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INTRODUCTION

THE PAST AND PRESENT OF MIGRATORY CONNECTIVITY

MARYLENE BoULET'? AND D. Ryan NORRIS?

'Department of Biological Anthropology and Anatomy, Duke University, Durham, North Carolina 27708, USA; and
2Department of Integrative Biology, University of Guelph, Guelph, Ontario N1G 2W1, Canada

“MIGRATORY CONNECTIVITY” REFERS to the
degree to which two or more periods of the
annual cycle are geographically linked. The
term was first proposed by a group of scien-
tists during a workshop on “Connectivity of
Migratory Birds” in October 2000 sponsored
by the National Science Foundation (Webster
et al. 2002, Rubenstein and Hobson 2004). The
renewed interest in tracking birds over long dis-
tances arose, in part, from the application of two
intrinsic markers: stable isotopes and genetic
markers, such as microsatellites and mitochon-
drial DNA (mtDNA). Because each individual
carries information about its origin in its tissues,
the advantage of using intrinsic markers is that
an individual needs to be captured only once to
estimate its geographic origin in a previous sea-
son (Wenink and Baker 1996, Chamberlain et al.
1997, Haig et al. 1997, Hobson and Wassenaar
1997). Measuring migratory connectivity
was also driven by the long-standing interest
in identifying factors that limit populations
in different periods of the annual cycle and
understanding how events interact between
periods to influence populations (Fretwell 1972,
Holmes and Sherry 1992, Sherry and Holmes
1995, Marra et al. 1998). Without knowledge
of how populations are spatially distributed
between these periods, it is virtually impossible
to understand how events in different periods
of the year influence abundance (Webster and
Marra 2005, Marra et al. 2006). Below, we review
the definition of migratory connectivity, briefly
outline the history of this field of study, and
provide an update on recent studies that have
used multiple intrinsic markers to describe
migration patterns.
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A DrerFINITION

Migratory connectivity describes the degree
to which individuals or populations are geo-
graphically arranged among two or more
periods of the annual cycle (Webster et al.
2002, Marra et al. 2006). In the simplest sense,
the periods of the annual cycle include the
breeding season, fall migration, the (station-
ary) wintering season, and spring migration.
“Very strong” or “strong” connectivity refers
to the state when all or most individuals from
a given area migrate to a single area in the fol-
lowing period of the annual cycle, respectively
(Marra et al. 2006; Fig. 1). By contrast, “no
connectivity” occurs when individuals from
a given area migrate equally to multiple areas
the following season (Marra et al. 2006; Fig.
1). In reality, the relative degree of migratory
connectivity will likely vary between these two
extremes. The concept was initially defined
for migratory birds but can readily be applied
to any migratory taxa, such as invertebrates,
fish, turtles, ungulates, or marine mammals.
Migratory connectivity is important for under-
standing population dynamics, interactions of
events between seasons, life-history strategies,
and evolution of migration patterns. It is also
critical for designing effective conservation
plans (see Webster et al. 2002, Webster and
Marra 2005; for a detailed review, see Marra
et al. 2006).

THE PHENOTYPIC AND BANDING PERIOD (PRE-1996)

Although migratory connectivity is rela-
tively new, the concept of linking breeding
and nonbreeding regions has a much longer
history. Below, we review some of these early
contributions.
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Fic. 1. Theoretical degrees of migratory connectivity in a fictional breeding population. Size of each arrow is
proportional to the number of individuals from the breeding Population 1 going to specific wintering areas. The
degrees of migratory connectivity range from very strong connectivity (all individuals from a breeding popula-
tion migrate to a single wintering population), to moderate connectivity (a large proportion of the individuals
from a breeding population migrate to a single wintering population), to no connectivity (individuals from a
breeding population migrate to different wintering populations in equal proportions). Modified from Webster

et al. (2002) and Marra et al. (2006).
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PAST AND PRESENT OF MIGRATORY CONNECTIVITY 3

