l. ludovicianus
Alabama
20
0
0
Arkansas
28
5
11
Florida-NC
22
0
1
Florida-NE
21
0
2
Florida-NW
5
0
0
Florida-SE
26
0
1
Florida-SW
25
0
5
Georgia-E
20
0
2
Georgia-W
23
0
1
Louisiana
37
6
0
Mississippi
23
4
0
North Carolina
18
0
0
South Carolina
26
0
0
Texas-S
12
2
0
Texas-SE
42
12
1
Within the range of L.l. migrans
Illinois
2
0
1
Indiana
1
0
0
Oklahoma-N
13
3
3
Oklahoma-S
23
12
0
Tennessee
12
0
7
Within the range of L.l. mexicanus/gambeli
Aquascalientes
26 16
0
Chihuahua-N
27 10
2
Chiuahua-S
27 15
0
Coahuila-N
18 10
1
Coahuila-S
20 9
0
Durango
45 21
0
Jaslisco
29 10
1
Michoacan
42 12
7
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Assigned to:
LUDO GAME NEAS

UNAS

0
1
0
0
0

0
0
0
7
5

0
0
0
0
0

2
1
3
13
6

19
3
21
16
5
18
18
18
19
24
10
18
25
4
12

0
1
0
0
0
0
0
0
0
0
0
0
0
3
8

0
0
0
0
0
0
0
0
0
1
0
0
0
0
0

1
8
0
3
0
7
2
0
3
6
9
0
1
3
9

1
0
0
0
4

0
0
4
2
0

0
0
0
0
0

0
1
3
9
1

0
0
0
0
0
0
0
2

5
6
8
3
10
16
11
9

0
0
0
0
0
0
0
0

5
9
4
4
1
8
7
12

Table 2.3. continued. Assignment of wintering season samples of unknown origin based
on mean individual admixture coefficients above 0.60 in a genetic cluster obtained from
STRUCTURE (Pritchard et al. 2000). See text for details. EXCU stands for shrikes
assigned as L.l. excubitorides, MIGR as L.l. migrans, LUDO as L.l. ludovicianus, GAME
as L.l. gambeli and L.l. mexicanus, NEAS for Northeastern and UNAS for unassigned
birds.
Sample locale
Nuevo Leon-E
Nuevo Leon-W
Tamaulipas

N
55
10
24

EXCU
21
5
9

MIGR
0
0
1

68

Assigned to:
LUDO GAME
1
19
0
4
0
3

NEAS
0
0
0

UNAS
14
1
11

Table 2.4. Assignment of wintering Loggerhead Shrikes of unknown origin based on a
discriminant function analysis of morphological characteristics. See text for details.
EXCU stands for shrikes assigned as L.l. excubitorides, MIGR as L.l. migrans, LUDO as
L.l. ludovicianus, NEAS for Northeastern and UNAS for those that were unassigned.
RES stands for non-migratory year-round resident birds and MIG for migratory birds.

EXCU EXCU
Sample locale
N
MIG
RES
Within the range of L.l. excubitorides
Kansas-SW
3
3
0
Missouri
6
4
0
Texas-C
25 2
1
Within the range of L.l. ludovicianus
Alabama
20 0
0
Arkansas
28 1
1
Florida-NC
21 0
0
Florida-NE
21 0
0
Florida-NW
5
0
0
Florida-SE
25 0
0
Florida-SW
24 1
0
Georgia-E
20 0
0
Georgia-W
23 0
0
Louisiana
34 2
0
Mississippi
23 0
0
North Carolina
18 0
0
South Carolina
26 0
0
Texas-S
12 0
0
Texas-SE
66 10
1
Within the range of L.l. migrans
Oklahoma-N
6
2
0
Oklahoma-S
24 1
1
Tennessee
12 0
0

Assigned to:
MIGR MIGR LUDO NEAS
MIG
RES

UNAS

0
0
10

0
0
3

0
1
2

0
0
3

0
1
4

0
9
0
0
0
2
0
1
0
6
6
0
0
4
15

0
2
1
0
0
0
1
1
1
1
1
0
1
1
1

20
8
20
21
5
21
21
17
22
24
9
18
25
4
21

0
1
0
0
0
0
0
0
0
1
1
0
0
2
4

0
6
0
0
0
2
1
1
0
0
6
0
0
1
14

1
6
1

1
1
2

0
0
8

1
1
0

1
14
1
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Table 2.5. Number of wintering Loggerhead Shrikes of unknown origin assigned as
migratory or non-migratory in wintering locales sampled across North America
comparatively by marker. RES stands for non-migratory year-round resident birds, MIG
for migratory birds and UNAS for those that were unassigned.
Sample locale
Alabama
Aquascalientes
Arkansas
Chihuahua-N
Chihuahua-S
Coahuila-N
Coahuila-S
Colorado
Durango
Florida-NC
Florida-NE
Florida-NW
Florida-SE
Florida-SW
Georgia-E
Georgia-W
Illinois-S
Indiana
Jaslisco
Kansas
Louisiana
Michoacan
Mississippi
Missouri
New Mexico
North Carolina
Nuevo Leon-E
Nuevo Leon-W
Oklahoma-N
Oklahoma-S
South Carolina
Tamaulipas
Tennessee
Texas-C
Texas-S
Texas-SE

Genetic
RES MIG UNAS
19
0
1
5
16
5
3
17
8
6
12
9
8
15
4
3
11
4
10
9
1
0
0
2
16
21
8
21
1
0
16
2
3
5
0
0
18
1
7
18
5
2
18
2
0
19
1
3
1
1
0
0
0
1
11
11
7
2
5
1
24
7
6
9
21
12
10
4
9
3
0
3
22
20
13
18
0
0
19
22
14
4
5
1
3
7
3
0
14
9
25
0
1
3
10
11
7
4
1
13
5
6
4
5
3
12
21
9

Morphological
RES MIG UNAS
20
0
0
8
14
6
20
1
0
21
0
0
5
0
0
21
2
2
21
2
1
17
2
1
22
1
0
3
0
0
24
10
0
9
8
6
4
1
1
18
0
0
2
3
1
7
3
14
25
1
0
3
8
1
3
18
4
4
7
1
21
31
14
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Stable Isotope
RES
MIG
20
0
10
16
10
18
5
22
4
22
14
4
13
7
2
0
17
21
16
4
15
6
5
0
12
14
17
8
9
11
9
13
0
2
2
27
3
4
20
17
29
12
5
17
0
6
2
10
11
7
15
40
0
10
4
2
7
17
12
13
5
19
9
3
2
23
4
8
9
40

Figure 2.1. Sampling locales from which breeding and winter season Loggerhead Shrike feathers were obtained from 2004 to 2008.
Museum samples represent individuals from the breeding season only. See Table 2.1 for sample sizes.
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Deuterium Feather Value

Deuterium Precipitation Value
Figure 2.2. Biplot showing the relationship between δD in Loggerhead Shrike feathers
and δD in precipitation across North America. Second Year birds are depicted with
circles and After Second Year birds with crosses. Estimates of deuterium precipitation
values are from Bowen et al. (2005).
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Admixture Coefficient

Northeast

L.l. excubitorides

L.l. ludovicianus

L.l. migrans

L.l. gambeli/mexicanus

Figure 2.3. Estimated genetic population structure in the Loggerhead Shrike within our study range based on results derived from
STRUCTURE (Pritchard et al. 2000). Each individual is represented by a vertical line. Shown are k=5 clusters, each represented by a
different colour. Within each, individuals are sorted by their admixture coefficients (Q). Genetic clusters are labeled below the figure
with trinomial names corresponding to Miller (1931) and the additional Northeast genetic cluster diagnosed in this study.
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Figure 2.4. Geospatial model of individual genetic admixture coefficients (Q) for Loggerhead Shrikes sampled during the breeding
seasons of 2004 to 2008 derived from STRUCTURE (Pritchard et al. 2000). Each cluster is colour coded with increased colour
intensity reflecting increased genetic admixture within that cluster. See text for details.
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Figure 2.5. Distributions of Loggerhead Shrike subspecies in North America based on
morphometrics as delineated by Miller (1931) in comparison to genetic clusters based on
genetic admixture coefficients of Loggerhead Shrikes sampled during the breeding
seasons of 2004 to 2008 derived from STRUCTURE (Pritchard et al. 2000). See Figures
2.2 and 2.3 and text for details.
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Figure 2.6. Direct and indirect banding recaptures showing movements of Loggerhead Shrike between breeding and wintering sites in
North America (1923-2009). Apparently unconnected dots represent recapture locales that fell within the same 10-minute latitude by
longitude block as the individual’s capture location.
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Figure 2.7. Spatial assignment of mean genetic admixture coefficients for Loggerhead
Shrike within each locale sampled during the winter seasons of 2004 to 2008 derived
from STRUCTURE. (Pritchard et al. 2000). See text for details. Pie charts are derived by
taking the mean of the admixture coefficients (Q) for all genetic clusters for all
individuals within a locale.
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Figure 2.8. Spatial distribution of individuals inferred to derive from different genetic
clusters of Loggerhead Shrike captured during the winter seasons of 2004 to 2008. Each
sample locale with at least one wintering bird assigning to a genetic cluster with an
admixture coefficient (Q) of ≥0.60 in that cluster are depicted. See text for details.
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Figure 2.9. Spatial assignment of wintering Loggerhead Shrike based on assignment to
subgroup using results from a discriminant function analysis on morphology of breeding
birds. See text for details. Pie charts are derived by taking the proportion of individuals
assigned to each sub-group within each locale.
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A)

B)

C)

D)

Figure 2.10. Stable hydrogen isotope values measured in Second Year (A and B) and
After Second Year (C and D) breeding Loggerhead Shrikes plotted against latitude and
longitude of sample locales, respectively.
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Figure 2.11. Base map of expected stable hydrogen isotope feathers values from After Second Year and Second Year Loggerhead
Shrikes derived from regression of deuterium values in feathers against values predicted from the GIS-based model of expected
deuterium in precipitation in North America from Bowen et al. (2005). See text for details.
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Deuterium Feather Value

Population

Figure 2.12. Winter season deuterium feather values obtained from Loggerhead Shrike during the period of 2004 to 2008 across
sample locales.
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A)

50°

50°

40°

40°

30°

30°

20°

20°

120°

110°

100°

90°

Probability of Origin

B)

120°

110°

100°

90°

Figure 2.13. Example of an assignment of a single Loggerhead Shrike originating in South Dakota based (A) only on its
deuterium feather value and (B) joint probability using the individual’s genetic admixture coefficient as prior information in
assignment based on the individual’s deuterium feather value in a Bayesian framework. See text for details.
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Figure 2.14. Probable origins of wintering Second Year and After Second Year Loggerhead Shrikes in North America
sampled from 2004 to 2008. Geographic assignments were made by converting deuterium precipitation values from Bowen
et al. (2005) into an expected deuterium feather isoscapes for Loggerhead Shrike and subsequent conditional assignments
using genetic admixture coefficients as priors with feather deuterium values in a Bayesian framework. See text for details.
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CHAPTER 3
The Impact of Migration on Dispersal, Gene Flow and Genetic Population Structure
in the Loggerhead Shrike (Lanius ludovicianus).
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3.1 Introduction
Despite the fact that birds have played a critical role in the development of
speciation theory (Darwin 1859, Mayr 1963), and are commonly migratory, our
knowledge of the impact of migration on genetic population structure and ultimately
speciation is minimal. Two apparently conflicting hypotheses on how migration might
interact with gene flow are most widely discussed. One view is that migration facilitates
gene flow (Montgomery 1895, Grinnell 1922, Helbig 2003). Under this scenario,
geographic isolation among populations, facilitating differentiation and local adaptation
in the absence of gene flow, should become less likely with increasing migratory
tendency. Helbig (2003) developed specific predications about the effect of migration on
population genetic structure. First, he expected that highly migratory species would
develop less intraspecific differentiation, thus showing a lesser tendency toward
speciation than non-migratory species. Secondly, at the intraspecific level, he suggested
that migratory species would show less phylogeographic differentiation along the main
axis of migration compared to orthogonal to it, given the assumption that gene flow is
facilitated by migration.
Helbig (2003) further proposed that highly migratory species are more likely to be
derived from ancestors that were less migratory or were non-migratory than from
ancestors that were also highly migratory. In other words, homogenizing gene flow at
northern latitudes would counteract geographic differentiation, making it unlikely that
northern migrants speciate in situ. Contrary to this, Winker (2000) argued that migration
enables lineages to radiate into new ecological and geographic spaces, which would
suggest that migration facilitates rather than hinders speciation. For example, Böhning-
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Gaese et al. (1998) established that the avian faunas of Europe and North America were
more differentiated in migratory than in non-migratory species at the level of genera and
families. The two views are not necessarily in conflict, as the movement of ancestors of
newly derived lineages may have been facilitated by a migratory tendency but these
movements would only be relevant during periods when new niches become available.
Further, these niches may be more frequently available in northern climes, which have
been impacted by glacial events. Therefore, the two hypotheses may simply be operating
at different times scales or at different junctures during a species’ evolutionary history.
In either case, it would appear that speciation in migratory birds is likely
operating through the interaction between migration and dispersal. Dispersal plays a
fundamental role in other aspects of population biology as it influences range size and
expansion (Taylor and Taylor 1977, Losos et al. 1997, Reznick et al. 1997),
metapopulation and source-sink dynamics (Hanski and Gilpin 1997, Brawn and Robinson
1996). As a pre-requisite to gene flow, rates of dispersal among populations and the
distribution of dispersal distances directly relate to population genetic structure (Wright
1943, 1946, Bohanak 1999). Despite the importance of dispersal, little is known about it,
because it is difficult to track birds in consecutive seasons, or across large distances.
Most field studies to date have used direct estimates of dispersal that are limited either
temporally or spatially. As a result, they may fail to detect long-distance or infrequent
dispersal and result in estimates that are biased toward short-distance, regular dispersal
events (Slatkin 1985, Koenig et al. 1996).
Given the logistic difficulties in studying the movement of birds, it is not
surprising that both migration and dispersal remain as frontiers for biological study
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(Walters 2000, Greenberg and Marra 2005), and, further, that the relationship between
the two is even more poorly understood (but see Paradis et al. 1998, Bohanak 1999,
Belliure et al. 2000 and Winkler 2005). The morphological (Leisler and Winkler 2003,
Winkler and Leisler 2005), neurological (Mettke-Hofmann and Greenberg 2005) and
physiological (McWilliams and Karasova 2005) attributes of migrants may impart an
increased capacity for dispersal due to their ability to undertake long-distance
movements. But the two have different functions and thus are subject to different
selective pressures (Winkler 2005). Therefore, it is possible that there is little or no
connection between migration and dispersal, despite the fact that both involve
movements across a landscape. Indeed, the connection between dispersal and migration
simply may be an artifact of selection for dispersal in modern-day species that
experienced range expansion following the last glacial-interglacial cycle (Mila et al.
2000), or may involve historical associations such as evolution of migration from gradual
extension of dispersal (Levey and Stiles 1992).
Given the ease with which we can now employ genetic markers to study gene
flow and genetic population structure, and recent advances in techniques to quantify
migratory behaviour in birds (reviewed in Hobson and Norris 2008), we should now be
able to investigate the interaction between migration, dispersal and gene flow more fully
across a broad range of species varying in the geographic extent of their ranges,
phylogeographic structure and migratory characteristics. The use of hypervariable
genetic markers such as microsatellites has made it possible to investigate contemporary
patterns of dispersal and population structure on a microgeographic scale through
individual-based statistical techniques such as assignment tests and spatial
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autocorrelation analysis (Peakall et al. 2003, Paetkau et al. 2004). While not suitable for
delineating migratory connectivity in all species (e.g. Clegg et al. 2003, Kelly et al.
2005), microsatellite markers have also proven to be useful in quantifying migratory
behaviour (Chapter 2).
Here, we test the hypothetical relationship between migration and gene flow by
comparing population genetic structure of migratory and non-migratory Loggerhead
Shrike (Lanius ludovicianus) using microsatellite markers. With both migratory and nonmigratory populations, and with migrant populations overlapping the range of nonmigratory conspecifics during the wintering season, this species provides an excellent
system in which to study the impact of migration on genetic population structure. We
predict that the spatial scale of genetic differentiation will differ in migratory and nonmigratory populations. More specifically, following the hypothesis that migratory habit
enhances gene flow, we expect greater levels of gene flow in migratory populations,
which will show shallower genetic population structure than non-migratory populations.
We predict that gene flow is mediated by the dispersal movements of females and first
year breeders, which have been shown to be less philopatric in birds generally in previous
studies (Greenwood 1980, Greenwood and Harvey 1992). We also predict that gene flow
will be greater along the north-south axis, which is the general direction of migratory
movement in the species (Chapter 2, Winkler 2005).
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3.2 Materials and Methods
3.2.1 Sample Collection and Data Compilation
Loggerhead Shrikes were opportunistically sampled on their breeding grounds
using a modified version of the Potter trap (Craig 1997) during the breeding seasons of
2004 to 2008 (Table 3.1, Figure 3.1). Upon capture, we banded all individuals with a
United States Geological Survey numbered stainless steel band. Each bird was sexed
based on the presence (i.e. female) or absence (i.e. male) of a brood patch and aged as a
first year breeder (i.e. Second Year – SY) or second or subsequent year breeder (i.e. After
Second Year – ASY) based on moult limits (Pyle 1997). A tail feather was plucked from
each individual sampled for use in genetic analyses.

