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ABSTRACT
Distributional and ecological dynamics of Neotropical migratory birds at stopover sites
where they maintain critical fat reserves during migration remain poorly understood in
North American aridlands. I examined spatiotemporal abundance and timing of
migrants relative to 1) upland and riparian habitats, 2) post-fire landscape mosaics, and
3) phenological synchrony and overlap of migration with tree flowering in southeastern
Arizona's Madrean Archipelago (2009-2011), and 4) abundance, habitat breadth, and
foraging substrates relative to tree flowering along the Colorado River in southwestern
Arizona and northwestern Sonora, Mexico (2000-2003). I explored these dynamics
relative to local weather conditions and El Niño Southern Oscillation (ENSO) climate
phenomena. In Madrean habitats, migrants showed three non-exclusive responses to
high precipitation, snowfall, and low minimum temperatures associated with El Niño in
2010; migration timing adjustments, habitat shifts, and reduced abundances suggesting
migration route shifts. Foliage-gleaning insectivores were most abundant in high
severity burns, disproportionate to their availability, and decreased with time since fire
(TSF); flycatchers were most abundant in low-moderate severity and increased with TSF.
Migrant abundance increased with tree flowering. Phenological overlap declined with
increasing difference in timing of these events. Overlap was lowest in 2011 in riparian
habitat due to low willow (Salix goodinggii) flowering, despite high migrant abundance,
but lowest in 2010 in montane conifer, despite high pollen cone production by Douglasfir (Pseudotsuga meziesii), suggesting temperature limitation of insect abundance at
high elevations, but water limitation of plant phenology at lower elevations. Along the
Colorado River, migrant abundance and habitat breadth had inverse positive and
negative quadratic relationships, respectively. Abundance increased with tree
flowering, but only in 2003 during severe drought. Habitat breadth increased with
monsoon precipitation. Foraging substrate use tracked flowering, shifting from willow
to mesquite (Prosopis sp.); the overlap coincided with peak abundance and narrowest
habitat breadth. Maintenance of diverse vegetation and post-fire landscape mosaics in
the Madrean Archipelago should benefit migratory bird diversity. Flowering phenology
likely provides large-scale cues of local-scale stopover habitat condition associated with
interannual climatic variation. Management and restoration of upland habitats and
large riparian woody perennials will be critical for migratory bird conservation in
aridlands.
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INTRODUCTION
Bird migration
Migratory bird species seasonally traverse extensive latitudinal and ecological
gradients (Newton & Dale 1996) and climate conditions can vary dramatically among the
regions and habitats through which their migration routes cross (Ahola et al. 2004,
Cotton 2003, Fontaine et al. 2009). Documentation of spatial and temporal migration
patterns, habitat use, and environmental drivers is an important challenge for avian
conservation and management (Petit et al. 1995, Petit 2000, Faaborg et al. 2010).
The migratory period is a source of annual mortality for many small-bodied
passerine bird species (Sillett & Holmes 2002, Paxton et al. 2007), and successful
migration depends heavily on sufficient fat accumulation during stopover (Moore &
Kerlinger 1987, Moore & Yong 1991). The conditions that birds encounter at stopover
sites can affect arrival time on breeding grounds (Marra et al. 2005, Balbontin et al.
2009) and breeding success (Norris et al. 2004, Both et al. 2005); thus birds' experience
during migration can have carry-over effects that influence their overall fitness (Norris
2005). Therefore, information on the patterns of migration and stopover provides an
important contribution to understanding the complete avian life cycle and connectivity
of different portions of species' annual ranges (Norris and Marra 2007).
Climate change is affecting the broad diversity of habitat types that migratory
bird depend on within temperate breeding grounds (Both et al. 2005, Elwood et al.