A century of plumage, morphology, and banding
data. —For more than a century, naturalists and
taxonomists have used plumage and morpho-
logical traits to define geographically distinct
subspecies on the breeding grounds (AQU
1998). In some cases, the wintering distributions
of subspecies have also been described (Bent
1963), providing some information about the
degree of subspecies segregation on the winter-
ing grounds. For example, two groups of the
Yellow-rumped Warbler (Dendroica coronata) are
recognized in North America: the myrtle warbler
(D. coronata; coronata group) breeds from eastern
North America to northern British Columbia and
Alaska; whereas Audubon’s warbler (D. coronata;
auduboni group) breeds from the eastern side of
the Rocky Mountains to the Pacific coast. These
groups have distinct plumage patterns, and
their respective wintering distributions are well
known on the basis of taxonomic classifications
(Bent 1963, Dunn and Garrett 1997). Because
their breeding and wintering distributions show
little overlap, migratory connectivity is strong
between these groups.

Another example is the Fox Sparrow
(Passerella iliaca), a polytypic species that can be
divided into four major groups based on plum-
age and morphological variation: the red fox
sparrow (P. iliaca; iliaca group) with a reddish
plumage, streaked back, and relatively shorter
tail; the sooty fox sparrow (P. iliaca; unalas-
cheensis group) with a dark-brown plumage,
relatively shorter tail, and medium-sized bill;
the slate-colored fox sparrow (P. iliaca; schistacea
group) with reddish wings and tail, gray back,
long tail, and medium-sized bill; and the thick-
billed fox sparrow (P. iliaca; megarhyncha group)
with reddish wings and tail, gray back, long
tail, and large bill (Weckstein et al. 2002). The
four groups tend to winter in distinct areas, but
mixing of two to three groups appears to occur
in the westernmost part of their range. Within
the sooty fox sparrow group, subspecies seg-
regate latitudinally along the coastal wintering
grounds (Swarth 1920, Bell 1997).

Banding programs have existed for about a
century in Europe and North America (Brewer
et al. 2000, Bairlein 2001, Berthold 2001, Smith
2006). During the first decades of these pro-
grams, bird captures and band encounters
were mostly of nonpasserine species. By the
1950s, mist nets had become more available,
and captures of smaller birds such as songbirds
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increased (Bairlein 2001). Reward programs
were also implemented to increase band returns
of ducks and geese shot by hunters in North
America (Berthold 2001). As a result, encounter
rates were (and are still) much higher in ducks
and geese than in passerine species (Hobson
2003). For example, encounter rate in Northern
Pintail (Anas acuta) is 11.1%, versus 0.09% in Red-
eyed Vireo (Vireo olivaceus) (Bird Banding and
Encounter Data 1914-2004, Patuxent Wildlife
Research Center; see Acknowledgments). The
progressive accumulation of band return data
led to the publication of banding atlases during
the first half of the 20th century and provided
sufficient information to define major migratory
flyways for some species (Bairlein 2001). For
example, Lincoln (1935) defined four migra-
tion flyways in North America on the basis
of a large-scale analysis of banded waterfowl:
the Atlantic, Mississippi, Central, and Pacific
flyways. These flyways are still used for manag-
ing waterfowl populations and setting hunting
regulations (Hawkins et al. 1984).

Salomonsen’s legacy: Toward a comprehensive syn-
thesis of migration patterns.—Using the combina-
tion of band returns, morphology, and plumage
patterns among subspecies, Salomonsen (1955)
published one the most comprehensive reviews
of migratory connectivity and migration pat-
terns in birds. Although he did not use the term
“migratory connectivity,” Salomonsen defined
“synhiemy” as the state in which different breed-
ing populations mixed freely on the wintering
quarters, and “allohiemy” as the state in which
breeding populations segregated on wintering
quarters. These terms correspond to more recent
terms used to describe migratory connectivity
(i.e, “no connectivity” and “strong connectiv-
ity,” respectively; Webster et al. 2002, Marra et al.
2006; Fig. 1). Salomonsen also described four the-
oretical types of migration systems that would
arise from allohiemy or strong connectivity:
longitudinal, parallel, leap-frog, and cross-wise
migration (Fig. 2A-D). Longitudinal migration
describes populations that migrate along the
same degree of longitude. Chain migration is
a subtype of longitudinal migration, in which
populations breeding in the northernmost areas
migrate to the northernmost wintering areas
(Fig. 2A). Parallel migration occurs when two
adjacent populations migrate side-by-side in
a parallel way (i.e., along different degrees of
longitude; Fig. 2B). Leap-frog migration occurs
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Fic. 2. Salomonsen’s theoretical types of migration systems leading to strong connectivity: (A) longitudinal
migration, (B) parallel migration, (C) leap-frog migration, and (D) cross-wise migration. Legend is in panel A.