3.2.2 Genetic Surveys
A QIAGEN (Venlo, Netherlands) DNEasy Extraction Kit was used to extract total
genomic DNA from a 1cm clipping of the proximal end of the plucked tail feather that
was split lengthwise to maximize DNA yield. Variation at 15 microsatellite loci was
assayed, using 14 primer pairs developed for use with Loggerhead Shrike LLU15,
LLU39, LLU40, LLU55, LLU82, LLU85, LLU89, LLU90, LLU95, LLU102, LLU112,
LLU133, LLU176 (Coxon et al. 2010), LS4 (Mundy et al. 1997) and one (SJR4),
developed for the Florida Scrub-Jay Aphelocoma coerulescens (D. B. McDonalds and W.
K. Potts, unpublished; see Hansson et al. 2000). Variation at LLU011, LLU20, LLU40,
LLU45, LLU89 and LLU133 was assessed by PCR in 10µL reactions containing
approximately 5ng genomic DNA, 1µL 1x Taq buffer with KCL (Fermentas), 0.8µL of
25mM MgCl2, 0.3µL of 10mM dNTPs, 0.3µL of 10µM forward primer, 0.3µL of 10mM
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reverse primer and 0.1 Units Taq polymerase (Fermentas). The thermal cycling profile
was as follows: 5 minutes at 95oC, 35 cycles of 95oC for 30 seconds, 55°C or 59oC for 45
seconds and 72oC for 45 seconds, followed by a final extension of 72oC for 5 minutes.
PCR products were genotyped on a Li-Cor DNA sequencer (IR2 System). Scoring of
each individual’s genotype was done manually using IRD 700 50-350 base pair size
standards. LLU15, LLU39, LLU55, LLU82, LLU85, LLU90, LLU95, LLU102,
LLU112, LLU157 and LLU176 were amplified in 3 separate multiplexed reactions (see
Coxon et al. 2010 for multiplexing details). Each 10µL multiplex reaction contained
approximately 5ng genomic DNA, 4µL QIAGEN Multiplex PCR Master Mix and1µL of
multiplexed forward and reverse primers at 0.56 to 2.23µM of each primer. For
multiplexes, the thermal cycling profile was as follows: 15 minutes at 95°C, 35 cycles of
94°C for 30 seconds, 60° for 90 seconds and 72°C for 90 seconds, followed by a final
extension of 72°C for 10 minutes. PCR products were run on a Beckman Coulter
CEQ8000 capillary automated sequencer and alleles were scored using the CEQ8000
Genetic Analysis System.

3.2.3 Analysis of Genetic Patterns
Analyses of genetic differentiation among the individuals sampled during the
breeding season were undertaken using Bayesian-clustering programs STRUCTURE 2.3
(Pritchard et al. 2000) and TESS (Chen et al. 2007) and each individual was assigned to
the genetic cluster for which it had the highest membership coefficient (Chapter 2). For
subsequent analyses of dispersal and gene flow, the genetic clusters were partitioned to
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reflect geographically discontinuities and differences in migratory behaviour within each
cluster (Figure 3.1).

3.2.4 Genetic Population Structure
We tested for differences in spatial genetic population structure between
migratory and non-migratory populations and different sex and age cohorts of
Loggerhead Shrike using spatial autocorrelation, which measures the similarity between
samples for a given variable as a function of spatial distance (Sokal and Oden 1978a, b,
Griffith 1987). Analyses were performed in GENALEX 6 (Peakall and Smouse 2006)
using a genetic-distance-based, multivariate approach developed by Smouse and Peakall
(1999) and Peakall et al. (2003). The autocorrelation coefficient r provides a measure of
the genetic similarity between pairs of individuals falling within prescribed distance
classes. Individual pairwise genetic distances were calculated following Smouse and
Peakall (1999). Pairwise geographical distances were calculated from global positioning
system coordinates of each individual’s capture location. Following the methodology of
Beck et al. (2008), we assessed the frequency distribution of the pairwise geographic
distances between the individuals sampled to select distance class boundaries that
maximized the number of pairwise comparisons, thereby increasing statistical power.
Our lower distance classes (15 and 50 km) reflect known short-distance dispersal
distances for the species (Collister and DeSmet 1997) and our higher distance classes
represent long-distance dispersal over multiple spatial scales.
We first generated separate geographical and genetic distance matrices for all
combined migratory and non-migratory populations of Loggerhead Shrike. Significance
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was tested by random permutation of the data set, which provided an estimate of r and
the 95% confidence interval about the null hypothesis of no spatial genetic structure (r =
0). The 95% confidence interval around r was estimated via bootstrapping as described
by Peakall et al. (2003). All bootstrapping and permutation tests were performed 1000
times.
We used a heterogeneity test developed by Smouse et al. (2008) to test if
differences in spatial autocorrelograms among migratory and non-migratory populations
of Loggerhead Shrike were statistically different, rather than due simply to sampling
artifacts. Specifically, we tested whether restricted gene flow and associated genetic
structure was more pronounced for migratory or non-migratory populations and if so,
whether the patterns observed were a consequence of increased dispersal capacity of
migratory individuals.

3.2.5 Dispersal and Gene Flow
We assessed patterns of dispersal as indicated by gene flow using four methods.
First, spatial patterns of gene flow were investigated using Neighbourhood Mean
estimates of genetic admixture coefficients obtained from analyses in STRUCTURE
(Pritchard et al. 2000) using ArcGIS™ (ESRI, Redlands, CA).
Secondly, we investigated the direction and degree of gene flow by assessing
dispersal rates among the sub-groups delineated within the genetic clusters using a
Bayesian multilocus genotyping method implemented in BayesAss+ (Wilson and
Rannala 2003). This method extracts information about recent dispersal from transient
disequilibrium observed at individual multilocus genotypes of dispersers or individuals
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recently descended from dispersers. To estimate the proportions of immigrants into each
population, the program was run for a total of 3,000,000 iterations, discarding the first
999,999 iterations as burn-in, which allowed the Markov chain Monte Carlo method to
become stationary. Samples were collected every 2000 iterations and used to infer the
posterior probability distributions of the dispersal among groups.
To understand the proportionate impact of migration on genetic structure, we need
to look at the distribution of differentiation across hierarchical scales of organization.
Analysis of molecular variance (AMOVA) allows the hierarchical partitioning of genetic
variation among populations and regions and the estimation of F-statistics or their
analogues, with statistical testing by random permutation. We used routines in
GENALEX (Peakall and Smouse 2006) that follow the methods of Excoffier et al.
(1992). Genetic variation among sub-groups was first measured using PhiPT, an analogue
of FST, which calculates population differentiation based on the genotypic variance,
where higher levels of gene flow among sub-groups will be indicated by lower values.
The partitioning of genetic differentiation was subsequently assessed within populations
(i.e. migratory versus non-migratory sub-groups within genetic clusters), among
populations and among regions (i.e. genetic clusters).
Finally, to investigate age- and sex-biased dispersal patterns, we partitioned data
from migratory and non-migratory groups based on the age and sex of individuals within
each group and repeated spatial autocorrelation analyses as above. Significance was
again tested by random permutation of the data set and the 95% confidence interval
around r was estimated via bootstrapping as described by Peakall et al. (2003). As before
all bootstrapping and permutation tests were performed 1000 times. We again used
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heterogeneity tests (Smouse et al. 2008) to establish if correlograms derived
independently for each cohort were statistically different.

3.3 Results
A total of 704 samples were obtained from 31 areas, with age and sex determined
for most individuals (Table 3.1, Figure 3.1). From our STRUCTURE (Pritchard et al.
2000) analysis and consideration of genetic admixture coefficients we can diagnose 4
distinct genetic clusters, which can be further partitioned into 8 subgroups based on
geographic discontinuities and differences in migratory behaviour within each group
(Figure 3.1). Generally, the four groups correspond to previous taxonomic examination
of the Loggerhead Shrike (Miller 1931, Vallianatos et al. 2002). Two of the genetic
clusters, aligned with Miller’s (1931) L.l. excubitorides and L.l. migrans, have
geographically disjunct populations and populations that differ in the migratory
behaviour, from obligate migrants in the north, to facultative migrants in mid-latitude and
non-migratory populations in the southern-most latitudes of the species’ range (Figure
3.1). A genetic cluster located in northeastern North America that does not correspond to
one of Miller’s (1931) subspecific categories is comprised entirely of obligate migrants
(Figure 3.1). The fourth cluster, corresponding to Miller’s (1931) L.l. ludovicianus, is
non-migratory (Figure 3.1).

3.3.1 Genetic Population Structure
Given the hypothesis that migration facilitates gene flow, we expected migratory
populations would show shallower genetic population structure (lower autocorrelation r
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values) than non-migratory populations. Further, if migration facilitates gene flow, the
decline of genetic structure should occur more steeply over shorter geographic distances
in non-migratory populations. The autocorrelograms of migratory versus non-migratory
populations of Loggerhead Shrike (Figure 3.2) were both significant (Table 3.2) and
revealed the predicted pattern. Positive spatial autocorrelation was detected in both
migratory and non-migratory populations, but with overall lower r values in migratory
populations, in particular within the short-distance dispersal classes (15 and 50 km)
(Table 3.2). The extent of significant positive spatial structure extended to 400 km in
non-migratory populations of Loggerhead Shrike versus 500 km in migratory
populations, again with lower r values in migratory populations (Table 3.2, Figure 3.2).
A multi-distance class criterion (Table 3.2) indicates that the autocorrelations showed a
significant departure from the null hypothesis of no spatial genetic structure (p = 0.001)
and the two correlograms are significantly different (Table 3.3). Single-distance class
test criteria (Table 3.3) indicated that the patterns observed within each correlogram were
significantly different for the short distance dispersal classes (p = 0.001) and at the 500
km distance interval (p = 0.001).

3.3.2 Age and Sex-biased Dispersal and Gene Flow
If gene flow is mediated by the dispersal movements of females and first-year
breeders we would expect that the genetic population structure would be shallower in the
dispersing cohort and that the decline of genetic structure would occur more steeply in
the more philopatric sex or age class. Spatial autocorrelation analyses run separately for
males and females partitioned based on migratory habit (Table 3.2, Figure 3.3), and for
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SY versus ASY migratory and non-migratory individuals (Table 3.2, Figure 3.4)
generally supported our expectations. Significant positive spatial genetic structure was
always found at distance classes coinciding with short-distance dispersal and generally up
to 500 km, with a decline in values with increasing distance in both sexes and age classes
(Table 3.2, Figures 3.3 and 3.4). Global tests (Tables 3.2) indicated that all correlograms
showed a significant departure from the null hypothesis of no spatial genetic structure (p
= 0.001). Comparisons of single-distance class criteria (Table 3.3) indicated that in
comparisons of migratory versus non-migratory birds, females, males and ASY birds
showed significantly different patterns of spatial genetic structure (p < 0.05 for all). The
difference between SY migrants and residents was only marginally non-significant (p =
0.056) (Table 3.3). Among cohorts with similar migratory habits, only migratory males
and females showed significantly different spatial genetic structure (p = 0.015) (Table
3.3). Based on single-distance-class test criterion, migratory and non-migratory males
showed a significant difference in spatial genetic structure, which was evident across the
first 4 distance classes (p < 0.05 for all comparisons) (Table 3.3). Significant differences
were detected between migratory and non-migratory ASY birds at short-distance
dispersal intervals (p < 0.05 for all, Table 3.3). Migratory versus non-migratory females
had significantly different spatial genetic structure at 50 km (p = 0.001), but not at 15 km
distance interval (p = 0.862, Table 3.3). Non-migratory males differed from females in
their spatial genetic structure only in the 15 km distance class (p = 0.016, Table 3.3).
The number of pairwise comparisons are comparatively limited when samples are
grouped based on both age and sex class (Table 3.2), with resulting increased confidence
intervals (Figure 3.5) and lack of significance in single-distance class comparisons among
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SY birds (Tables 3.3), for which sample sizes were lowest (Table 3.1). Nonetheless,
global tests indicate that all correlograms show significant departure from the null
hypothesis of no spatial genetic structure (Table 3.2). Significant positive autocorrelation
is found at short-distance classes and up to 500 km in male ASY birds regardless of
migratory habit, and generally within all other cohorts (Table 3.2). The autocorrelation
values are greatest for ASY males, followed by ASY females, SY males and SY females,
respectively (Table 3.2, Figure 3.5). Multi-distance class criteria indicated that
comparisons among migratory versus non-migratory ASY male and female birds and
between migratory males and females were significantly different (p < 0.05 for all, Table
3.3). Single-distance class criteria tests indicated that the spatial genetic structure was
significantly different between ASY females differing in their migratory habit at short
distance classes (p < 0.05, Table 3.3) and between ASY male and female migrants (p <
0.05, Table 3.3). Comparisons of spatial genetic structure were significantly different in
migratory versus non-migratory ASY males across all distance classes except 15 km (p <
0.05, Table 3.3), at which distance they had similar genetic structure (Table 3.3).