2010), mid-latitude and tropical wintering areas (Norris et al. 2004, Gordo et al. 2005)
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and stopover sites (Marra et al. 2005, Barlein & Hüppop 2004). The condition of
stopover habitats and ability to refuel is strongly influenced by local, regional, and global
climate patterns (Strode 2003, Barlein and Hüppop 2004, Gordo 2007), thus climate
change is a critical concern for migratory bird conservation (Coppack & Both 2002,
Cotton 2003, Sekercioglu et al. 2008). The conditions experienced in any of these
habitats can have carry-over effects to other periods of the avian life cycle which can
ultimately affect productivity and survival (Marra et al. 2005). Therefore, detailed
information on distributional patterns, habitat use, and climate-driven habitat condition
for migratory birds in all phenological stages is increasingly critical for conservation
planning and management. Furthermore, migratory birds seasonally increase regional
and local species diversity and can benefit ecosystem function (Moguel & Toledo 1999)
and provide ecosystem services (Kellermann et al. 2008). Expanding our knowledge of
the migratory bird ecology is a priority for biodiversity conservation as well (Petit et al.
1995, Böhning-Gaese and Lemoine 2004, Sillett et al. 2000). However we lack basic
information on the impacts of annual climate variability on en route migrants (Gordo
2007). Evidence of how migratory birds respond to interannual variation in local
weather conditions and larger scale climate patterns that affect stopover habitat
condition will help inform predictive models of climate change impacts on birds
(Pearson and Dawson 2003, Seavy et al. 2008).
Habitat condition during the spring in mountainous regions of America's desert
southwest is strongly influenced by local weather during the preceding winter and
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global El Niño-Southern Oscillation (ENSO) phenomena (Brown & Comrie 2002, Gutzler
et al. 2002, Sheppard et al. 2002). The insularized Madrean "Sky Island" mountains in
southeastern Arizona provide oases of habitat types typical of more temperate latitudes
and are a biodiversity hotspot of high conservation value in the American West (Spector
2002, Coblentz & Ritters 2004). Rapid upslope transitions of vegetation communities
associated with climate change (Allen & Breshears 1998, Kelly & Goulden 2008),
however, may result in the severe degradation or loss of these upland habitats. The
majority of research on bird migration in this region has focused on lowland riverine
riparian systems (e.g. Terrill & Ohmart 1984, Finch & Yong 2000, Skagen et al. 2005,
McGrath et al. 2009).
Migratory birds and post-fire mosaics
Spatiotemporal bird distributions and their management and conservation are
closely tied to the mosaic of habitats across the landscape (MacArthur and MacArthur
1961, Weins et al. 1993, Law and Dickman 1998). Disturbance events are critical drivers
of ecological and landscape dynamics (Turner 2010) that create heterogeneous patterns
in ecological communities through the disruption of ecological structure and process
(Turner 1989, Collins 1992).
Fire is among the most important disturbance mechanisms shaping landscape
heterogeneity in the North American west (Turner et al. 2009, Haire & McGarigal 2010,
MacKensie et al. 2011). Fostering a complex patch mosaic (Turner 2010) of short and
long-term landscape patterns of vegetation structure, species composition, and age-
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class distribution (Agee 1998, Beaty & Taylor 2001, Kashian et al. 2006), fire dynamics
can cascade throughout ecological communities (Romme et al. 2011). In turn, fire
occurrence is influenced by characteristics of ecological communities, topography, and
environmental conditions such as drought (Westerling and Swetnam 2003, Schoennagel
et al. 2007, De Angelis et al. 2012). In particular, vegetation structure and composition
are critical components of stopover habitat selection at multiple scales (Moore et al.
1995, Buler et al. 2007, Deppe & Rottenberry 2008), which in turn follow landscape fire
mosaics and reciprocally influence them (Blodgett et al. 2010, Ursino et al. 2010).
Therefore, post-fire habitat characteristics as well as fire potential should be assessed in
studies of stopover habitat where fire is an important driver of landscape diversity.