Modified from Salomonsen (1955).

when populations occupying the northernmost
breeding grounds winter on the southernmost
wintering grounds, whereas those breeding far-
ther south winter farther north. In the longitudi-
nal leap-frog subtype, populations migrate along
the same longitude, whereas in the parallel leap-
frog subtype, populations migrate parallel to
each other (Fig. 2C). Finally, cross-wise migration
describes cases in which the migration routes of
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neighboring populations cross each other—the
easternmost breeding population migrates to
the westernmost wintering ground, whereas
the westernmost breeding population migrates
to the easternmost wintering ground (Fig. 2D).
Each migration system defined by Salomonsen
included subtypes that took into account the
presence of nonmigratory populations in the
system and the relative geographic locations of
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PAST AND PRESENT OF MIGRATORY CONNECTIVITY 5

breeding and wintering grounds of populations.
For example, one subtype of leap-frog migration
describes cases in which a northern breeding
population occupies wintering grounds located
south of the range of a resident population (Fig.
2C). Another subtype illustrates cases where the
range of the resident population is not located
along the migration axis of the migratory
population (Fig. 2C). These patterns provide
schematized models to which scientists can refer
for describing complex migration patterns and
understanding the evolutionary significance of
factors that promote segregation (Boulet et al.
2006).

Toward the need for developing new markers. —
Between the 1950s and late 1990s, phenotypic
markers and banding data were still the most
common techniques for assessing the degree of
migratory connectivity and studying migration
patterns. One of the most detailed studies was
undertaken in southern Veracruz (Mexico) in the
1970s by Ramos (1983), who studied migration
patterns in nine Nearctic-Neotropical migrant
species. He captured, examined, and measured
individuals during migration and the station-
ary wintering period. He then compared these
individuals with breeding specimens, which
allowed him to describe differential patterns of
spatial segregation between species, subspecies,
age classes, and sex. He also recorded the date
of passage of birds during migration to study
differences in timing of migration between sub-
species. For example, he showed that southern
subspecies of Swainson’s Thrush (Catharus ustu-
latus) migrated earlier in spring than northern
subspecies in Veracruz. His data revealed that,
within a given species, many subspecies that
segregated on the breeding grounds mixed dur-
ing migration or during the stationary wintering
period (Ramos and Warner 1980, Ramos 1983).
However, because some species lacked clear
intraspecific differentiation, the degree of migra-
tory connectivity could not be measured.

The contribution of banding data to our
knowledge of migratory connectivity and migra-
tion patterns was significant during this period
(Brewer et al. 2000, Bairlein 2001). In species for
which encounter data were available, spatial
analysis and mapping of encounters detected
migratory connectivity and spatial or temporal
patterns of migration, such as migration routes
in White Stork (Ciconia ciconia), loop migration
in Pied Flycatcher (Ficedula hypoleuca), parallel
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migration in Chaffinch (Fringilla coelebs), and fre-
quency of admigration (switch between flyways)
in Green-winged Teal (Anas crecca) (Bairlein 2001,
Guillemain et al. 2005).

Nevertheless, assessing migratory connec-
tivity and describing migration systems for
small-bodied passerines was still challenging,
especially in species characterized by limited
plumage and morphological differentiation and
low band encounters. Among those species are
the migratory wood warblers (Parulidae). These
species are Nearctic-Neotropical migrants (i.e.,
they breed in Canada and the United States and
migrate southward to overwinter in Mexico,
Central America, or South America; Hayes 1995).
Within the migratory wood warblers, 65% (32 of
50) of species are monotypic, 30% (15 of 50) of
species include 2—4 subspecies, and only 6% (3
of 50) of species include 25 subspecies (Dunn
and Garrett 1997). Banding encounters are often
<1% in wood warblers; for example, the encoun-
ter rate is 0.04% in Black-throated Blue Warbler
(Dendroica caerulescens) and Wilson’s Warbler
(Wilsonia pusilla) (Bird Banding and Encounter
Data 1914-2004, Patuxent Wildlife Research
Center; see Acknowledgments). This has led to
efforts to find alternative techniques to docu-
ment connectivity in these species (Webster et
al. 2002, Hobson 2005).