3.3.3 Direction of Gene Flow
If gene flow is greater along the north-south axis, which is the general direction of
migratory movement in the Loggerhead Shrike (Chapter 2), then dispersal rates and thus
gene flow should be higher among populations oriented along this axis. Based upon
Neighbourhood Mean analysis of genetic admixture coefficients, it would appear that
gene flow occurs most often along the north-south axis (Figure 3.6), and more generally
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appear to be correlated to over-wintering areas for the northern migratory populations
(Chapter 2).
The results from BayesAss+ support the finding of gene flow along the axis of
migration, with highest immigration rates between northern and southern populations
within the same genetic cluster (Table 3.4). Dispersal is also evident along an east-west
axis among migratory populations, but at comparatively lower rates (Table 3.4).
Migratory and non-migratory populations appear to exchange individuals, more so
among those located on the north-south axis and gene flow appears to occur more in a
northward direction, than southward (Table 3.4). The highest self-recruitment rates are
observed in the most northerly migratory populations (L.l. excubitorides and the
Northeastern genetic cluster), followed by non-migratory populations of L.l.
ludovicianus, which appear to be a source of immigrants in more northerly populations
(Table 3.4).
Analysis of molecular variance revealed significant differentiation among groups
(PhiPT = 0.071, p < 0.001). PhiPT values of pairwise differentiation among groups varied
from 0.008, between northern and southern migratory populations of L.l. excubitorides, to
0.175 between western migratory L.l. migrans and shrikes in the Northeastern genetic
cluster (Table 3.5) and generally supports the predication that gene flow occurs most
frequently on a north-south axis. All pair-wise comparisons of PhiPT values were
statistically significant (p ≤ 0.001 for all) (Table 3.5). The AMOVA showed that 93% of
the variance was explained by within-population diversity, versus 3% among populations
within a region and 4% among regions.
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3.4 Discussion
A number of authors have suggested that few genes may be involved in
determining the expression of migratory traits and that there are strong genetic
correlations between these (reviewed in Berthold 1990, Berthold 1996 and Pulido and
Berthold 2003). However, migratory birds do not possess any orientation mechanisms or
morphological adaptations related to flight that differ qualitatively from non-migratory
species (Helbig 2003). Rather, they have developed certain characteristics that allow for
long-distance flight. Yet, it would appear that migratory behaviour impacts population
structure and ultimately evolutionary trajectories of lineages. Overall, our results
generally support the hypothesis that migration facilitates gene flow (Montgomery 1895,
Grinnell 1922, Helbig 2003) and agree with those of Paradis et al. (1998), suggesting that
dispersal ability positively correlates with migratory behaviour.
We found genetic population structure in non-migratory populations is almost an
order of magnitude greater than in migratory populations of the Loggerhead Shrike. Our
results imply that gene flow declines with increasing geographic distance in both
migratory and non-migratory populations, but that this decline is steeper in non-migratory
versus migratory populations. These results should not be viewed as providing an exact
spatial extent of genetic structure based on the point at which the correlogram trendline
crosses the x-axis, as Peakall et al. (2003) showed that the correlograms and crossing
points are somewhat dependent on the widths of the distance classes.
Long-distance dispersal appears to be relatively common in the Loggerhead
Shrike, resulting in positive genetic population structure that extends over several
hundred kilometers. Arguedas and Parker (2000) found that distances up to 350 km
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between breeding populations did not affect gene flow in migratory House Wrens
(Troglodytes aedon) and that allelic composition of populations was not different at
distances up to 350 km. Similarly, large-scale geographical patterns in genetic similarity
exist among populations of Yellow Warbler (Gibbs et al. 2000), indicating that
movements occur between nesting areas within a large geographic range. These results
are consistent with Rockwell and Barrowclough’s (1987) suggestion of high levels of
gene flow in migratory birds and studies of direct estimates of natal dispersal in birds that
reveal long-distance dispersal events (e.g. Sutherland et al. 2000, Winkler et al. 2005,
Winkler 2005)
We found genetic population structure to be weaker in females than male, and SY
versus ASY Year birds, suggesting that dispersal was greatest in females and first time
breeders, as predicted generally for birds (Greenwood 1980, Greenwood and Harvey
1982). However, while population genetic structure was weaker overall in migratory
populations, the patterns of female-biased dispersal and natal dispersal (i.e. dispersal
prior to first breeding season) appear similar regardless of migratory habit. Dispersal
rates appear to be highest in female SY birds, followed by male SY individuals, female
ASY and finally male ASY breeders.
Helbig (2003) suggested that broad-scale population genetic studies of migratory
species were needed to test the generality of the proposition that gene flow along the
main migration axis should counteract population differentiation and to identify factors
that lead to population differentiation despite the potential for gene flow. Our analysis of
dispersal rates among subgroups within genetic clusters indicates that gene flow in the
Loggerhead Shrike does occur most often on a north-south axis within genetic clusters,
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with the highest rates of self-recruitment in northern migratory populations. However,
genetic admixture coefficients indicate that genetic differentiation is highest at the
northern extreme of the range of both migratory populations, as expected given that selfrecruitment rates were highest for the two most northerly migratory populations. The
comparative lack of gene flow at the most northerly extent of migratory populations
could theoretically facilitate local adaptation, consistent with the contention by some that
range peripheries might be important in speciation (Lesica and Allendorf 1995).
Dispersal ability may be constrained by demographic, morphological, behavioural
and habitat-associated traits (Howard 1960, Johnson and Gaines 1990, Bensch 1999,
Belliure et al. 2000, Sutherland et al. 2000). Within these constraints, however,
successful dispersal is likely influenced by the availability of suitable habitat. As such, it
is possible that the interaction between dispersal and migration indicated in our study
may be related to opportunistic settling by individuals in suitable habitat outside of their
natal or previous breeding area.
Dispersal and gene flow in Loggerhead Shrikes may also interact with migration
through the connectivity among populations that results from mixing on the wintering
grounds. ‘Migratory connectivity’ describes the degree of mixing of individuals from
differing populations among breeding, migration stopover and wintering sites (Webster et
al. 2002). Connectivity is likely best characterized as a continuum, ranging from strong,
where all individuals from a breeding area congregate in the same nonbreeding area, or
vice versa, to weak, where individuals from one or more breeding areas mix among
several independent nonbreeding areas (see Chapter 1). Webster and Marra (2005)
suggested that gene flow among wintering populations was linked to migratory
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connectivity, and thus likely impacted local adaptation and population persistence, but
that a link between migratory connectivity and gene flow among breeding populations
was unlikely. Our analysis of spatial genetic structure indicates that non-migratory
breeding populations occupying wintering areas that have low connectivity to migratory
breeding populations (e.g. the Atlantic Coast, Chapter 2) appear to have less gene flow
with other populations. It is possible that gene flow between populations is facilitated by
social behaviour, for example if pairing occurred in part on the wintering grounds. In
contrast to female-biased dispersal in most passerines (Greenwood 1980, Greenwood and
Harvey 1982), nearly all northern hemisphere ducks form pairs away from their breeding
grunds (Bellrose 1980), with female ducks philopatric to natal and previous breeding
sites, whereas males disperse (Rohwer and Anderson 1988, Anderson et al. 1992). This
pattern of winter pairing is thought to be unique among migratory North American birds,
being the converse to that of passerines, in which migratory male and female birds are
thought to return independently to a breeding ground, where they choose a mate based on
factors such as territory quality, which can be influenced by seasonal interactions (Marra
et al. 1998, Dugger et al. 2004, Norris et al. 2004, Norris 2005). However, Northern
Shrikes (Lanius excubitor) are believed to pair to some degree on the wintering grounds
(Cade and Atkinson 2002), and therefore it is possible that their sister species (Lefranc
and Worfolk 1997), the Loggerhead Shrike, may do the same.
The factors controlling the timing of courtship and pairing in ducks are not
entirely known. Food abundance, body mass, dominance, behavioural stimulation,
experience and photoperiod have been suggested to proximately control courtship and
pair formation in waterfowl, with age and body condition being most consistently
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implicated (reviewed by Heitmeyer 1988 and Rohwer and Anderson 1988). These latter
two characteristics in particular may be linked to reproductive success or social rank,
which likely ultimately underlies the winter pairing strategy. Heitmeyer (1988) suggested
that acquisition of seasonally dynamic resources necessary to reproduce relative to
potential costs and benefits of winter pairing and return to breeding grounds ultimately
controls the chronology of pair formation. For species living in temporally dynamic
habitats, such as the early successional grasslands favoured by Loggerhead Shrikes, and
species that exhibit high dispersal capacity, potentially into unoccupied but suitable
habitat, pairing on the wintering grounds may be advantageous. However, further
comparative and experimental studies and theoretical analyses are needed to determine
why pairing would occur on the non-breeding grounds and what influences variation in
timing and location of pair formation among individuals and species. As with seasonal
interactions, questions regarding behaviour during non-breeding periods should be
viewed within the broader perspective of the annual cycle of each species and questions
on pairing in winter are an integral subset of broader questions concerning the evolution
of any species.
Genetic population structure is influenced by factors other than migratory habit,
dispersal ability and behaviour, including glaciation and human-caused fragmentation of
habitat and range disjunctions. Newly developed habitats resulting from glacial cycles in
which there were few competitors likely allowed rapid expansion of populations, leading
to reduced population genetic variability similar to that resulting from founder events
which can exist over prolonged periods of time (Hewitt 2000). Fragmentation of
populations and ranges due to ecological structuring of habitats (e.g. deserts, mountains)
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can promote genetic differentiation independently of migratory status. Range
disjunctions can result in differentiation in habitat preferences and local adaptation,
leading eventually to speciation (Helbig 1996, Buerkle 1999). In this case, northern
migrants would be less likely to settle in the range of southerly conspecifics. For
example, little mixing occurs among migratory and non-migratory Prairie Warblers
(Dendroica discolor) due apparently to different habitat preferences (Buerkle 1999). It is
possible that differences in habitat preference explains the limited gene flow we found
between genetically distinct non-migratory and migratory Loggerhead Shrikes (e.g. L.l.
ludovicianus and L.l. excubitorides) in comparison to genetically similar sub-groups of
migratory and non-migratory populations (e.g. non-migratory and migratory populations
of L.l. excubitorides).
Habitat preferences of species can impact dispersal, which has important
conservation implications as many of the declines of North American bird species have
been linked to loss or fragmentation of habitat (Berlanga et al. 2010). McPeek and Holt
(1992) and Paradis (1998) modeled the relationship between habitat preferences and
dispersal and concluded that higher dispersal ability is maintained by species inhabiting
spatially and temporally unstable environments. The Loggerhead Shrike, which inhabits
‘unstable’ grassland habitat in the east and aridlands in the western portion of its range,
has undergone a 79% decline since the mid-1960s (Berlanga et al. 2010). Many other
common aridland birds such as the Rock Wren (Salpinctes obsoletus) and Brewer’s
Sparrow (Spizella breweri) have lost more than half of their breeding populations over
the past 40 years (Berlanga et al. 2010). Temperate grassland birds have suffered the
most consistent and widespread declines of any avian group in North America (Peterjohn
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and Sauer 1999), with species such as Grasshopper Sparrow (Ammodramus savannarum)
and Eastern Meadowlark (Sturnella magna) commonly found in the same breeding areas
as Loggerhead Shrike. Brawn and Robinson (1996) suggested that the present
knowledge of the magnitude of dispersal is inadequate to respond to conservation needs
of migratory birds. The high levels of gene flow and large dispersal distances observed
in our study might also characterize other species inhabiting grassland habitat.
Information on dispersal capability for the Loggerhead Shrike and other species of
conservation concern will be critical in understanding their metapopulation dynamics,
which are directly related to dispersal (Hanski and Gilpin 1997). Our results suggest that
loss of genetic diversity due to population isolation may not be a cause of concern in
migratory populations of Loggerhead Shrike. Hopefully, this may also be the case of
other species of concern with similar habitat preferences.
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Table 3.1. List of sampling sites included in this study, the geographic coordinates of individuals sampled, and breakdown by age and
sex.
Sample locale (Abbreviation)
Alabama, US (AL)
Alberta, CND (AB)
Arkansas, US (AR)
Colorado, US (CO)
Florida-SW, US (FL-SW)
Georgia-W, US (GA-W)
Illinois-N, US (IL-N)
Illinois-S, US (IL-S)
Iowa, US (IA)
Kansas-C, US (KS-C)
Kansas-NW, US (KS-NW)
Kansas-SW, US (KS-SW)
Kentucky, US (KY)
Louisiana, US (LA)
Manitoba, CND (MB)
Mississippi, US (MS)
Missouri, US (MO)
Montana, US (MT)
Nebraska, US (NE)
North Carolina-N, US (NC-C)
North Carolina-S, US (NC-S)
North Dakota, US (ND)
Oklahoma-N, US (OK-N)
Ontario, CND (ON)
Saskatchewan, CND (SK)
South Carolina, US (SC)

Latitude (°N)
30.32 to 30.41
49.10 to 51.48
34.45 to 34.78
38.50 to 38.84
27.22 to 27.64
31.06 to 32.13
41.35 to 41.40
38.61 to 38.73
40.71 to 41.43
39.38 to 39.84
38.61 to 38.67
37.01 to 37.10
36.56 to 36.66
30.04 to 30.25
49.67 to 50.15
33.13 to 33.22
38.13 to 38.29
47.42 to 48.24
41.17 to 42.93
35.32 to 35.82
34.41 to 34.67
46.26 to 47.42
36.23 to 36.97
44.32 to 45.47
49.10 to 51.94
33.36 to 33.67

Longitude (°W)
-87.68 to -87.77
-110.00 to -112.07
-91.87 to -92.17
-104.17 to -105.84
-81.60 to -81.87
-83.61 to -83.92
-88.03 to -88.17
-87.89 to -88.19
-94.37 to -95.17
-101.54 to -101.77
-97.76 to -97.94
-100.11 to -100.36
-86.59 to -86.78
-92.09 to -92.34
-96.75 to -97.65
-90.75 to -91.03
-94.16 to -94.33
-104.34 to -105.78
-100.50 to -103.67
-77.09 to -77.91
-78.97 to -79.20
-102.63 to -103.36
-95.78 to -99.25
-76.65 to -81.13
-101.91 to -109.81
-80.20 to -80.92
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NTotal
25
521
22
30
241
25
10
11
8
6
3
5
10
23
411
25
11
10
21
25
25
20
11
34
941
251

NFemaleSY
5
0
0
8
5
1
0
1
1
1
0
2
1
0
1
1
4
1
3
3
0
0
0
9
4
2

NMaleSY
2
0
5
5
2
8
1
0
0
3
0
1
2
3
0
4
3
2
2
8
3
4
4
5
5
7

NFemaleASY
8
14
5
4
4
2
4
4
2
0
0
1
1
5
17
5
1
0
4
1
4
0
0
7
21
2

NMaleASY
10
13
12
13
12
14
5
6
5
2
3
1
6
15
16
15
3
7
12
13
18
16
7
13
27
13

Table 3.1 continued. List of sampling sites included in this study, the geographic coordinates of individuals sampled, and breakdown
by age and sex.
Sample locale (Abbreviation)
Latitude (°N)
Longitude (°W)
South Dakota-N, US (SD-N)
44.36 to 45.20
-102.28 to -103.13
South Dakota-S, US (SD-S)
43.03 to 43.20
-100.11 to -100.75
Tennessee-W, US (TN-W)
35.63 to 35.99
-88.94 to -89.32
Texas-N, US (TX-N)
33.66 to 33.87
-98.22 to -98.64
Texas–SE, US (TX-SE)
28.66 to 28.98
-96.41 to -96.68
1
Age and/or sex of one or more birds not determined.
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NTotal
21
15
24
22
26

NFemaleSY
2
1
3
2
0

NMaleSY
2
1
4
11
6

NFemaleASY
1
2
4
2
4

NMaleASY
16
11
13
7
16

Table 3.2. Autocorrelation r values and p values and numbers of pairs (n) for the Loggerhead Shrike for each of eight distance classes
and a multi-class criterion (omega) of the departure from the null hypothesis of r = 0; the test is conducted for each of the groups
separately.
Interval
All
(migratory)
All
(non-migratory)
Female
(migratory)
Female
(non-migratory)
Male
(migratory)
Male
(non-migratory)
SY
(migratory)
SY
(non-migratory)

0 to
15 km
r = 0.065
n = 2028
p = 0.001
0.096
1777
0.001
0.068
319
0.001
0.065
165
0.001
0.081
431
0.001
0.107
955
0.001
0.079
130
0.010
0.096
169
0.001

16 to
50 km
0.028
1131
0.001
0.104
1577
0.001
0.020
105
0.032
0.113
77
0.001
0.040
315
0.001
0.114
1028
0.001
0.050
48
0.004
0.097
159
0.001

51 to
400 km
0.020
12060
0.001
0.016
5517
0.001
0.033
755
0.001
0.030
222
0.001
0.024
3155
0.024
0.015
3466
0.001
0.016
308
0.005
0.008
535
0.054