Historic fire regimes in the western United States have been affected by
management and land-use activities such as fire suppression (Swetnam and Baisan
1996, Stephens and Ruth 2005), grazing (Madany and West 1983, Keeley et al. 2003),
timber harvest, climate change (Brown et al. 2004, Westerling et al. 2006, Fule 2008),
and their interactions (He et al. 2002). Wildland fire continues to be a high priority for
natural resource and wildlife management policies in the U.S. (Stephens and Ruth 2005).
Birds, like many animal species (Huntzinger 2003, Fontaine and Kennedy 2012),
are highly sensitive to changes in habitat composition, structure and food availability
resulting from spatial and temporal variation in fire dynamics (Hutto 1995, Saab and
Powell 2005), particularly fire severity and the amount of regeneration or succession
that has occurred since a fire event (Smucker et al. 2005). While fire severity and age
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can have short and long-term impacts on the diversity, composition and abundance of
bird communities (Haney et al. 2008, Nappi et al. 2010, Pons and Clavero 2010), effects
vary depending on species' life histories (Saab and Powell 2005, Smucker et al 2005).
Although the effects of fire on a wide range of avian species and guilds have been
studied, research has almost exclusively focused on the breeding season (e.g. Bock and
Lynch 1970, Saab et al. 1998, Meehan and George 2003, Kotliar et al. 2007) neglecting
other important periods of the annual life cycle, particularly migration when mortality
can be significant (Sillett et al. 2000, Paxton et al. 2007).
Perhaps the most important prey items for foliage-gleaning insectivores are
herbivorous lepidopteran larvae or caterpillars (Moore and Young 1991, Greenberg
1995, Strong et al. 2000). Fire can have direct and indirect effects on insect populations
(Swengel 2001, Kim et al. 2012). Therefore, fire could have effects on both the structure
and composition of the vegetation communities in which birds forage, as well as the
insect communities which comprise their prey. Foraging success of foliage-gleaning
insectivores is closely associated with fine-scale foliage structure, such as leaf petiole
length, which affects birds' ability to physically reach prey (Robinson and Holmes 1981).
In contrast, flycatchers are aerial insectivores that primarily capture arthropod prey
during phenological stages capable of flight. Flycatchers generally forage from an open
perch where they visually locate prey and make aerial attacks, requiring relatively open
larger-scale habitat structure for successful foraging (Davies 1977, Sakai and Noon
1990). Therefore, although fire severity and age influence both the composition and
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structure of vegetation (Agee 1998, Beaty & Taylor 2001, Kashian et al. 2006) and the
abundance and diversity of arthropods (Ferrenberg et al. 2006, Elia et al. 2011, Kim &
Holt 2012), fire may be altering the accessibility and availability of prey items at
different scales. Furthermore, these guilds differ in the phenological stage of their focal
prey. Fire can influence plant phenology (Wrobleski et al. 2003, Paritsis et al. 2006,
Jarrad et al. 2009) and thus may influence the phenology and synchrony of insect which
could cascade throughout the ecosystem, affecting migratory birds (Both & Visser 2001,
Jones & Cresswell 2009).