THE INTRINSIC MARKER PERIOD (1996 TO PRESENT)

In 1996-1997, four influential papers demon-
strated that intrinsic markers could be used to
estimate the origin of birds in previous periods
of the annual cycle. Using mtDNA lineage-
specific differences in Dunlin (Calidris alpina)
populations, Wenink and Baker (1996) revealed
that adjacent breeding populations of distinct
lineages mixed to some degree on staging and
wintering areas. Haig et al. (1997) examined
genetic population differentiation in nine shore-
bird species, including Dunlin, using randomly
amplified DNA polymorphism (RADP) mark-
ers. Levels of global population differentiation
varied between species, but assigning individu-
als to putative breeding populations was pos-
sible in some cases. Chamberlain et al. (1997)
and Hobson and Wassenaar (1997) measured
stable hydrogen isotope ratios (6D) in feathers
of Nearctic-Neotropical migratory birds. They
independently demonstrated that dD values
of flight feathers grown on breeding habitats
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correlate with dD values of rainfall collected
during the growing season. In addition, 8D
ratios of rainfall varied along a latitudinal gra-
dient across eastern and central North America.
Thus, dD ratios of feathers represent a signature
of the environment in which the feathers were
grown and can be used as a latitudinal marker
to track migratory birds. However, in western
North America, patterns of 6D ratios are much
more variable at a regional scale because of rain-
shadow effects created by the Rocky Mountains
(see map in Hobson and Wassenaar 1997) and,
thus, may not be as informative in some western
species (Wunder et al. 2005). Chamberlain et al.
(1997) showed that stable carbon isotope ratios
(0™C) in bird tissue also varied along a latitudi-
nal gradient and that stable strontium isotope
ratios (6™5) varied according to the geological
age of bedrock.

In 2000, the “Connectivity of Migratory Birds”
workshop gathered leading scientists for discus-
sions on the issue of how to best estimate the con-
nectivity of migratory animals. One of the major
outcomes of the workshop was the publication of
a joint paper in which “migratory connectivity”
was formally defined (Webster et al. 2002). This
workshop was followed by the international con-
ference, “Birds of Two Worlds,” which included
a symposium on migratory connectivity. The
proceedings were recently published in the book
Birds of Two Worlds: The Ecology and Evolution of
Migration (Greenberg and Marra 2005).

Since that period, there has been a growing
and sustained interest in using modern tech-
niques to describe patterns of migratory connec-
tivity in a wide variety of species. To date, most
studies have focused on raptors, shorebirds, and
passerines. For large species like raptors, ducks,
geese, and cranes, satellite telemetry technol-
ogy is also available for tracking movements
of individual migrants over large distances
with great precision (Fuller et al. 1998, Hake et
al. 2001, Higuchi et al. 2004). Additional tech-
niques, such as trace elements (Szép et al. 2003,
Donovan et al. 2006), heavier stable isotopes
(Hobson 2005), and genetic markers developed
from avian parasites or viruses (Ricklefs et al.
2005), have also been proposed.