401 to
500 km
0.002
3724
0.110
0.011
3115
0.001
0.020
130
0.018
0.024
242
0.002
-0.001
1018
0.558
0.010
1499
0.002
0.007
112
0.259
0.024
213
0.004

501 to
1000 km
-0.009
21316
1.000
-0.007
18804
1.000
-0.007
1595
0.995
-0.019
1091
0.998
-0.013
6012
1.000
-0.009
10656
1.000
-0.005
548
0.925
0.001
1771
0.374
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1010 to
1500 km
0.002
15988
0.011
-0.020
13861
1.000
-0.005
1803
0.990
-0.016
882
1.000
0.005
4162
0.002
-0.020
8039
1.000
0.003
594
0.177
-0.017
1401
1.000

1501 to
2000 km
-0.017
8039
1.000
-0.005
6467
1.000
-0.016
805
1.000
-0.012
480
0.992
-0.017
2663
1.000
-0.003
4789
0.978
-0.017
495
1.000
-0.012
1140
1.000

2001 to
2500 km
-0.013
7881
1.000
-0.010
242
0.892
-0.022
853
1.000
-0.007
231
0.828
-0.011
1861
1.000
-0.026
519
1.000
-0.029
319
1.000
-0.027
256
1.000

omega test criterion
(p value)
96.33
(0.001)
101.14
(0.001)
89.43
(0.001)
92.24
(0.001)
96.95
(0.001)
102.87
(0.001)
74.41
(0.001)
87.93
(0.001)

Table 3.2 continued. Autocorrelation r values and p values and numbers of pairs (n) for the Loggerhead Shrike for each of eight
distance classes and a multi-class criterion (omega) of the departure from the null hypothesis of r = 0; the test is conducted for each of
the groups separately.
Interval
ASY
(migratory)
ASY
(non-migratory)
Female SY
(migratory)
Female SY
(non-migratory)
Male SY
(migratory)
Male SY
(non-migratory)
Female ASY
(migratory)
Female ASY
(non-migratory)

0 to
15 km
0.062
1081
0.001
0.107
1019
0.001
0.081
36
0.001
0.048
28
0.019
0.069
17
0.008
0.093
77
0.001
0.026
209
0.002
0.071
60
0.001

16 to
50 km
0.042
551
0.001
0.122
860
0.001
0.103
12
0.001
0.120
13
0.001
0.051
10
0.073
0.103
95
0.001
0.007
56
0.287
0.084
31
0.001

51 to
400 km
0.022
6958
0.001
0.021
2699
0.001
0.028
52
0.019
0.013
20
0.322
0.014
73
0.093
0.008
324
0.095
0.023
501
0.001
0.031
110
0.005

401 to
500 km
0.009
1919
0.001
0.013
1730
0.001
0.019
16
0.258
0.065
10
0.032
-0.003
16
0.528
0.037
88
0.002
0.031
46
0.020
0.012
138
0.079

501 to
1000 km
-0.011
12444
1.000
-0.008
8861
1.000
-0.005
97
0.645
-0.011
131
0.878
0.003
77
0.391
-0.005
940
0.943
-0.002
940
0.781
-0.002
446
0.644
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1010 to
1500 km
0.001
8546
0.237
-0.023
7271
1.000
0.009
109
0.146
-0.008
108
0.793
0.008
68
0.239
-0.020
649
1.000
-0.008
749
0.990
-0.019
317
0.997

1501 to
2000 km
-0.018
4229
1.000
-0.005
3776
0.998
-0.024
120
0.993
-0.013
98
0.903
-0.023
98
0.997
-0.010
518
0.988
-0.017
323
1.000
-0.035
147
1.000

2001 to
2500 km
-0.014
3856
1.000
-0.021
1062
1.000
-0.041
86
1.000
-0.009
68
0.752
-0.027
47
0.977
-0.075
10
0.983
-0.016
359
0.996
-0.001
49
0.542

omega test criterion
(p value)
99.59
(0.001)
108.33
(0.001)
67.65
(0.001)
45.65
(0.001)
44.38
(0.002)
80.99
(0.001)
73.03
(0.001)
71.78
(0.001)

Table 3.2 continued. Autocorrelation r values and p values and numbers of pairs (n) for the Loggerhead Shrike for each of eight
distance classes and a multi-class criterion (omega) of the departure from the null hypothesis of r = 0; the test is conducted for each of
the groups separately.
Interval
Male ASY
(migratory)
Male ASY
(non-migratory)

0 to
15 km
0.069
316
0.001
0.073
514
0.001

16 to
50 km
0.052
223
0.001
0.079
509
0.001

51 to
400 km
0.025
2272
0.001
0.016
1710
0.001

401 to
500 km
0.002
691
0.298
0.020
856
0.001

501 to
1000 km
-0.016
4665
1.000
-0.005
5180
1.000
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1010 to
1500 km
0.009
3093
0.001
-0.017
4133
1.000

1501 to
2000 km
-0.018
1768
1.000
-0.005
2040
0.990

2001 to
2500 km
-0.010
1268
1.000
-0.025
331
1.000

omega test criterion
(p value)
99.13
(0.001)
105.73
(0.001)

Table 3.3. Single-class (t2) and multi-class (omega) test criteria and associated p values for paired population comparisons of
correlogram homogeneity for migratory versus non-migratory Loggerhead Shrike.
Interval (km)

0 to
15 km

16 to
50 km

51 to
400 km

401 to
500 km

501 to
1010 to
1000 km 1500 km

Migratory vs.
Non-migratory
Male migratory vs.
Male non-migratory
Female migratory vs.
Female non-migratory
Male migratory vs.
Female migratory
Male non-migratory vs.
Female non-migratory
SY migratory vs.
SY non-migratory
ASY migratory vs.
ASY non-migratory
SY migratory vs.
ASY migratory
SY non-migratory vs.
ASY non-migratory
SY Male migratory vs.
SY Male non-migratory
SY Female migratory vs.
SY Female non-migratory
SY Male migratory vs.
SY Female migratory

t2 = 34.02
p = 0.010
7.00
0.011
0.03
0.862
0.99
0.325
5.96
0.016
0.76
0.376
39.20
0.001
0.78
0.397
0.63
0.43
0.314
0.575
0.838
0.373
0.086
0.772

140.27
0.001
43.89
0.001
13.14
0.001
1.08
0.310
0.01
0.921
2.85
0.096
74.37
0.001
0.08
0.791
2.78
0.083
1.10
0.286
0.11
0.745
0.87
0.370

2.96
0.085
7.89
0.004
0.11
0.745
2.26
0.147
1.82
0.188
0.64
0.420
0.17
0.675
0.22
0.743
2.83
0.076
0.05
0.887
0.26
0.607
0.42
0.536

8.15
0.007
4.03
0.039
0.08
0.783
2.72
0.100
1.46
0.216
1.26
0.263
0.98
0.331
0.02
0.899
1.05
0.292
1.03
0.333
1.11
0.295
0.302
0.570

1.42
0.237
3.58
0.062
0.26
0.627
1.37
0.254
0.02
0.980
0.57
0.484
2.51
0.112
0.27
0.793
2.05
0.137
0.09
0.880
0.18
0.673
0.18
0.654
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190.05
0.001
95.18
0.001
3.97
0.041
4.02
0.031
0.19
0.875
7.61
0.003
136.80
0.001
0.04
0.952
1.00
0.381
1.21
0.332
1.25
0.259
0.001
0.978

1501 to 2001
omega test
2000 km 2500 km criterion
(p value)
42.81
0.23
73.92
0.001
0.631
(0.001)
21.52
9.73
85.99
0.001
0.002
(0.001)
0.28
3.83
29.94
0.624
0.039
(0.016)
0.06
4.02
30.07
0.818
0.031
(0.015)
0.73
3.05
21.69
0.501
0.076
(0.143)
0.46
0.04
25.74
0.523
0.849
(0.056)
24.61
3.35
68.07
0.001
0.066
(0.001)
0.01
1.51
6.52
0.975
0.249
(0.987)
1.09
0.56
23.84
0.351
0.458
(0.085)
0.27
1.34
11.85
0.753
0.250
(0.747)
0.52
4.34
17.34
0.496
0.040
(0.357)
0.007
0.602
7.65
0.927
0.421
(0.952)

Table 3.3 continued. Single-class (t2) and multi-class (omega) test criteria and associated p values for paired population comparisons
of correlogram homogeneity for migratory versus non-migratory Loggerhead Shrike.
Interval

0 to
15 km

16 to
50 km

51 to
400 km

401 to
500 km

501 to
1010 to
1000 km 1500 km

SY Male non-migratory vs.
SY Female non-migratory
ASY Male migratory vs. ASY
Male non-migratory
ASY Female migratory vs.
ASY Female non-migratory
ASY Male migratory vs. ASY
Female migratory
ASY Male non-migratory vs.
ASY Female non-migratory

1.60
0.208
0.157
0.690
4.77
0.037
10.09
0.003
0.01
0.940

0.16
0.683
6.26
0.012
6.90
0.013
4.66
0.035
0.04
0.821

0.02
0.887
5.08
0.027
0.35
0.570
0.06
0.861
0.71
0.462

0.49
0.454
10.132
0.002
0.91
0.344
2.61
0.104
0.21
0.742

0.09
0.880
22.95
0.001
0.00
0.996
3.35
0.029
0.05
0.974
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0.30
0.711
88.97
0.001
1.04
0.013
4.35
0.310
0.01
0.980

1501 to 2001 to omega test
2000 km 2500 km criterion
(p value)
0.02
2.85
11.59
0.944
0.090
(0.752)
13.39
6.25
78.72
0.001
0.018
(0.001)
1.87
0.76
26.07
0.888
0.378
(0.038)
0.03
0.56
26.07
0.247
0.495
(0.001)
2.98
1.30
11.18
0.054
0.274
(0.816)

Table 3.4. BayesAss+ analysis of mean dispersal rates and 95% CI among and within the subgroups of genetic clusters identified by
Structure.
Dispersal From:
Dispersal
excubitorides excubitorides
Into:
N migr.
S migr.
excubitorides
0.963
0.011
N migratory
(0.877
(2.16.10-7
to 0.989)
to 0.072)
excubitorides
0.249
0.673
S migratory
(0.177
(0.667
to 0.301)
to 0.692)
excubitorides
0.241
0.01
non-migratory
(0.164
(9.76.10-5
to 0.304)
to 0.039)
ludovicianus
0.007
0.001
non-migratory
(2.98.10-6
(2.79.10-8
to 0.026)
to 0.003)
migrans
0.01
0.011
-5
E migratory
(2.64.10
(3.03.10-5
to 0.042)
to 0.042)
migrans
0.003
0.003
-7
W migratory
(7.33.10
(4.61.10-7
to 0.018)
to 0.014)
migrans
0.019
0.002
non-migratory
(1.50.10-4
(7.46.10-7
to 0.052)
to 0.009)
Northeastern
0.001
0.001
-11
migratory
(1.47.10
(9.79.10-12
to 0.010)
to 0.009)

excubitorides
non-migr.
0.001
(2.94.10-8
to 0.003)
0.004
(6.69.10-5
to 0.017)
0.678
(0.667
to 0.709)
0.001
(5.81.10-9
to 0.004)
0.011
(3.87.10-5
to 0.038)
0.003
(7.26.10-7
to 0.016)
0.002
(1.74.10-6
to 0.009)
0.001
(5.81.10-12
to 0.010)

ludovicianus
non-migr.
0.001
(7.27.10-7
to 0.006)
0.028
(0.006
to 0.061)
0.02
(1.97.10-4
to 0.069)
0.98
(0.961
to 0.998)
0.012
(3.96.10-5
to 0.045)
0.003
(3.13.10-7
to 0.014)
0.153
(0.103
to 0.203)
0.001
(5.74.10-12
to 0.011)
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migrans
migrans
migrans
E migr.
W migr.
non-migr.
0.001
0.001
0.021
(1.09.10-7 (7.65.10-8
(0.006
to 0.004)
to 0.004)
to 0.044)
0.005
0.004
0.032
(5.82.10-5 (2.70.10-5
(0.003
to 0.02)
to 0.018)
to 0.089)
0.008
0.008
0.026
-4
-5
(1.00.10
(9.25.10
(0.003
to 0.031)
to 0.032)
to 0.076)
0.001
0.001
0.005
(3.61.10-8 (2.38.10-8
(1.09.10-6
to 0.003)
to 0.003)
to 0.029)
0.680
0.010
0.258
-5
(0.667
(2.11.10
(0.191
to 0.715)
to 0.039)
to 0.317)
0.003
0.672
0.311
-7
(5.89.10
(0.667
(0.280
to 0.015)
to 0.687)
to 0.330)
0.002
0.002
0.819
(1.86.10-6 (1.25.10-6
(0.772
to 0.009)
to 0.009)
to 0.873)
0.001
0.001
0.001
-12
-11
(6.13.10
(1.76.10
(8.38.10-12
to 0.012)
to 0.010)
to 0.012)

NE
migr.
0.002
(1.21.10-6
to 0.008)
0.005
(5.34.10-5
to 0.023)
0.008
(9.58.10-5
to 0.032)
0.001
(2.94.10-8
to 0.005)
0.010
(3.92.10-5
to 0.038)
0.003
(8.19.10-7
to 0.015)
0.002
(1.26.10-6
to 0.009)
0.991
(0.967
to 0.999)

Table 3.5. Pairwise values of the estimate of genetic differentiation (PhiST) among subgroups of Loggerhead Shrike displayed below
the diagonal. All p values < 0.001.
Sub-Group
excubitorides
N migratory
excubitorides
S migratory
excubitorides
non-migratory
ludovicianus
non-migratory
migrans
E migratory
migrans
W migratory
migrans
non-migratory
Northeastern
migratory

excubitorides
N mig.

excubitorides
S mig.

excubitorides
non-mig.

ludovicianus
non-mig.

migrans
E mig.

migrans
W mig.

migrans
non-mig.

0.008
0.037

0.044

0.066

0.041

0.092

0.074

0.083

0.115

0.107

0.064

0.077

0.132

0.110

0.024

0.031

0.019

0.069

0.033

0.040

0.044

0.102

0.115

0.145

0.155

0.179

0.175
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0.128

NE
mig.