Decades of fire suppression in southeast Arizona have altered the composition
and diversity of the landscape's fire and vegetation mosaics (Swetnam and Baisan 1996,
Iniguez et al. 2008), and along with climate induced drought (Westerling et al. 2006) and
human development and land use, have resulted in of extensive catastrophic fires in the
Sky Islands (Swetnam et al. 1999, Swetnam et al. 2001, Dickson et al. 2006). Although
areas of high severity burn can provide important stopover habitat in Madrean oak and
conifer woodlands and forests, some extensive high severity fires may threaten the
maintenance of a complex mosaic of burn severities, ages, unburned areas, and
vegetation communities important for a diverse avian communities (Hutto 1985, Hutto
1995, Bock and Block 2005, Kirkpatrick et al. 2006, Conway and Kirkpatrick 2007),
altering ecological processes (Saab & Powell 2005). Even for species such as the Blackbacked Woodpecker which specializes on recent high severity fires, has its greater
reproductive success in patches in closer proximity to unburned forest patches (Nappi &
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Drapeau 2009). The total loss or conversion of habitat types from stand-replacing fires
(Barton 2002) along with upslope range shifts of upper elevation conifer forests being
driven by climate change (Allen and Breshears 1998) may be threatening rare montane
conifer forests of the Madrean Sky Islands and its biodiversity (Cunningham et al. 2002,
Koprowski et al. 2005). Although large high-severity fires may have been part of historic
wildfire dynamics, they appear to have been relatively infrequent (Grissino-Mayer &
Swetnam 2000, Fule et al. 2003). Restoring and maintaining the diverse mixed-severity
fire mosaic (Covington et al. 2003, Haire & McGarigal 2010) that exists across a range of
ecological communities along the elevational gradients of the Madrean Sky Islands, and
understanding how climate change, human land use, habitat types, and past fire
regimes and management (Schoennagel et al 2004) will interact to affect future fire
dynamics, landscape mosaics, and migratory birds will help guide management practices
in southwestern forests.
Migration and plant phenology
Phenology, the timing of recurrent life cycle events is an important adaptive trait
that can shape species distributions (Chuine 2010). Migration is a highly visible
phenological event in the annual life-cycle of thousands of bird species globally (Dingle
1996, Wilcove and Wikelski 2008). To sustain the physiological demands of migration,
each bird must acquire food resources en route during their journey (Parish 2000), and
small-bodied Neotropical migratory passerines that travel thousands of kilometers
between their wintering and breeding grounds must make regular stopovers to rest and
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feed to maintain sufficient fat reserves (Moore et al. 1995, Sandberg and Moore 1996,
Guglielmo et al. 2005).
During their migratory journey, birds continuously encounter novel habitats and
unpredictable environmental conditions as they engage in stopover events (Moore et al.
1990, Parrish 2000). As birds make landfall at the end of an individual migratory flight
period, they select stopover sites through a top-down hierarchical process (Moore and
Aborn 2000, Chernetsov 2005), advancing from course to fine-resolution features (Buler
et al. 2007). The ability to quickly identify local-scale food availability (Paxton et al.
2008) based on habitat characteristics detectable at larger scales as birds approach
stopover sites would help them to maximize food acquisition and fat accumulation
(Moore & Kerlinger 1987) while balancing search time costs (Moore and Yong 1991,
Paxton et al. 2008).
Emergence of insects, such as lepidopteran larvae, can be highly synchronized to
coincide with vegetation phenology (Elzinga et al. 2007). McGrath et al. (2009) found
that migrating insectivorous Neotropical birds selected mesquite trees that had more
flowers and that these trees harbored a greater abundance of preferred invertebrate
prey. This suggests that phenological information can be used to quickly assess
stopover habitat condition. Therefore, vegetation phenology is a coarse habitat
characteristic that could be detected at multiple spatial extents (Turner et al. 2003),
potentially aiding birds in habitat selection; the state of vegetation phenology that a
bird encounters at a stopover site may indicate the potential abundance or availability
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of insect prey Neotropical passerines rely on as their primary food resource during
spring migration (Moore and Yong 1991).
Information on plant phenology may also provide a reference point by which
changes in migration timing relative to environment throughout the birds' migratory
range can be measured (Visser and Both 2005). While some migratory passerines may
be able to track spatiotemporal variation in environmental conditions and resource
phenology across this range (Sutherland 1998, Ahola et al. 2004, Marra et al. 2005), the
timing of phenological events among trophic levels such as insect emergence and
migratory bird arrival has become decoupled in many systems (Both & Visser 2001,
Møller et al. 2008, Jones and Cresswell 2010), especially when climate change may be
having differential impacts across latitudes or biogeographic regions (Fontaine et al.