Moper Species AND CURRENT KNOWLEDGE

Studies assessing migratory connectivity
and migration patterns with more than one
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type of marker are not yet very common. In
Table 1, we summarize the major findings of
migratory connectivity studies that used a
combination of genetic markers, stable iso-
topes, banding encounters, or morphology. Our
review includes 25 studies and 12 species that
breed in Europe and North America. Studies
focusing exclusively on stable isotope markers
were not included and are reviewed in Hobson
(2003). In some instances, a pilot study using a
single type of marker was followed up by an
additional study using a different marker. For
example, Kimura et al. (2002) measured migra-
tory connectivity in the Wilson’s Warbler using
an mtDNA marker, and they observed strong
longitudinal segregation between two lineages
throughout the annual range. Clegg et al. (2003)
examined migratory connectivity in the same
species but used microsatellite markers and
OD ratios to refine the continental resolution
obtained by mtDNA. Although 8D ratios added
a complementary latitudinal resolution, mic-
rosatellite markers did not provide additional
resolution, because they showed less genetic
structure between populations than mtDNA.
Thus, the addition of a marker does not neces-
sarily translate into increased resolution.
Strong evidence for a parallel migration sys-
tem has been observed in four species: Dunlin,
Swainson’s Thrush, northern yellow warbler
(Dendroica petechia; aestiva group), and Wilson'’s
Warbler (see Table 1). In all cases, the pattern
was detected by an mtDNA marker, which
often offers a longitudinal (east-west) resolu-
tion. However, DNA markers sometimes lack
the power to detect structure between groups
that recently differentiated, such as in the
Black-throated Blue Warbler (Davis et al. 2006).
Chain and leap-frog migration patterns have
typically been detected by 8D ratios, probably
because this marker has a latitudinal (north-
south) resolution in central and eastern North
America, and these patterns describe latitudinal
segregation of populations (Clegg et al. 2003,
Smith et al. 2003, Norris et al. 2006a). Cross-
wise migration has been detected once with a
combination of stable isotope markers that had
a latitudinal resolution on the breeding grounds
and a longitudinal resolution on the wintering
grounds (Rubenstein et al. 2002). Varying levels
of admixture —from “no connectivity” to “very
strong connectivity” —have been observed at
stopover sites or at wintering sites. However,
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TasrE 1. List of species in which more than one type of marker was used to assess migratory connectivity and migration patterns. Information about annual ranges
and ecology of species was obtained from Cramp and Perrins (1993), Dunn and Garrett (1997), and Evans Mack and Yong (2000). “Long-distance migrant” refers
to species migrating 24,000 km (broadly speaking) during a migration season (e.g., from Canada to Mexico, Central America or South America). “Short-distance
migrant” species migrate <4,000 km per migration season and usually do not encounter large water-body obstacles (e.g., Canada to southern United States). See

Figure 1 for illustrations and definitions of the different degrees of connectivity and Figure 2 for illustrations of migration systems.

Migratory and
Species Annual range feeding guilds Markers Major patterns (corresponding references)
King Eider Breeds: Arctic Short-distance migrant oD, recoveries From 0D data: admixture of two wintering populations
(Somateria spectabilis) Winters: northern seas Piscivore (from dead on a single breeding site, but in unequal proportions;
individuals) suggests weak connectivity (17).
From recovery data: admixture of two wintering
populations on a single breeding site, but in equal
proportions; suggests no connectivity. Discrepancies
between markers possibly because of stronger hunting
pressures in one wintering area (17).
Sharp-shinned Hawk Breeds: North America Short- to long-distance oD, banding Chain migration in hatch-year birds in fall (21).
(Accipiter striatus) Winters: USA, Mexico, migrant, some popula- encounters,
Central America, West tions are resident morphology

Indies, Bahamas

Carnivore

Dunlin Breeds: Arctic Long-distance migrant mtDNA, RADP,  Evidence of links between two spring stopovers and
(Calidris alpina) Winters: Atlantic and Feeds on invertebrates morphology western breeding populations (11).
Pacific coasts, Varying degrees of admixture of adjacent mtDNA
Mediterranean coasts, lineages along flyways suggest moderate to strong
Black Sea, coasts of connectivity (depending on regions) (24).
Middle East Parallel migration system in Eurasia (24, 25).
Red Knot Breeds: Arctic Long-distance migrant oBC, dN, No genetic differentiation to moderate significant
(Calidris canutus) Winters: Atlantic and Feeds on invertebrates mtDNA, banding  differentiation (F, = 0.000-0.270) between subspecies
Pacific coasts, Oceania encounters in mtDNA (5).2
coasts Admixture of three wintering populations (but not
equally represented) on a spring stopover (Delaware
Bay) (1).
Willow Warbler Breeds: Europe Long-distance migrant oBC, dN, Stable isotope indicators of African winter quarters of

(Phylloscopus trochilus)

Winters: Africa

Insectivore

mtDNA, microsat,
AFLP, banding
encounters,
morphology

two subspecies suggest strong connectivity and
segregation between subspecies on the wintering
grounds (7).