Figure 3.1. Breeding season sampling locale (2004-2008) and the eight sub-groups of Loggerhead Shrike defined based on a
combination of genetic attributes and migratory habit. Sample locale abbreviations correspond to those in Table 3.1. See Table 3.1
for sample sizes.
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A) Migratory

B) Non-Migratory

Figure 3.2. Correlograms for (A) migratory and (B) non-migratory Loggerhead Shrike.
Dashed lines represent the 95% confidence interval about the null hypothesis of no
spatial genetic structure.
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A) Migratory females

B) Non-migratory females

C) Migratory males

D) Non-migratory males

Figure 3.3. Correlograms for migratory (A and C) and non-migratory (B and D) female
(A and B) and male (C and D) Loggerhead Shrike. Dashed lines represent the 95%
confidence interval about the null hypothesis of no spatial genetic structure.
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A) Second Year migratory

B) Second Year non-migratory

C) After Second Year migratory

D) After Second Year non-migratory

Figure 3.4. Correlograms for Second Year (A and B) and After Second Year (C and D)
non-migratory (A and C) and non-migratory (B and D) Loggerhead Shrike.
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A) Second Year female migratory

B) Second Year female non-migratory

C) Second Year male migratory

D) Second Year male non-migratory

Figure 3.5. Correlograms for migratory (A, C, E and G) and non-migratory (B, D, F and
H) female (A, B, E and F) and male (C, D, G and H) Second Year (A through D) and
After Second Year (E through H) Loggerhead Shrike. Dashed lines represent the 95%
confidence interval about the null hypothesis of no spatial genetic structure.
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E) After Second Year female migratory

F) After Second Year female non-migratory

G) After Second Year male migratory

H) After Second Year male non-migratory

Figure 3.5 continued. Correlograms for migratory (A, C, E and G) and non-migratory (B,
D, F and H) female (A, B, E and F) and male (C, D, G and H) Second Year (A through
D) and After Second Year (E through H) Loggerhead Shrike. Dashed lines represent the
95% confidence interval about the null hypothesis of no spatial genetic structure.
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Figure 3.6. Geospatial depiction of Neighbourhood Mean estimates of genetic relatedness
for each genetic cluster for all Loggerhead Shrike locales sampled during the breeding
season from 2004 to 2008.
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CHAPTER 4
Factors Contributing to Variation in Moult
in the Loggerhead Shrike (Lanius ludovicianus).
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4.1 Introduction
Other than perhaps their ability to fly, birds are likely best known for their
often dramatic colors and exaggerated plumes. Plumage characteristics provide the
most common basis for species identification (e.g. Sibley and Monroe 1990) and
diagnostic differences can be used to discern age and sex in many species (Pyle
1997). For birds themselves, however, plumage is critical for social signaling or
crypsis (Rohwer and Butcher 1988, Butcher and Rohwer 1989), thermoregulation
(Spearman and Hardy 1985, Cena et al. 1986, Peirsma 1988), locomotion (Ruttledge
1979, Spearman and Hardy 1985, Tucker 1991), and ultimately survival and
reproduction (Jenni and Winkler 1994, Holmgren and Hedenström 1995, Shugart and
Rohwer 1996, Langston and Rowher 1996). As such, the seasonal replacement of
feathers, or moult, is an essential event in the life cycle of a bird.
As with migration (reviewed in Berthold 1990, Berthold 1996 and Pulido and
Berthold 2003), moult is in part genetically controlled (Berthold and Querner 1982,
Helm and Gwinner 1999, 2001), although not necessarily shaped by the same
selective pressures. While the timing of moult is constrained by both genetic and
environmental factors (Berthold and Querner 1982, Thompson and Leu 1994, Helm
and Gwinner 1999, 2001), it should proceed as rapidly as possible for feathers to
fulfill their multiple roles. However, the energetic demands that moult places on an
individual (Payne 1972, King 1981, Murphy and King 1991, Lindström et al. 1993)
result in it generally not overlapping temporally with other costly events such as
reproduction. Species that reside in more than one geographic area over their annual
cycle must not only balance the competing demands of feather regeneration with
reproduction, but also with those of migration. Although recent work by Rohwer et
al. (2010) suggests that the timing of reproduction in migratory birds can vary
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drastically, as revealed by their finding of winter breeding in a few western North
American migratory species, of the three major events in the annual life cycle of a
migratory bird – specifically moult, migration and reproduction – generally, moult is
the most flexible with respect to scheduling in the annual cycle. Therefore,
differences in moult scheduling likely represent an evolutionary trade-off between
resources allocated to moult versus those required for reproduction and migration
(Holmgren and Hedenström 1995, Howell et al. 1999, 2003, Leu and Thompson
2002).
Most North American migrants appear to moult entirely on the breeding
grounds just prior to migration, or on the wintering grounds following migration (Pyle
1997). Other moult strategies occur less commonly. For example, some western
passerines, including Warbling Vireos (Vireo gilvus swainsonii; Voelker and Rohwer
1998) and Lazuli Buntings (Passerina amoena; Young 1991) migrate part way to
their wintering grounds before moulting and then continuing on to their final
destination. Other species, such as the Purple Martin (Progne subis), initiate moult on
the breeding grounds, suspend it during migration, and then complete their moult on
the wintering grounds (Niles 1972). Many other swallow species, including the
Northern Rough-winged Swallow (Stelgidopteryx serripennis) (Yuri and Rohwer
1997), undertake moult and migration simultaneously (Niles 1972, Jenni and Winkler
1994, Yuri and Rohwer 1997).
Moult strategy varies not only among species (Rohwer and Manning 1990,
Rohwer and Johnson 1992), but also within species (Thompson 1992, Yuri and
Rohwer 1997). A variety of hypotheses have been suggested to explain moult timing,
invoking differences in sex and age (Pyle 1997), body size and wing loading (Pyle
2005), food availability (Hemborg 1999, Leu and Thompson 2002), migratory habit
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and migration distance (Jenni and Winkler 1994, Svensson and Hedenström 1999,
Hall and Tullberg 2004). The goal of our study was to investigate variation in the
extent and scheduling of moult in the Loggerhead Shrike (Lanius ludovicianus) and to
link this variation to factors known to impact moult, specifically, genetic differences
among populations (as reflected by subspecies classifications; see Chapter 2), age,
sex, body size, food availability and migratory habit.
The Loggerhead Shrike is a small passerine that is endemic to North America.
It has a broad geographic range (Yosef 1996) and is characterized by up to 11
subspecies, 3 of which occur east of the Rocky Mountains (Miller 1931). The
Loggerhead Shrike exhibits a Complex Alternate Strategy of moult, as do many North
American passerines (Howell and Corben 2000, Howell et al. 2003). This strategy
involves a preformative (i.e. first prebasic; Pyle 1997) moult, which is unique to the
first moult cycle, followed by prealternate and prebasic molts (Howell et al. 2003,
Burnside 2006). Any moult can be ‘complete’, including all feathers; ‘incomplete’,
including the contour, or body, feathers and some flight feathers; ‘partial’, including
contour feathers but no flight feathers; or ‘limited’, including some contour feathers
but typically not secondary coverts (Burnside 2006). The preformative moult in L.
ludovicianus is considered to be ‘partial’ or ’incomplete’ (Miller 1928, Howell et al.
2003, Burnside 2006). Prealternate moult is restricted to a limited number of body
feathers (Howell et al. 2003), although it may include one or more tertials – the 7th to
9th secondaries (Pérez and Hobson 2006). The result is a mix of juvenile and adult
plumage that is retained until late in, or after, an individual’s first breeding cycle,
when individuals undergo a ‘complete’ prebasic moult on an annual basis (Miller
1928). The pattern of limited prealternate and complete prebasic moult then
continues over the life cycle of the individual (Howell et al. 2003, Burnside 2006).
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The Loggerhead Shrike includes both non-migratory and migratory
populations within recognized subspecies (Miller 1931, Chapter 2). The migratory
populations vary in their migration distances both among and within subspecies
(Burnside 1987, Chapter 2). Further, migratory populations breed across distinct
environmental gradients depending upon their differing latitudinal and longitudinal
position. The replacement of feathers by first year birds is easily characterized, and
sexes can be distinguished morphologically or through the use of sex-linked DNA
markers. As such, the Loggerhead Shrike provides an excellent system to study
factors implicated in different moult patterns, for example, underlying genetic
differences, age, sex, body size and migratory habit. Study undertaken across a single
species’ range and multiple populations allows us to look at variation in moult at the
lowest possible taxonomic scale, thereby limiting phylogenetic confounds. Further,
to truly understand the origin of differences in moult strategies among taxa we should
examine the phenomenon as it arises, as variation within species is ultimately what is
converted to among-species differences.

4.2 Materials and Methods
4.2.1 Field Sampling, Aging and Sexing
Individuals were sampled during the breeding and wintering seasons from
2004 to 2009 by opportunistically capturing adult shrikes using a modified Potter trap
baited with a live mouse (Mus musculus) that was placed in a protective hardware
cloth cage (Craig 1997). Sampling was undertaken in 20 areas (Table 4.1) throughout
the ranges of three subspecies: L.l. ludovicianus, a non-migratory subspecies, L.l.
migrans, the eastern migratory subspecies, and L.l. excubitorides, a western migratory
subspecies. The latitude and longitude of each capture was recorded using a handheld

127

Garmin 12XL Global Positioning system with accuracy of ± 10 m. The unflattened
wing-chord length of each bird was taken with a wing rule to the nearest 1 mm and
the mass of each bird was obtained to the nearest gram using a 100 g Pesola scale.
During the breeding season, individuals were sexed based on the presence or
absence of a brood patch. Individuals sampled during the winter were sexed using
PCR-based assays with the primers 2550F (5’-GTTACTGATTCGTCTACGAGA-3’)
and 2718R (5’-ATTGAAATGATCCAGTGCTTG-3’) (Fridolfsson and Ellegren
1999) as per the methods of Brady et al. (2009).
All shrikes were aged based on moult limits and designated as either Hatch
Year (HY; first breeding season) or After Hatch Year (AHY; second or subsequent
breeding season) as per Pyle (1997). This does not follow the convention of
designating birds from the period post-fledging to December 31 of each year as either
HY or AHY, at which time would be classified as Second Year (SY) and After
Second Year (ASY), respectively. However, for the moult cycle of shrikes there are
no discernable differences between HY and SY or AHY and ASY based on flight
feathers moulted. Therefore, we used the terms HY to designate birds having
undertaken a partial or incomplete moult and AHY to designate birds having
undergone a complete moult.

4.2.2 Timing of Moult
We investigated timing of moult by examining the isotopic (stable hydrogen,
hereafter referred to as deuterium) signatures of flight feathers from 40 individuals in
three sampling areas, one within the migratory range of L.l. migrans in northern
Illinois, (Northeastern, n = 7), and two in the range of L.l. excubitorides, representing
a northern (Northwestern, northern North Dakota, n = 18) and a southern
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(Southwestern, the border of South Dakota and Nebraska, n = 15) migratory
population. We clipped an approximately 1.0 x 0.5 cm section of the distal web of
primaries P1, P3, P6, P9 (as numbered distally from innermost to outermost);
secondaries S1, S3, S6, S9 (numbered proximally from outermost to innermost); and
rectrices R1, R3, and R6 (as numbered distally from innermost to outermost) from
each individual for use in stable isotope analysis. Sampling included both HY and
AHY birds in each of these areas, but overall samples used in isotope analyses were
skewed toward AHY male shrikes.
For stable isotope analysis, feathers were first cleaned in 2:1
chloroform:methanol solution overnight, drained, and air dried under a fumehood for
at least 3 hours. Feather tissue was then cut and 350 µg ± 10 µg weighed into 4.0 x
3.2 mm silver capsules for online hydrogen isotope analysis by continuous-flow
isotope-ratio mass spectrometry (CFIRMS). Stable hydrogen isotope analytical
measurements (δD) followed the ‘comparative equilibration’ technique described by
Wassenaar and Hobson (2003). This method includes precalibrated kerating working
standards run along with unknown tissue samples, which are then isolated from the
atmosphere using a zero-blank autosampler and analyzed in a single session, thus
ensuring quality and accuracy of results (Wassenaar 2008). Stable hydrogen isotope
ratios are reported as the non-exchangeable hydrogen expressed in the typical delta
notation in units of per mil (‰) (δD: deuterium) normalized on the Vienna Standard
Mean Ocean Water-Standard Light Antarctic Precipitation scale (VSMOW-SLAP), in
which higher values of δD correspond with heavier isotope composition. Experiments
with feathers and hair have shown that the overall level of δD variance associated with
measurements strictly due to internal metabolic processes and laboratory
methodology is of the order of ±3‰ (Bowen et al. 2005, Wassenaar and Hobson
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2006), which is very close to the analytical error inherent in CF-IRMS measurements
for δD (± 2‰) (Wassenaar 2008). Feather samples were analyzed at the stableisotope facility of the National Water Research Centre in Saskatoon, Canada. Due to
limited tissue sample from each individual, only one assay was run per bird.
Therefore, we cannot assess within-sample heterogeneity (Wassenaar 2008).
Data of expected deuterium feather values based on a map for North American
raptors (Lott and Smith 2006) and Loggerhead Shrike (Chapter 2) were compared to
the actual deuterium values of shrike feathers we obtained in each of the three
geographic sample areas. Based on this comparison, we set a cut-off value
designating the breeding grounds of -40‰ for the Northeastern area, -70‰ for the
Northwestern area and -43‰ for the Southwestern area. The moult location of each
feather was categorized as being on the breeding or nonbreeding grounds based on
whether its isotopic value was less than or greater than this cut-off value, respectively.
We derived the mean breeding and nonbreeding season value for each feather
for each sample area and, within each sample area, for HY and AHY birds. We tested
for differences in isotopic values based on the age or sex of birds among and within
regions denoting breeding and nonbreeding areas within and among sample areas
using Analysis of Variance (ANOVA). Using data only from feathers that had been
replaced during moult for HY birds and all feathers for AHY birds, we tested whether
individual feather types (e.g. P1, P3) showed different moult frequencies on the
breeding versus nonbreeding grounds within each population and whether the overall
extent of moult on the breeding versus nonbreeding ground varied among
populations, by age or sex using contingency tables and Pearson’s chi-square tests
(Pearson 1900).
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4.2.3 Factors Contributing to Variation in Moult Patterns
Moult charts were compiled for all captured HY birds in which the replaced
wing and tail feathers were recorded for each side of the bird separately. All
categorization of moult was conducted outside of the known period of active moult
for the species (Miller 1928, Howell et al. 2003, Burnside 2006). However, some
birds were in active moult at the time of capture (n = 9, 4%), as evidenced by partial
replacement of at least one feather. We excluded these individuals from analyses.
We found unexpected asymmetrical moult (Pyle 1997) in 59 (28%) of the individuals
we examined, with moult differing by usually 1 but up to 4 feathers, with variation
usually among the remiges (wing feather) but with no apparent bias as to side.
Therefore, we tallied the moulted flight feathers from both of the wings and the entire
tail, rather than recording moult using one side of the bird only. Each individual was
scored based upon the number of remiges (i.e. a total of 20 primaries and 18
secondaries) and rectrices (tail feathers, n = 12) moulted.
We used model selection methods based on Akaike’s Information Criterion
corrected for small sample sizes (AICc, Akaike 1973, Burnham and Anderson 1998),
with AICc values derived from General Linear Models using total number of flight
feathers moulted as the response variable. Following Burnham and Anderson (1998),
models were ranked by second-order AICc differences (∆AICc), from which the
relative likelihood of each model was estimated. We considered all models with
∆AICc less than 2.0 from the top model to have strong statistical support (Burnham
and Anderson 1998). Model effects included migratory habit (migratory or nonmigratory), region (associated with differences in actual evapotranspiration rates,
Thornthwaite Associates1964a and 1964b, an index of primary productivity,
Rosenzweig 1968), subspecies (following Miller 1931), latitude (a proxy for
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migration distance), longitude (a proxy for clinal variation), sex, and body size
(measured as the residual obtained in a regression of wing chord length on mass). All
statistical analyses were performed using JMP 8.0.1 (SAS 2008).