2009).
Climate change affects the phenology of individual species and disrupts
synchronization of species interactions within and among communities (Walther et al.
2002, Visser and Both 2005, Parmesan 2007). Phenological mismatches can have
import effects on many demographic factors (Miller-Rushing et al. 2010) including
population growth (Both et al. 2006). However the effects of climate change on species
phenology are not biogeographically homogenous across latitudes (Jones and Cresswell
2010, Fontaine et al. 2009) and elevations (McKinney et al. 2012). Many species
interactions that rely on seasonal timing are changing rapidly, before a better
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understanding of dynamics, potential asynchronies, and the consequences of so-called
trophic mismatches can be developed (Both and Visser 2001).
Climate change projections indicate increasingly hotter and drier conditions for
many arid regions, including the Desert Southwest of the United States (Seager et al.
2007) where the weather is strongly affected by El Niño Southern Oscillation (ENSO)
phenomena (Gutzler et al. 2002, Garfin et al. 2007), although this pattern is more
variable during winter (Hoerling and Kumar 2002). Simultaneously collected data on
how phenological patterns of plants and animals are associated with climatic variation
at will help understand the potential impacts of climate change on this ecologically
vulnerable and diverse region.
Phenological Synchrony vs. Phenological Overlap
Despite the recent interest and concern regarding the occurrence of so-called
phenological mismatches (Jones & Cresswell 2010), which refers to the disruption of the
"phenological synchrony", the concept remains poorly defined. The topic is additionally
confused by the use of the term "phenological overlap" (e.g. Miller-Rushing et al. 2010)
in studies of phenology. While closely related, these two concepts seem to have
important and ecologically meaningful distinctions.
Phenological synchrony is primarily concerned with relationships in the timing of
life-cycle events between species or members of ecological communities (e.g. Both et al.
2006, Elwood et al. 2010). Phenology is typically expressed in terms of parameters or
metrics that express the measure of a given phenophase such as tree flowering or bird
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presence relative to time. These include the onset and offset (first and last date a
phenophase is observed), duration (length of time between onset and offset), and
magnitude (maximum measure of a phenophase on each date). Together these metrics
represent a response curve, the distribution of phenophase measurements over time
(Fig. I.1a). Two phenological response curves can then be expressed together for
comparison, to reveal aspects of phenological synchrony and overlap (Miller-Rushing et
al. 2010). The relationships of these response curves can also be compared among
different time periods (Fig., I.1a, b), for example to examine interannual variation
relative to changes in climate or differences among habitat types within or among years
or seasons.
In essence, phenological synchrony is concerned with comparing two
distributions of phenological measurements or response curves using analytical
frameworks such as generalized linear models, mixed-models, or regression. Mean date
of phenophase occurrence can also be compared, as can the difference between the
two means. Again, the difference in event timing (Fig. I.1) can be compared among
years, seasons, habitats, or species (Miller-Rushing et al. 2010).
While the idea of phenological synchrony is relatively straight-forward,
phenological overlap is more confusing. Although the term "overlap" is used often in
phenological studies (e.g. Marinho-Filho 1991, Stevenson et al. 2000, Oberhauser et al.
2001), it typically refers to overlap of two phenological events in time only, i.e. the
dimensionality is limited to the x-axis, Fi. I.1). However, the overlap of two distributions
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can be considered in the dimensions of the x- and y-axes. The boundary of the region of
overlap is defined by whichever phenological response curve has the lower phenological
measurement value at each point in time (y-axis, Fig. I.1). Overlap calculated in this
manner, incorporates both the duration of time over which both phenological events
are occurring within a defined region, location, or site as well as the magnitude of the
phenological events, such as the abundance of migratory birds or the percent flowering
of trees. Thus, this definition of overlap constitutes a more ecologically meaningful
measure as it accounts for both the temporal co-occurrence of two phenophases (xaxis) as well as their magnitude (y-axis).