Isotopic segregation concordant with morphology and
an AFLP marker, but not with microsatellite or mtDNA
markers (2, 3, 7).
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Tasre 1. Continued.

Species

Annual range

Migratory and
feeding guilds

Markers

Major patterns (corresponding references)

Swainson’s Thrush
(Catharus ustulatus)

Northern yellow warbler
(Dendroica petechia;
aestiva group)
(migratory form)

Black-throated
Blue Warbler
(Dendroica caerulescens)

American Redstart
(Setophaga ruticilla)

Breeds: North America
Winters: Mexico, Central
America, South America

Breeds: North America
Winters: Mexico, Central
America and South
America

Breeds: Eastern
North America
Winters: Bahamas,
Greater Antilles

Breeds: North America
Winters: Mexico, Central
America, northern South
America, Bermuda, West
Indies

Long-distance migrant
Insectivore

Long-distance migrant
Insectivore

Long-distance migrant
Insectivore

Long-distance migrant
Insectivore

oD, d13C, 05,
mtDNA, banding
encounters

oD, mtDNA,
microsat, banding
encounters

oD, d1C, d¥5r,
mtDNA, microsat

oD, banding
encounters

Very strong connectivity and segregation between two
mtDNA lineages (20).

Parallel migration system with one lineage migrating
over longer distances than the other (13, 20).

Broad catchment regions of boreal forests at two
stopover sites (Ontario and Manitoba) (23).

Possible connectivity along a latitudinal gradient based
on dD data and limited wintering sampling (13).

Strong connectivity and segregation between two
mtDNA lineages (4).

No genetic differentiation to weak but significant
differentiation (F,, = 0.000-0.031) between eight
breeding populations at microsatellite markers (10).
Parallel migration system (4).

Possibility of a leap-frog migration system between
highly migratory and less-migratory lineages (4).
Birds breeding in northernmost part of the breeding
range migrate first in fall (New Mexico) (14).

No genetic differentiation to weak but significant
differentiation (F,, = 0.005-0.029) between four breeding
populations at microsat markers (9), no significant
genetic differentiation in mtDNA (9).

Moderate connectivity and latitudinal segregation on
wintering grounds based on dD and 8"*C data (19).
Cross-wise migration (19).

Regional admixture of different breeding locales on
wintering sites (6, 19).

Moderate to strong connectivity (depending on scale
and regions) (18).

Possibility of a parallel migration system across the
range based on longitudinal variation of dD ratios (18).
Chain migration within Caribbean region based on
latitudinal variation of dD ratios suggests regional
connectivity (18).
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Tasre 1. Continued.

Migratory and
Species Annual range feeding guilds Markers Major patterns (corresponding references)
Common Yellowthroat Breeds: North America Long-distance migrant oD, mtDNA Possibility of moderate to strong connectivity and
(Geothlypis trichas) Winters: southern USAto  Insectivore segregation between two mtDNA lineages based on
Central America, most of limited wintering sampling (22).
West Indies Birds breeding in southernmost part of the breeding
range migrate first in fall (New Mexico) (14).
Wilson’s Warbler Breeds: North America Long-distance migrant oD, mtDNA, Moderate connectivity and some degree of wintering
(Wilsonia pusilla) Winters: Mexico, Central Insectivore microsat admixture between two mtDNA lineages (15).

America

White-throated Sparrow  Breeds: North America

(Zonotrichia albicollis)

Winters: south USA.

Short-distance migrant
Granivore

oD (tail and
head feathers©),
banding
encounters

Parallel migration system (15).

Leap-frog migration system within western mtDNA
lineage (8).

No genetic differentiation to moderate significant
differentiation (F,, = 0.000-0.156) between eight
breeding populations in microsat markers (8).

Birds breeding in northernmost part of the breeding
range migrate first in fall (New Mexico) (12).

Broad array of breeding and wintering catchment areas
in a stopover site in Manitoba (16).©

Extensive mixing of breeding populations from the
catchment area on the wintering ground (showed by
no relationship between tail and head dD), suggests no
connectivity (16).