4.3 Results
Our analyses of moult patterns of HY shrikes are based on flight feather moult
data obtained from 210 individuals, representing male (n = 113) and female (n = 62)
shrikes, three subspecies (L.l. migrans, n = 74, L.l. ludovicianus, n = 71 and L.l.
excubitorides, n = 65) and both eastern (n = 145) and western (n = 65) portions of the
species’ range in North America (Tables 4.1 and 4.7).
Examination of the timing of moult using isotopic signatures is based on data
from 40 birds from 3 populations. Deuterium data showed a wide range and bimodal
distribution of values (Figure 4.1), indicating that feathers were moulted both on the
breeding and on the nonbreeding grounds. This bimodal distribution pattern was
most pronounced in western sample areas (Figures 4.1B and 4.1C).
Breeding and nonbreeding ground isotope values differed significantly among
sample areas (ANOVA, Breeding: F1,174 = 183.21, p < 0.001; Nonbreeding: F1,258 =
6.68, p = 0.002) (Table 4.2). However, nonbreeding ground deuterium values did not
differ between the Northwestern and Southwestern sample areas (t232 = 1.97, p = 0.69)
(Table 4.2).
We found significant differences in the breeding ground deuterium feather
values between age cohorts (ANOVA, F1,46 = 6.86, p = 0.012) and sexes (ANOVA,
F1,46 = 39.06, p < 0.001) in the Northeast, with males and AHY birds having more
positive values. We also found significant differences in nonbreeding ground
deuterium values between sexes in the Northeastern population (ANOVA, F1,26 =
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100.20, p < 0.001), with females having more positive values. No test of differences
in nonbreeding ground feathers by age cohort was possible in the Northeastern
population as all HY birds had breeding ground deuterium values.
We found a significant difference between breeding ground deuterium feather
values of AHY and HY birds (ANOVA, F1,63 = 4.28, p = 0.043) in the Northwest,
with AHY males having more positive values than HY males. We did not find a
difference in nonbreeding ground values between age cohorts (ANOVA, F1,131 = 3.49,
p = 0.064). No tests of differences by sex were possible as our sample included only
males.
In the Southwestern area, breeding ground deuterium values were again more
positive for AHY and male shrikes (ANOVA, AHY versus HY: F1,62 = 36.93, p <
0.0001; M versus F: F1,63 = 17.33, p < 0.0001). Similarly, male and AHY birds had
more positive nonbreeding ground deuterium feather values (ANOVA, AHY versus
HY: F1,98 = 8.79, p = 0.004; M versus F: F1,98 = 6.22, p = 0.014).
Although moult varied among individuals, a general pattern of replacement of
P1 and P3 on the breeding grounds was evident in AHY birds (Table 4.3, Figure 4.1)
but the majority of feather growth appeared to occur on the nonbreeding grounds
(Tables 4.3 and 4.4, Figure 4.1). The main difference in moult among individuals
occurred in the degree to which secondaries, in particular S1, and rectrices, in
particular R1, were replaced on the breeding versus nonbreeding grounds (Table 4.3).
However, we caution that moult origin for tail feathers is not definitive as they can be
lost adventitiously in shrikes. Indeed 11% of the shrikes examined were missing one
or more tail feathers, with no other evidence of active moult.
Hatch Year birds showed a similar pattern of replacing feathers both on the
natal and nonbreeding grounds, but the order of replacement varied from that of AHY
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birds (Tables 4.5, Figure 4.1). While we again found considerable variation in moult
among individuals, it appeared that HY shrikes most often replaced their proximal
secondaries, in particular S6 through S9, all tail feathers and outer primaries, in
particular P6 to P10 (Tables 4.5 and 4.6).
The location of moult in AHY birds varied significantly among feather types
for all populations (Pearson’s chi-square tests, Northeastern: χ2 = 29.56 p = 0.009;
Northwestern: χ2 = 84.49, p < 0.0001; Southwestern: χ2 = 109.32, p < 0.0001; DF =
10 for all) with the majority of feathers being replaced on the nonbreeding grounds
(Table 4.3). However, the extent of moult on the breeding grounds for AHY birds in
the Southwestern and Northeastern sample areas was significantly higher than those
in the Northwestern population (Pearson’s chi-square test, χ2 = 7.08, p = 0.030, DF =
2) (Table 4.3). No significant differences were found in the extent of replacement of
feathers on the breeding grounds in the Northeastern versus Southwestern populations
(Pearson’s chi-square test, χ2 = 3.08, p = 0.079, DF = 1). Tests between sexes within
the Northeastern and Southwestern areas (no samples from females were collectected
from the Northwestern sample area) indicated that male birds in the Northeeastern
area replaced more feathers on the breeding grounds than did females (Pearson’s chisquare tests: NE, χ2 = 4.97, p = 0.03; SW, χ2 = 0.08, p = 0.77, DF = 1 for all).
However, sample sizes for comparison of sexes in the Northeastern area were low,
which may have resulted in low statistical power.
The extent of moult varied in HY birds among our sample areas (Table 4.7).
In general, L.l. ludovicianus undertook a more extensive moult than L.l. excubitorides
and L.l. migrans, in particular within the secondaries and primaries (Table 4.7).
Three candidate models had substantial support based on second-order AICc
differences (Table 4.8), and were very closely ranked based on model weights derived
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from AICc values. The model with subspecies, latitude and sex as factors was most
highly supported, followed by the model including these factors as well as migratory
status, and the model with only subspecies and sex as effects. Thus, subspecies and
sex are common to all of the top models, although none of the three received more
than 26% support.

4.4 Discussion
4.4.1 Moult in the Loggerhead Shrike
Our study indicates that the most important determinants of moult timing and
pattern in the Loggerhead Shrike are age, sex, and subspecies (Miller 1931), the latter
reflecting underlying differences in DNA microsatellite frequencies (see Chapter 2).
Additionally, our data suggest that the preformative or first prebasic moult in
Loggerhead Shrike is incomplete, rather than partial. Palmer (1898) provided the first
detailed account of moult in the Loggerhead Shrike, although Miller (1928) undertook
the most complete study of moult in the species to date. Miller’s seminal work was
based on 377 specimens, including most of the collection of 331 Loggerhead Shrikes
available at the time from the Museum of Vertebrate Zoology at the University of
California, Berkeley. However, few individuals from L.l. ludovicianus and L.l.
migrans were included in his study, with the majority of specimens from either the
non-migratory L.l. gambeli subspecies or from L.l. excubitorides from southern, nonmigratory portions of the species’ range. More recently, Pérez and Hobson (2006)
undertook an isotopic examination of moult in a migratory population of L.l.
excubitorides breeding in southern Saskatchewan and western Manitoba.
Our results confirm the suggested sequence of moult for AHY shrikes found
in previous studies (Miller 1928, Pérez and Hobson 2006), specifically: moult begins
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with P1 and proceeds distally; tail and secondary feather moult occurs at the same
time as the primary feathers, usually on or about the time that P3 or P4 is lost; tail
moult starts with the central rectrix (R1) and proceeds outward; and secondary moult
begins with S1 and proceeds inward at about the same time as tail moult begins.
Further, our results confirm the finding of Pérez and Hobson (2006) that adult shrikes
replaced P1 and P3 almost exclusively on the breeding grounds. However, the more
extensive moult of secondaries and tail feathers assigned to the breeding season by
Pérez and Hobson (2006) appears to be an artifact of combining age cohorts, which
skew results toward breeding ground origins due to the presence of retained juvenal
feathers, as our analyses indicate a less extensive moult on the breeding grounds.
Our results add to what is known of the first prebasic or preformative moult in
shrikes (Palmer 1989, Miller 1928, Pyle 1997, Howell et al. 2003). In general, young
shrikes replace S6 to S9 and all tail feathers. Secondary moult appears to start with
the tertials (S7, S8 or S9) and proceeds inward, to S6, then S5, etc. (Tables 4.5 and
4.7). As with adult shrikes, tail feather regeneration starts with the central rectrices
and proceeds outwards (Table 4.5). Primary moult appears to begin with the
outermost feathers and proceeds inward, with variability in the number of feathers
replaced (Table 4.7). For HY birds, the extent of moult undertaken by juvenile
shrikes varies greatly even among individuals from the same population (Table 4.7).
While our results confirm that in shrikes, as in the majority of birds (Pyle 1997), the
prebasic or preformative moult includes one or all of the tertials, our data suggest that
they are replaced equally on both the breeding and nonbreeding grounds, rather than
occurring more frequently on the breeding grounds (Pyle 1997). As we only sampled
S9, we cannot comment upon the sequence of moult among the three tertial feathers
(S7-S9).
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4.4.2 Factors Affecting Variation in Moult
Several authors have suggested that at least some migratory shrikes begin
moult on the breeding grounds and either continue it during fall migration or suspend
moult during migration and resume it again on their wintering range (Palmer 1898,
Miller 1931, Lefranc and Worfolk 1997). Pérez and Hobson (2006) confirmed the
pattern of interrupted moult in Loggerhead Shrike, noting that following partial
primary replacement moult was largely suspended until birds reached either their
wintering grounds or a region that overlapped with the known wintering grounds.
Pérez and Hobson (2006) attributed the pattern of interrupted moult to the need for
shrikes to compensate for relatively short breeding seasons at northern latitudes in
favour of reaching wintering sites. As such, they predicted that more southerly
breeding populations would show a lesser tendency to interrupt moult following
breeding due to shorter migration distance, a result supported by our study.
Interrupted moult has been suggested as a mechanism to handle time constraints
during moult (Hall and Tullberg 2004), which could be related to time needed for
breeding and migration (Alerstam and Högstedt 1980, Holmgren and Hedenström
1995, Pérez and Hobson 2006).
Our findings that young birds that do not migrate have an apparently more
extensive moult may provide indirect evidence of the energetic demands resulting
from migration. Despite the rigours of migration, migratory birds are generally
believed to have higher recruitment into wintering populations than non-migratory
conspecifics, due to higher fecundity achieved on more productive northern breeding
grounds. Under this scenario, northern migrants might be expected to out-compete
residents and eventually cause the demise of non-migratory populations (Alerstam
and Enckell 1979, Bell 2000). The more extensive pre-formative moult, which results
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in a greater number of higher quality feathers (Dwight 1900, Rohwer and Manning
1990, Pyle 1997), may confer a competitive advantage to non-migrants during the
non-breeding season. In addition to factors such as prior occupancy and familiarity
with an area (Cox 1985), this may help non-migrants competing with migrants where
non-breeding habitat use is similar between cohorts.
We found unexpected differences in within-season deuterium values between
age cohorts and sexes. We pose two possible explanations. First, and most probably,
our sample could have included birds that moved into the breeding area after having
grown their feathers elsewhere (Hobson et al. 2004), which could have skewed the
deuterium values within classes. Alternatively, given the varied diet of the species
(Yosef 1996), it is possible that the differences were due to diet related differences
when feathers were being regenerated. For example, vertebrate prey may form a
larger proportion of the diet of male birds, which are more aggressive in pursuit of
vertebrate prey (pers. observation), or older birds, which are more experienced and
thus perhaps better able to successfully handle these relatively more dangerous prey
items. Regardless, these differences between cohorts do not alter our interpretation of
moult timing as the data are clearly bimodal in nature, representing feathers with both
nonbreeding and breeding ground origins.
The large range of nonbreeding season deuterium values for each population
likely indicates that shrikes winter over large geographic areas and thus exhibit only
weak migratory connectivity (Webster et al. 2002), which helps to confirm our results
of migratory connectivity in this species (see Chapter 2). Comparison of our data to
deuterium maps (Lott and Smith 2006, Chapter 2) shows that the values we obtained
span the species’ wintering range (Yosef 1996), and reflect what is known of the
species’ wintering grounds (Burnside 1987, Yosef 1996, Hobson and Wassenaar
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2001, Pérez and Hobson 2007, Chapter 2). However, the similarity in wintering
season deuterium values between the two western populations suggests that shrikes
exhibit neither a pattern of leap-frog migration, where the latitudinal sequence of
different populations’ wintering areas is in the reverse order of their breeding areas
(Salomonsen 1955) nor chain migration, where the wintering grounds of different
populations are situated in the same latitudinal sequence as their breeding areas
(Nilsson 1858 in Alerstam and Hedenström 1998, Salomonsen 1955).
Although the range of deuterium values we found possibly reflects the
species’ geographically broad wintering range, it could also indicate that shrikes
moult during migration before reaching their ultimate wintering ground (Pérez and
Hobson 2006). Our data may suggest that both are true. The large ‘gap’ in deuterium
data values in the Northwestern, and to a lesser degree Southwestern, population
implies that moult is suspended during at least the first portion of migration (Figure
4.1B and 4.1C). Concomitantly, the broad variation in the nonbreeding season values
among individuals from the same population implies that individuals are wintering
over a broad area; however, the broad range of deuterium values found among
feathers from the same individual may indicate that moult is occurring over a large
portion of this wintering range.
Moult during migration is not unknown in birds. While investigations to date
have focused on species that breed west of the Rocky Mountains, moult during
migratory flight has been documented in Baird’s Sparrow (Ammodramus bairdii;
Voelker 2004) and in some western Warbling Vireos (Voelker and Rowher 1998).
The phenomenon for these taxa is generally attributed to thermoregulatory factors
associated with the Mexican monsoon region encompassed within the wintering range
of the species examined, high food availability and to the fact that they can devote
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resources to the two activities simultaneously (Voelker 2004). If moult and migration
do co-occur in the Loggerhead Shrike, we posit that individuals are able to
energetically cope with moult during migration upon reaching the comparatively less
arid nonbreeding areas (Burnside 1987, Pérez and Hobson 2007). Further, while most
night migrant passerines stop over during migratory transit for only a day or two of
rest (Biebach et al. 1986), shrikes are among the few species that do stay for longer
periods at stopover sites (Lavee et al. 1991), and may even establish territories while
stopping (Schon 1995). Alternatively, Loggerhead Shrikes may undertake ‘step
migration” where individuals have more than one wintering site, and migrate between
them; this has been reported for Old World shrike species, including Masked Shrikes
(Lanius nubicus) (Yosef and Tryjanowski 2002), Red-backed Shrike (Lanius collurio)
(Tryjanowski and Yosef 2002) and Woodchat Shrike (Lanius senator) (Yosef and
Tryjanowski 2000).
Based on our multi-model assessment, the differences in moult patterns
among populations of Loggerhead Shrike are attributable to underlying genetic
differences, as reflected by subspecies designation (Miller 1931, Chapter 2),
differences between sexes, and both migratory behaviour and migration distance, as
represented by latitude. In a review of differences of moult scheduling and
environmental differences in Neotropical migrants, Rowher et al. (2005) suggested
that precipitation patterns, which are related to primary productivity in mid and late
summer, may explain differences in moult scheduling between eastern and western
species, with higher productivity rates in the east (Thornthwaite Associates, 1964a,
1964b) allowing for more extensive moult on the breeding grounds, as we found in
the Loggerhead Shrike. The size of the wintering range relative to the breeding range
may also underpin differences in moult scheduling between eastern and western bird
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populations, with moult occurring on the larger of the two ranges due to competition
for food on the smaller (Voelker and Rohwer 1998). However, the apparently large
wintering range of Loggerhead Shrikes makes this explanation unlikely.
Male After Hatch Year Loggerhead Shrikes tended to moult more feathers on
the breeding grounds than females. The pattern of differential moult between sexes
has been documented broadly in North American passerines (Pyle 1997). Although
the causes are unclear, differences possibly reflect distinct resource constraints on
moulting between the sexes (Newton and Marquiss 1982, Henny et al. 1985, Shugart
and Rohwer 1996, Pyle 2005). We hypothesize that differences between male and
female shrikes may be attributable to larger energetic costs of reproduction for
females (e.g. production of eggs).
Subspecies was a significant factor in all three of our best models, with
latitude and migratory habit factors in the two best-supported models we examined
(Table 4.8). Similarly, differences in moult have been documented in population
comparisons of Painted Buntings (Passerina ciris; Thompson 1992). Not
unexpectedly, our results indicate a more extensive preformative moult in Hatch Year
L.l. ludovicianus, the non-migratory subspecies (Miller 1931), in comparison to the
eastern (L.l. migrans) and western (L.l. excubitorides) subspecies, both of which are
migratory in the northern portions of their range. Our results thus corroborate
previous findings that moult strategy is related to migratory habit and distance (Jenni
and Winkler 1994, Svensson and Hedenström 1999, Hall and Tullberg 2004).
Our findings have implications for conservation of the Loggerhead Shrike.
The species has declined across its range since the mid-1900s (Cade and Woods
1996), with a 79% decline, the 6th largest, over the period of the Breeding Bird
Survey (Berlanga et al. 2010). The general consensus is that factors on the wintering
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grounds are disproportionately responsible for these declines (Temple 1995, Cade and
Wood 1996, Pruitt 2000). The suggestion of weak migratory connectivity, lack of
chain or leap-frog migration pattern and possible step migration is important as these
will determine if management activities should be directed at targeted areas, or more
broadly implemented.
While the aim of our study was not to identify the wintering grounds of any
population, our data confirm the use of P1 as a reliable indicator of breeding ground
origins (Pérez and Hobson 2006), which will facilitate future study focused on
identifying wintering grounds and dispersal among populations (e.g. Hobson et al.
2004). Further, our results indicating that both S9 and R6 are reliable indicators of
wintering ground origin suggest future studies could determine wintering locales of
birds sampled in the summer. This would prove of particular value when working
with small endangered populations, where identification of wintering grounds is key
to recovery (Johns et al. 1994, Environment Canada 2010), and for which locating
wintering grounds through the traditional assessment of breeding origin feathers from
wintering individuals is problematic due to small population sizes. For example,
efforts to locate the wintering grounds of populations of Loggerhead Shrike in eastern
Canada are hampered by the fact that the fewer than 50 pairs currently occur in this
area and the probability of capturing any one individual on the species’ large
wintering ground (Chapter 2) is very low. If information on wintering ground
location could be obtained from a feather reliably replaced during the non-breeding
season, survey efforts could be focused in the most likely wintering area (per the
methodology of Greenberg et al. 2007).
The study of moult has broad implications from an evolutionary perspective as
well. To date, there are few comparative studies of moult among age and sex classes
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and populations, despite emerging evidence regarding the evolutionary significance of
this behaviour (Young 1991, Siikamäki et al. 1994, Leu and Thompson 2002, Rowher
et al. 2005). Given that we found differences between sexes and between age cohorts,
as well as subspecies and populations with different migration habits and distances,
moult pattern clearly has fitness consequences. We encourage other researches to
engage in similarly detailed intraspecific research.
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Table 4.1. List of sampling sites for HY birds included in this study, the geographic
coordinates of sample areas, and breakdown by sex.
Sample locale
Latitude (°N)
Longitude (°W)
Alabama
30.32 to 30.41 -87.68 to -87.77
Arkansas
34.45 to 34.78 -91.87 to -92.17
Florida
27.22 to 38.92 -81.46 to -84.24
Georgia
31.06 to 32.13 -83.61 to -83.92
Illinois
41.35 to 41.40 -88.03 to -88.17
Kansas
39.38 to 39.84 -101.54 to -101.77
Louisiana
30.04 to 30.25 -92.09 to -92.34
Mississippi
33.13 to 33.22 -90.75 to -91.03
Montana
47.42 to 48.24 -104.34 to -105.78
North Carolina
35.32 to 35.82 -77.09 to -79.05
North Dakota
46.26 to 47.42 -102.63 to -103.36
Oklahoma
36.23 to 36.97 -95.48 to -99.25
Ontario
44.32 to 45.47 -76.65 to -81.13
South Carolina
33.36 to 33.67 -80.20 to -80.92
South Dakota-N 44.36 to 45.20 -102.28 to -103.13
South Dakota-S
43.03 to 43.20 -100.11 to -100.75
Tennessee
35.27 to 35.34 -88.94 to -89.32
Texas
28.66 to 33.87 -96.41 to -98.64
1
Sex could not be determined for all birds captured.
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NTotal
171
13
271
61
181
3
6
141
3
6
2
111
221
91
6
2
4
411