It is important to consider the entire response curve and both phenological
synchrony and overlap in comparative studies of phenological relationships. The
response curves for two phenological events for example, could be normal distributions
in one year or location (Fig. I.1a) and skewed in a subsequent set of observations (Fig.
I.1b). Onset, offset, and magnitude can change (Fig. 1b) in response to a variety of
environmental factors such as climate, resources availability, and species interactions
(Freeman et al. 2003, Elzinga et al. 2007). Organisms may compensate for resource
limitations by changing the timing, duration, or magnitude of phenological behaviors.
For example, temperature and snow melt can affect both the duration of flowering and
abundance of flowers (Inouye et al. 2003). Furthermore, the abundance of organisms
can have important effects on the calculation of onset and offset values (Miller-Rushing
et al. 2008, Miller-Rushing 2010). Thus, overlap alone may not be sufficient to
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understand the phenological dynamics of a system; the entire response curve should be
considered and measures of event timing and individual phenophase magnitudes should
also be addressed.
Current study
I designed this study to investigate spatiotemporal and phenological patterns of
spring bird migration relative to wildfire disturbance and interannual climatic variation
across large elevational gradients in the Madrean Sky Island mountain ranges of
southeastern Arizona, USA and along the lower Colorado River of southwestern Arizona,
and northwestern Sonora, Mexico.
The insularized Madrean "Sky Island" mountains in southeastern Arizona provide
oases of habitat types typical of more temperate latitudes. These mountain ranges are
a biodiversity hotspot of high conservation value in the American West (Spector 2002,
Coblentz & Ritters 2004). The Madrean Sky Island Archipelago encompasses about 40
mountain isolated mountains between the Mogollon Rim in the United States and the
northern Sierra Madre Occidental of northern Mexico (Warshall 1994). Southeastern
Arizona contains roughly twelve larger "Islands" exceed 2400m elevation. We
established upland study sites within three ranges in southeastern Arizona: the Santa
Catalina, Huachuca, and Santa Rita Mountains. Increased wildfire potential (Brown et
al. 2004) and rapid upslope transitions of vegetation communities associated with
climate change (Allen & Breshears 1998, Kelly & Goulden 2008), may result in the severe
degradation or loss of these upland habitats. However, the majority of research on bird
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migration in this region has focused on lowland riverine riparian systems (e.g. Terrill &
Ohmart 1984, Finch & Yong 2000, Skagen et al. 2005, McGrath et al. 2009), whereas
upland and montane areas have received relatively little attention, despite recognition
over 25 years ago that they constitute important stopover habitats for a diversity of
migratory bird species (Hutto 1985).
The lower Colorado River watershed includes a vast region of western North
America, and the main river corridor spans several American states and bridges the U.S.
and Mexico border en route to the Gulf of California. Like many large rivers, the water
of the Colorado is extensively managed (Poff et al. 1997, Rajagopalan et al. 2009) with
important implications for riparian habitat and biodiversity in the region (Stevens et al.
2001, Bunn et al. 2002, Morrison 1999, Glenn et al. 2002). Increasing human demands
on the limited water available in the Colorado River Basin due to climate changeinduced drought and continued development of settlements, agriculture, and recreation
(Christensen et al. 2004) threaten this important corridor of riparian habitat. Altered
flood frequency, reduced water table, and increased salinity have already drastically
reduced the abundance of large woody perennials and riparian forest (Busch and Smith
1995) that migratory birds forage in and likely depend on to acquire sufficient insect
prey to complete their migration through these arid lands (McGrath et al. 2009). The
loss of stopover habitat is a principal concern in migratory bird conservation and
management (Moore et al. 1995). Riparian areas provide critical stopover habitat,
especially in desert regions of the southwestern United States and northwestern Mexico
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(Skagen et al. 1998; Skagen et al. 2005) where they are threatened by climate change,
drought, human water use and resource extraction, development, invasive species, and
grazing (Knopf et al. 1988, Busch and Smith 1995, Garfin et al. 2007, Serrat-Capdevila et
al. 2007). Understanding the habitat use of riparian areas along the Colorado River
riparian corridor will help inform wildlife and resource management.