Possible parallel migration system based on east-west
segregation of banding encounters (16).

ALTAILDANNOD AJOLVADIN 40 LNHSHAd ANV ISV

*F, . is an index of population differentiation ranging from 0 (no differentiation) to 1 (extreme differentiation).

bLack of significant genetic differentiation precludes the use of this marker for assessing migratory connectivity.

20D of tail feathers are indicators of wintering area, because feathers are grown on wintering grounds.

Abbreviations: 3D = stable hydrogen ratio, 8"*C = stable carbon ratio, 3°N = stable nitrogen ratio, 8Sr = stable strontium ratio, mtDNA = mitochondrial DNA marker, microsat = microsatellite marker, AFLP = ampli-
fied fragment length polymorphism DNA marker, RAPD = random amplification of polymorphic DNA.

References: (1) Atkinson et al. 2005, (2) Bensch et al. 1999, (3) Bensch et al. 2002, (4) Boulet et al. 2006, (5) Buehler and Baker 2005, {(6) Chamberlain et al. 1997, (7) Chamberlain et al. 2000, (8) Clegg et al. 2003,
(9) Davis et al. 2006, (10) Gibbs et al. 2000, (11) Haig et al. 1997, (12) Kelly et al. 2002, (13) Kelly et al. 2005, (14) Kelly 2006, (15) Kimura et al. 2002, (16) Mazerolle et al. 2005, (17) Mehl et al. 2004, (18) Norris et al. 2006a,
(19) Rubenstein et al. 2002, (20) Ruegg and Smith 2002, (21) Smith et al. 2003, (22) Smith et al. 2005, (23) Wassenaar and Hobson 2001, (24) Wenink and Baker 1996, (25) Wennerberg 2001.
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the wood warbler species included in Table
1 (northern yellow warbler, Black-throated
Blue Warbler, American Redstart [Setophaga
ruticilla], Common Yellowthroat [Geothlypis tri-
chas], Wilson’s Warbler) tended to have similar
degrees of migratory connectivity. Thus, while
no generalization can be made about migratory
connectivity across all species, a large-scale pat-
tern of moderate to strong connectivity emerged
from the wood warblers.

One of the major challenges when using mul-
tiple markers to describe patterns of connectiv-
ity is how to integrate information derived from
different types of data. Although banding data
were generally processed the same way (i.e., by
mapping trajectories), the integration of genetic
and stable isotope data has been treated differ-
ently. For example, Kelly et al. (2005) used a qua-
dratic discriminant function analysis to assign
individuals to discrete sampling sites, whereas
Boulet et al. (2006) assigned individuals to their
region of origin by overlaying geographic-
information-system maps derived from genetic
and stable hydrogen data. Likelihood-based
assignment methods integrating isotopic infor-
mation with prior probabilities of assignment
related to relative abundance (using Bayes’s
rule) are also emerging (Royle and Rubenstein
2004, Wunder et al. 2005, Norris et al. 2006a).
Other challenges include developing robust
tests of assumptions related to the application
of intrinsic markers and using information on
connectivity to understand the ecology and evo-
lution of migratory species (Norris et al. 2006b).
For example, in some migrant species of west-
ern North America, juveniles molt their feathers
near their natal grounds then directly migrate to
the wintering grounds, whereas adults under-
take a molt migration to more southern areas
and migrate to the wintering grounds once their
molt is completed (Voelker and Rohwer 1998,
Butler et al. 2002). In these species, juveniles
would have, on average, lower dD ratios than
adults, and the 8D ratios of adults would not be
an indicator of the breeding grounds but of the
molting grounds.

The following papers examine migratory
connectivity and migration patterns in two
long-distance migratory songbirds with trans-
continental distributions across their breeding
and wintering grounds: the American Redstart
(Norris et al. 2006a) and the northern yellow
warbler (Boulet et al. 2006). These studies
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contribute to the knowledge of migratory con-
nectivity by exploring new methodological
approaches, combining multiple intrinsic and
extrinsic markers, providing extensive spatial
coverage, and uncovering unique patterns of
migratory connectivity. The last paper of this
monograph (Norris et al. 2006b) outlines spe-
cific research needs for future migratory con-
nectivity studies.
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