NFemaleHY
8
3
7
2
7
0
2
1
1
2
0
1
12
1
3
1
2
9

NMaleHY
6
10
13
2
10
3
4
4
2
4
2
9
9
4
3
1
2
25

Table 4.2. Summary of deuterium values of flight feathers from all Loggerhead Shrikes
based on isotopic criteria as follows: NE breeding area (A), less than -40‰; NW
breeding (B), less than -70‰; and SW breeding area (C), less than -43‰.
Feather
P1
A
B
C
P3
A
B
C
P6
A
B
C
P9
A
B
C
S1
A
B
C
S3
A
B
C
S6
A
B
C
S9
A
B
C
R1
A
B
C
R3
A
B
C
R6
A
B
C

Natal/Breeding Area
Mean ± SD (‰)
95% CI (‰)
-53.40 ± 3.65
-60.79 to -46.01
-86.08±10.17
-90.80 to –81.32
-62.70± 8.78
-67.70 to -57.74
-53.99 ± 3.65
-61.39 to -46.61
-85.01 ± 11.46
-91.10to -79.96
-61.81 ± 2.28
-66.80 to -56.84
-56.72 ± 4.32
-65.46 to -47.98
-97.90 ± 3.88
-105.70 to -90.12
-64.65 ± 3.96
-72.60 to -56.71
-61.95 ± 5.57
-73.23 to -50.66
-99.99 ± 3.88
-107.80 to -92.22
-74.26 ± 6.26
-86.80 to -61.69
-55.28 ± 4.31
-64.03 to -46.54
-101.02 ± 3.88
-108.80 to -93.24
-63.25 ± 3.13
-69.50 to -56.97
-57.79 ± 5.57
-69.08 to -46.51
-105.85 ± 4.25
-114.40 to -97.33
-72.37 ± 6.26
-84.90 to -59.81
-54.17 ± 6.82
-67.99 to -40.34
-104.32 ± 5.48
-115.30 to -93.32
-62.56 ± 8.85
-80.30 to -44.80
-57.90 ± 5.57
-69.19 to -46.62
-58.77 ± 24.99
-72.40 to -45.17
-55.51 ± 3.94
-63.49 to -47.53
-79.29 ± 4.25
-87.80 to -70.77
-62.25 ± 2.55
-67.40 to -57.13
-52.79 ± 4.82
-62.57 to -43.02
-83.18 ± 8.85
-100.90 to -65.42
-48.42 ± 5.57
-59.71 to -37.13
-76.25 ± 8.85
-94.00 to -58.49
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Nonbreeding Area
Mean ± SD (‰) 95% CI (‰)
-26.71 ± 0.68
-42.44 to -10.98
-22.89 ± 8.51
-40.69 to -5.09
-20.10 ± 3.39
-26.82 to -13.38
-20.66 ± 2.80
-26.21 to -15.10
-28.37 ± 6.01
-40.95 to -15.78
-18.73 ± 3.39
-25.45 to -12.02
-16.34 ± 2.45
-21.22 to -11.47
-25.54 ± 8.51
-43.34 to -7.74
-16.44 ± 3.39
-23.15 to -9.72
-18.36 ± 3.34
-25.00 to -11.72
-30.23 ± 6.01
-42.81 to -17.64
-13.32 ± 3.26
-19.78 to -6.87
-17.44 ± 2.45
-22.32 to -12.57
-27.86 ± 6.01
-40.45 to -15.27
-16.57 ± 3.04
-22.58 to -10.56
-15.78 ± 2.36
-20.47 to -11.08
-28.81 ± 6.01
-41.40 to -16.22
-18.44 ± 2.77
-23.92 to -12.95
-22.74± 8.53
-27.90 to -17.59
-15.83 ± 12.03
-41.01 to -9.35
-28.98 ± 3.26
-35.43 to -22.52
-35.02 ± 6.25
-47.44 to -22.60
-27.72 ± 6.94
-42.26 to -13.19
-19.12 ± 2.77
-24.60 to -13.63
-19.02 ± 2.36
-23.71 to -14.32
-22.01 ± 6.01
-34.60 to -9.42
-20.12 ± 2.77
-25.60 to -14.63
-16.95 ± 2.36
-21.65 to -12.26

Table 4.3. Moult location for each individual AHY Loggerhead Shrike (identified by
USGS band number) based on the isotopic criteria: NE breeding (A), less than -40‰;
NW breeding (B), less than -70‰; SW breeding (C), less than -43‰.
Bird
Northeastern
1981-079091

Sex

1981-07910

Male

1981-07927

Female

1981-07931

Male

1981-08000

Male

Male

Northwestern
1981-07968
Male

Deuterium Evaluated Origin
Breeding Area
Wintering Area
S1, S3, S6, S9, P1, P3, P6, P9
R1
S1, P1, P3, P6
R1
P1, P3
P1, P3
R1, R6
S1, P1, P3, P6
R1, R3
P1, P3

1981-07969

Male

P1

1981-07970

Male

S1, S3, P1, P3, P6, P9

1981-07971

Male

S1, S3, S6, P1, P3, P6, P9

1981-07972

Male

S1, S3, S6, P1, P3, P6, P9

1981-07973

Male

P1, P3

1981-07974

Male

1981-07975

Male

1981-07978

Male

P1, P3
R1
P1, P3
R1
P1

1981-07979

Male

P1, P3

1981-07980

Male

P1, P3

1981-07981

Male

1981-07983

Male

P1, P3
R1
P1, P3

1981-07984

Male

P1, P3
R1
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R6
S3, S6, S9, P9, R3,
R6
S1, S3, S6, S9, P6, P9,
R1, R3, R6
S1, S3, S6, S9, P6, P9,
R3
S3, S6, S9, P9
R6
S1, S3, S6, S9, P6, P9
R1, R3, R6
S1, S3, S6, S9, P3, P6, P9
R1, R3, R6
S6, S9
R1, R3, R6
S9
R1, R3, R6
S9
R1, R3, R6
S1, S3, S6, S9, P6, P9
R1, R3, R6
S1, S3, S6, S9, P6, P9
R3, R6
S1, S3, S6, S9, P3, P6, P9
R3, R6
S1, S3, S6, S9, P3, P6, P9,
R1, R3, R6
S1, S3, S6, S9, P6, P9
R1, R3, R6
S1, S3, S6, S9, P6, P9
R1, R3, R6
S1, S3, S6, S9, P6, P9
R3, R6
S1, S3, S6, S9, P6, P9
R1, R3, R6
S1, S3, S6, S9, P6, P9
R3, R6

Table 4.3 continued. Moult location for each individual AHY Loggerhead Shrike
(identified by USGS band number) based on the isotopic criteria: NE breeding (A), less
than -40‰; NW breeding (B), less than -70‰; SW breeding (C), less than -43‰.
Bird
1981-07985

Sex
Male

Southwestern
1981-07932
Male

1

1981-07933

Female

1981-07934

Male

1981-07935

Male

1981-07936

Male

1981-07937

Male

1981-07938

Male

1981-079391

Male

1981-07941

Male

1981-07943

Male

1981-07944

Male

1981-07945

Male

1981-07946

Female

Deuterium Evaluated Origin
Breeding Area
Wintering Area
P1, P3
S1, S3, S6, S9, P6, P9
R1
R3, R6
S1, P1, P3, P6
R1
S6, P1, P3
R1
S9, P1, P3
R1
S1, P1, P3
R1
P1, P3
R1
S1, P1, P3, P6
R1
P1, P3
R1
S1, P1, P3
S1, P1, P3, P6
R1
P1, P3
R1
P1, P3
R1
S1, P1, P3
R1
P1, P3
R1

Missing a rectrix.
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S3, S6, S9, P9
R3, R6
S1, S3, S9, P6, P9
R3, R6
S1, S3, S6, P6, P9
R3, R6
S3, S6, S9, P6, P9
R3, R6
S1, S3, S6, S9, P6, P9
R3, R6
S3, S6, S9, P9
R3, R6
S1, S3, S6, S9, P6, P9
R3, R6
S3, S6, S9, P6, P9
R3, R6
S3, S6, S9, P9
R3, R6
S1, S3, S6, S9, P6, P9
R3, R6
S1, S3, S6, S9, P6, P9
R3, R6
S3, S6, S9, P6, P9
R3, R6
S1, S3, S6, S9, P6, P9
R3, R6

Table 4.4. Individual mean breeding and nonbreeding area feather deuterium values of
After Hatch Year Loggerhead Shrikes Shrike (identified by USGS band number).

Bird
Sex
Northeastern
1981-07909 Male

N
9

1981-07910

Male

5

1981-07927

Female

2

1981-07931

Male

4

1981-08000

Male

6

Northwestern
1981-07968 Male

2

1981-07969

Male

1

1981-07970

Male

6

1981-07971

Male

7

1981-07972

Male

7

1981-07973

Male

2

1981-07974

Male

3

1981-07975

Male

3

1981-07978

Male

1

1981-07979

Male

2

1981-07980

Male

2

1981-07981

Male

3

1981-07983

Male

1

Location of Moult
Breeding Area
Nonbreeding Area
Mean ± SD
Range
N Mean ± SD
Range
(‰)
(‰)
-58.03
± 4.32
-46.27
± 2.49
-50.20
± 0.56
-52.20
± 6.16
-48.60
± 6.20

-50.59 to
-62.22
-45.39 to
-50.22
-49.80 to
-50.59
-43.15 to
-56.98
-40.35 to
-56.79

1

-34.27

-

6

-32.28
± 6.22
-13.04
± 2.79
-34.55
± 4.19
-31.55
± 7.74

-20.08 to
-36.99
-8.51 to
-16.16
-26.81 to
-39.08
-18.86 to
-39.15

-73.44
±
-82.00

-67.91 to
-73.44
-

10

-96.10
± 2.97
-104.73
± 2.62
-106.36
± 3.99
-84.69
± 2.79
-79.15
± 3.19
-82.10
± 5.36
-87.03

-93.32 to
-99.77
-101.06 to
-108.14
-100.64 to
-111.43
-82.72 to
-86.66
-76.16 to
-82.50
-76.30 to
-86.87
-

5

-73.97
±
-81.29
± 3.59
-86.50
± 2.22
-72.02

-69.34 to
-73.97
-78.75 to
-83.82
-84.76 to
-89.00
-69.00 to
-72.02

-16.42
± 19.64
-18.72
± 5.35
-34.71
± 6.91
-31.38
± 7.59
-15.81
± 8.02
-22.92
± 11.01
-22.42
± 4.43
-8.23
± 7.21
-10.63
± 8.03
-13.91
± 20.39
-18.63
± 8.04
-31.14
± 2.89
-32.81
± 16.34

-1.44 to
-23.68
-11.40 to
-27.19
-26.97 to
-45.16
-22.21 to
-39.13
-7.02 to
-23.62
-4.01 to
-43.51
-15.38 to
-29.12
-0.66 to
-22.16
-2.06 to
-26.23
-1.56 to
-20.16
-4.68 to
-30.02
-28.13 to
-36.07
-16.47 to
-47.61
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9
7
5

10

4
4
9
8
8
10
9
9
8
10

Table 4.4 continued. Individual mean breeding and nonbreeding area feather deuterium
values of After Hatch Year Loggerhead Shrikes Shrike (identified by USGS band
number).

N

Bird
1981-07984

Sex
Male

1981-07985

Male

3

Southwestern
1981-07932 Male

5

1981-07933

Female

4

1981-07934

Male

4

1981-07935

Male

4

1981-07936

Male

3

1981-07937

Male

5

1981-07938

Male

3

1981-07939

Male

3

1981-07941

Male

5

1981-07943

Male

3

1981-07944

Male

3

1981-07945

Male

4

1981-07946

Female

3

3

Location of Moult
Breeding Area
Nonbreeding Area
Mean ± SD
Range
N
Mean ±
Range
(‰)
SD (‰)
-85.57
-84.62 to
8
-26.86
-24.51 to
± 0.83
-86.10
± 2.11
-30.11
-74.08
-70.08 to
8
-2.88
-0.68 to
± 5.23
-80.00
± 2.16
-6.58
-60.26
± 5.50
-57.79
± 3.28
51.83
± 2.84
-56.60
± 9.80
-66.46
± 4.01
-64.98
± 4.06
-64.96
± 3.55
-61.34
± 2.08
-62.08
± 4.92
-69.68
± 0.91
-61.58
± 3.37
-59.88
± 4.57
-57.46
± 1.96

-53.51 to
-47.31
-55.12 to
-62.56
-41.10 to
-55.00
-50.90 to
-71.22
-62.24 to
-70.23
-58.58 to
-69.58
-61.04 to
-67.96
-59.09 to
-63.20
-54.78 to
-66.76
-68.68 to
-70.44
-58.61 to
-65.24
-53.50 to
-63.23
-55.70 to
-59.58
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6
7
7
7
8
6
8
7
6
8
8
7
8

-16.22
± 15.25
-10.25
± 3.32
-10.31
± 13.46
-14.08
± 6.28
-21.13
± 5.29
-22.72
± 6.28
-22.31
± 4.36
-19.55
± 5.12
-16.06
± 6.90
-23.38
± 3.15
-20.04
± 4.11
-9.34
± 3.78
-32.63
± 7.53

-6.89 to
-24.30
-6.31 to
-15.87
-0.05 to
-17.07
-2.17 to
-20.96
-15.90 to
-29.69
-17.37 to
-33.32
-19.27 to
-27.40
-13.15 to
-28.13
-8.18 to
-18.96
-19.30 to
-26.93
-15.38 to
-26.05
-3.12 to
-14.10
-20.94 to
-43.80

Table 4.5. Moult location for each individual HY Loggerhead Shrike based on the
isotopic criteria: NE breeding (A), less than -40‰; NW breeding (B) less than -70‰;
and SW breeding (C) less than -43‰.
Feathers Moulted
(right wing)
Bird
Sex
Northeastern
1981-07926 Female
1981-07998

Male

S8
S6, S7, S8, S9,
R1, R2, R3, R4, R5, R6

Northwestern
1981-07976 Male

S6, S7, S8, S9,

1981-07977

Male

R1, R2, R3, R4, R5, R6
S6, S9,

1981-07982

Male

R1, R2, R3, R4, R5, R6
S9,

Deuterium Evaluated Origin
(moulted feathers, as determined by
moult chart, shown in bold)
Natal
Nonbreeding
S1, S3, S6, S9,
P1, P3, P6, P9,
R1, R3, R6
S1, S3, S6, S9,
P1, P3, P6, P9,
R1, R3, R6
S1, S3,
P1, P3, P6, P9,
S1, S3, S6,
P1, P3, P6, P9
S1,
P1, P3, P6, P9

R1, R2, R3, R4, R5, R6
Southwestern
1981-07940 Male
1981-07942

Female

S6, S7, S8, S9,
R1, R2, R3, R4, R5, R6
S6, S8, S9,
R1, R2, R3, R4, R5, R6
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S6, S9,
R1, R3, R6
S9,
R1, R3, R6
S3, S6, S9,
R1, R3, R6

S1, S3,
P1, P3, P6, P9
S1, S3, S9,
P1, P3, P6, P9,
R3, R6

S6, S9,
R1, R3, R6
S6,
R1

Table 4.6. Individual mean breeding and nonbreeding area deuterium values of Hatch
Year Loggerhead Shrikes.
Location of Moult
N

Bird
Sex
Northeastern
1981-07926 Female

11

1981-07998

Male

11

Northwestern
1981-07976
Male

6

1981-07977

Male

7

1981-07982

Male

5

Southwestern
1981-07940
Male

6

1981-07942

9

Female

Natal Area
Mean ± SD
Range
(‰)

N

Wintering Area
Mean ± SD
Range
(‰)

-67.67
± 4.30
-49.43
± 5.19

-56.99 to
-71.32
-43.16 to
-60.44

0

-

-

0

-

-

-106.27
± 3.03
-99.12
± 4.78
-81.42
± 3.49-

-102.29 to
-109.22
-92.74 to
-107.09
-77.95 to
-87.00

5

-28.63
± 3.19
-36.09
± 4.15
-13.05
± 6.28

-24.02 to
-31.81
-31.34 to
-39.80
-4.04 to
-19.70

-62.44
± 2.09
-82.26
± 3.47

-58.57 to
-64.54
-76.44 to
-85.34

5

-25.97
± 4.43
-32.93
± 5.81

-20.73 to
-33.00
-28.82 to
-37.04

151

4
6

2

Table 4.7. Frequencies of moult of secondaries, primaries and rectrix feathers for Hatch Year Loggerhead Shrike. Numbers in each
column refer to the number of times that focal feather was replaced across both wings and the entire tail of all individuals.
N
Eastern Region
migrans
Female
25
Male
38
Unknown
11
Total
74
ludovicianus
Female
22
Male
33
Unknown
16
Total
71
Western Region
excubitorides
Female
15
Male
42
Unknown
8
Total
65

S1

S2

S3

S4

S5

S6

S7

S8

S9

P1

Focal Feather
P2 P3 P4 P5

0
2
2
4

0
2
0
2

2
2
0
4

3
2
3
8

5
10
8
23

13
30
12
55

39
72
16
127

48
71
20
139

43
71
16
130

0
4
0
4

0
4
0
4

0
4
2
6

0
5
10
15

0
9
10
19

0
16
10
26

0
18
10
28

0
18
10
28

1
18
10
29

1
16
10
29

39
74
22
135

41
74
20
134

40
74
19
133

40
74
20
114

40
74
19
133

40
74
19
133

0
6
3
9

3
4
2
9

0
4
3
7

9
7
7
23

24
29
13
66

37
48
19
104

44
64
30
138

44
64
30
138

44
64
30
138

6
13
3
22

7
13
3
23

15
21
4
40

20
28
14
62

20
30
14
64

21
37
14
72

22
36
14
72

20
36
14
70

20
35
14
69

20
35
14
69

37
62
29
128

40
64
29
133

42
64
30
136

42
64
30
136

40
64
29
133

39
62
29
130

3
1
0
4

3
0
0
3

2
1
1
4

4
0
1
5

4
10
3
17

6
31
6
43

18
72
12
102

28
82
16
126

24
76
15
115

2
0
4
6

2
0
4
6

2
0
2
4

4
0
2
6

4
2
3
9

9
8
4
21

11
11
8
30

9
10
6
25

8
11
6
25

8
11
6
25

26
83
16
125

27
82
15
124

27
79
14
120

27
76
14
117

27
76
14
117

27
80
16
123
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P6

P7

P8

P9

P10

R1

R2

R3

R4

R5

R6

Table 4.8. Evidence for discerning competing models of factors impacting variation in
moult in Hatch Year Loggerhead Shrike. Shown for each model are Akaike’s Information
Criterion adjusted for small samples sizes (AICc), AICc relative to the most
parsimonious model (ΔAICc), and model weights, which represents the relative
likelihood of each model.
Model

AICc

Δ AICc

Subspecies+Latitude+Sex
Migratory habit+Subspecies+Latitude+Sex
Subspecies+Sex
Migratory habit+Latitude+Sex
Latitude+Sex
Migratory habit+Sex
Region+Sex
Sex
Subspecies+Latitude
Migratory habit+Subspecies
Subspecies
Migratory habit+Latitude
Migratory habit
Latitude
Region
Mass
Longitude

1281.83
1220.52
1220.67
1246.47
1249.18
1249.85
1255.30
1264.11
1491.42
1492.05
1495.60
1504.05
1505.55
1515.52
1524.67
1532.50
1533.04

0.00
1.69
1.84
27.63
30.34
31.02
36.47
45.28
272.59
273.21
276.77
285.21
286.71
296.68
305.84
313.67
314.20
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Model
Weight
0.26
0.24
0.24
0.07
0.06
0.06
0.04
0.03
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

A. Northeastern

B. Northwestern

Figure 4.1. Deuterium values of primary (P1, P3, P6, P9), secondary (S1, S3, S6), tertial
(S9) and rectrix (R1, R3, R6) feathers of all breeding Hatch Year and After Hatch Year
Loggerhead Shrikes sampled in the Northeastern (A), Northwestern (B) and
Southwestern (C) regions.
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C. Southwestern

Figure 4.1 continued. Deuterium values of primary (P1, P3, P6, P9), secondary (S1, S3,
S6), tertial (S9) and rectrix (R1, R3, R6) feathers of all breeding Hatch Year and After
Hatch Year Loggerhead Shrikes sampled in the Northeastern (A), Northwestern (B) and
Southwestern (C) regions.
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CHAPTER 5
General Discussion
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Migration is not only one of the most spectacular phenomena in nature, it is a trait
that undoubtedly impacts the ecology, and ultimately the evolution of species.
Simultaneous studies of a species’ life history attributes and genetic population structure
among migratory and non-migratory populations will improve our understanding of the
origins of migration itself but also its implications for evolutionary trajectories and rates.
Indeed, studies of patterns of variation within species and the various forces that shape
them are one of the central goals of evolutionary biology, perhaps best and most simply
encapsulated by population geneticist Richard Lewontin (1974, p. 160) who stated that
intraspecific variation is “… the stuff of evolution”.
A detailed quantification of the migratory behaviour of a species is foundational
to the interpretation of studies aimed at understanding the impact of migration. Many
tools are currently available to researchers of avian migration, spanning traditional
techniques such as leg banding, to the use of stable isotope and genetic markers
(reviewed by Hobson and Norris 2008). Currently, advances in the stable isotope arena
are related more to understanding variation in isotopic patterns and in developing robust
statistical methods to assign birds to origins (e.g. Wunder 2009, Van Wilgenburg and
Hobson 2010), than to the assays themselves. I present a new method for combining data
from neutral genetic markers (microsatellites) and stable hydrogen isotopes using
Bayesian inference. My results show that using classifications based on genetic data can
be used as priors for Bayesian analysis of isotopic data, with much improved
classification rates as to the origins of wintering birds. My research also suggests that
morphological analyses (scores from discriminant function analysis) could be fruitfully
applied to assigning individuals on their wintering grounds to likely breeding population
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origin. Such a method will prove particularly relevant for species that occur over broad
geographic ranges, and which are characterized by both migratory and non-migratory
populations, as populations with different migratory habit often are morphologically
distinct (Leisler and Winkler 2003, Winkler and Leisler 2005).
Research that evaluates population genetic structure of migratory and nonmigratory populations is perhaps the most direct way of addressing the question of how
migration impacts a species’ evolutionary trajectory. Despite the fact that birds have
played a critical role in the development of speciation theory (Darwin 1859, Mayr 1963,
Price 2008), and are commonly migratory, our knowledge of the impact of migration on
genetic population structure – and ultimately speciation – is minimal. Speciation in
migratory birds likely operates through the interaction between migration and dispersal.
As a pre-requisite to gene flow, rates of dispersal among populations and the distribution
of dispersal distances directly relate to population genetic structure (Wright 1943, 1946).
Yet again, despite the importance of dispersal, little is known about it for most species.
In a comparison of migratory and non-migratory Loggerhead Shrike populations using
microsatellite markers I found that greater levels of gene flow and shallower genetic
population structure characterized populations with a migratory habit. Gene flow appears
to occur most often along the axis of migration, which would be expected if individuals
are opportunistically settling in suitable habitat located as a result of their migratory
movements or if pairing is occurring to some degree on the wintering ground. Regardless
of migratory behaviour, gene flow is mediated by dispersal of females and first year
breeders, which have been shown to be the less philopatric cohorts in previous studies of
birds (Greenwood 1980, Greenwood and Harvey 1992).

158

In addition to migration, the annual cycle of a migratory bird is characterized by
two other major events: reproduction and moult. Differences in moult scheduling likely
represent an important evolutionary trade-off between apportioning limited resources to
moult versus reproduction and migration (Holmgren and Hedenström 1995, Howell et al.
1999, 2003, Leu and Thompson 2002). The results of my research support this view.
Preformative moult appears to be more extensive in non-migratory populations and varies
in extent based on the breeding ground location of migratory populations relative to their
wintering grounds, with moult being more extensive in more southerly breeding
populations characterized by shorter migration distances. Other factors also appear
important in determining the extent and timing of moult including age, sex and
environmental factors. My results serve as a reminder that, while important, migration is
one of a number of life history traits that influence evolutionary trajectories of species,
with interactions among factors, all of which may be modulated by genetic and
environmental constraints. Clearly, there remain many exiting avenues for future
research.
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SUMMARY OF DATA CHAPTERS
Chapter 2. I employed a suite of markers to characterize the migratory connectivity of
the Loggerhead Shrike in North America. Population classifications from a genetic
marker (i.e. microsatellites) were used as priors for Bayesian analyses in which wintering
birds were assigned to a breeding ground origin using the stable isotope (deuterium)
value from a feather replaced on the breeding ground. Information on the wintering
grounds of northern migratory populations was also obtained from Bayesian analysis of
genetic data, multivariate analyses of morphological characteristics, and banding
recapture data, and used as independent verification of my results. The study revealed
that:
1. Loggerhead Shrike populations in our study range are comprised of five unique
genetic clusters, which generally coincide in their geospatial extent with results
from previous research (Miller 1931, Vallianatos 2002).
2. Most Loggerhead Shrikes breeding north of 40º latitude are obligate migrants.
3. Individuals in northwestern populations migrate in a southeasterly direction;
individuals in the northeast migrate in a southwesterly direction, and individuals
in the central United States generally migrate to the south or south-southeast.
4. Local migration is apparent among populations in areas where the species is
found year-round.
5. During the winter season, populations of Loggerhead Shrike mix across the
wintering range, with moderate connectivity of northern migratory breeding
populations to the Gulf Coast region.
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6. Results obtained from morphological, genotypic and stable isotope markers, and
those from leg bands generally correspond across markers.
7. The use of data from genotypic markers as priors for assignment of wintering
birds based on stable isotope data improves the resolution of assignment.
Chapter 3. I tested the hypothetical relationship between migration, dispersal and gene
flow by comparing the genetic population structure of migratory and non-migratory
Loggerhead Shrike using DNA microsatellite markers. The study found:
1. Positive spatial autocorrelation in both migratory and non-migratory populations,
but with overall weaker structure in migratory populations, in particular within
distance classes indicative of short-distance dispersal.
2. Gene flow is mediated by the dispersal movements of female and first year
breeders as indicated by shallower genetic population structure in the
correlograms for these cohorts in both migratory and non-migratory populations.
3. Gene flow appears to be mediated by migratory movements as evidenced by a
greater degree of gene flow along the axis of migration and higher immigration
rates between northern and southern populations than among eastern and western
populations.
Chapter 4. I investigated variation in the extent and scheduling of moult within the
Loggerhead Shrike and attempted to link this variation to factors known to impact moult,
specifically, genetic differences (as represented by subspecies classifications), age, sex,
body size, food availability and migratory habit. My study found:
1. A pattern of interrupted moult in which feathers are moulted both on the breeding
and on the nonbreeding grounds. The first primary feather is moulted almost
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exclusively on the breeding grounds, while the ninth secondary and sixth rectrix
are moulted most frequently on the wintering grounds. These findings will help
guide future isotopic study in this species.
2. Differences in moult timing (i.e. whether moult occurs on the breeding or
nonbreeding grounds) were predicted by age, sex and subspecies designation.
Hatch Year and female birds replaced more feathers on the breeding grounds than
After Hatch Year and male birds. Shrikes in eastern populations (L.l. migrans)
appear to moult more extensively on the breeding grounds than do western
conspecifics (L.l. excubitorides). Shrikes in southerly migratory populations (i.e.
with shorter migration distances) moult more extensively on the breeding grounds
than those in more northerly migratory populations.
3. Differences in the extent of moult among populations of Loggerhead Shrike were
again predicted by age, sex and subspecies. Individuals within L.l. ludovicianus,
comprised of non-migratory populations, undertook a more extensive
preformative moult than either L.l. migrans or L.l. excubitorides, both of which
are migratory. Males moult more extensively on the breeding grounds than
females. Hatch Year birds undertake an incomplete rather than a partial moult,
with moult sequence among remiges varying from that of After Hatch Year birds.
4. Examination of stable hydrogen isotope values of likely winter-origin feathers
suggests that shrikes over-winter across a broad geographic range, with no
apparent pattern of leap-frog or chain migration. Data may also suggest that
shrikes moult and migrate simultaneously.
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