30
Figures

Figure I. 1. Conceptual models of phenological synchrony and phenological overlap. Xaxes represent time which could be days, months, or years and y-axes represent the
measure of some phenophase such as the percent flowering of trees or the abundance
of migrants at a stopover site. Two distributions (A, B) could represent two species, the
same species at two locations, or different phenophases of the same species. The
difference between mean A and B (B-A) represents the difference in mean event timing.
The distribution of a phenophase over time could be a normal distribution (a) or skewed
(b). Onset and offset could also vary among two sets of distributions and may or may
not result in changes in overlap.
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CHAPTER 1. SPATIOTEMPORAL PATTERNS OF BIRD MIGRATION AND INTERANNUAL
CLIMATE VARIATION ACROSS ELEVATIONAL GRADIENTS OF THE MADREAN
Abstract
Understanding distributional dynamics of migratory birds and their sensitivity to climate
variation throughout their annual life cycle and biogeographic range is critical to their
conservation. However, spatiotemporal migration patterns remain poorly documented
in the arid southwestern United States, especially in upland and montane habitats. Our
objective was to document how spring migrant abundance and timing in five diverse
habitat types along 2150m elevational gradients within Arizona's "Sky Islands" was
related to weather conditions associated with global climate patterns. We surveyed
birds within montane conifer, pine-oak, oak-juniper, mesquite, and cottonwood-willow
habitats at 50 point-line transects across three mountain ranges. Winter weather
conditions and El Niño-Southern Oscillation events were assessed using public weather
stations and National Oceanic and Atmospheric Association reports. Utilizing mixed
effects models, we examined differences in minimum temperature, precipitation and
snowfall, relative migrant abundance, and migration timing among habitats and years
during spring, 2009-2011. Spatiotemporal migration patterns were complex and
depended on species, habitat type, survey period, and annual climate conditions.
Migrant abundance was lowest in 2010, a wet El Niño year, especially in montane
conifer habitat which had high snowfall and persistent below-freezing temperatures. In
2010, birds migrated later than 2009 in upland habitats but earlier in riparian habitat
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and short-distance migrants had greater delays and advances than long-distance
migrants. Hermit warblers were exclusively detected in montane conifer and pine-oak
habitat and their abundance was 87% lower in 2010 than 2009. In contrast, rubycrowned kinglets which used montane conifer and pine-oak habitats in 2009 shifted to
riparian habitats in 2010 and experienced only a 31% reduction. Hummingbird
abundance was lowest in 2011, a dry La Niña year. We propose three non-exclusive
migratory responses to climate-driven conditions at stopover sites; 1) adjustment of
migration timing, 2) habitat type shifts, and 3) selection of alternate routes. Both short
and long-distance migrants appear able to adjust their migration timing. Maintaining a
landscape mosaic of riparian, upland, and montane habitats should be a priority for
migratory bird conservation in the southwest.
Introduction
The seasonal distribution of migratory species with biogeographically expansive
annual ranges can be complex (Rubenstein and Hobson 2004), are often poorly
understood (Faaborg et al. 2010), and can be highly sensitive to climate variation and
change (Walther et al. 2002, Parmesan 2006, Robinson et al. 2008). Migratory bird
species seasonally traverse extensive latitudinal and ecological gradients (Newton &
Dale 1996) and climate conditions can vary dramatically among the regions and habitats
through which their migration routes cross (Ahola et al. 2004, Cotton 2003, Fontaine et
al. 2009). Documentation of spatial and temporal migration patterns, habitat use, and
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environmental drivers is an important challenge for avian conservation and
management (Petit et al. 1995, Petit 2000, Faaborg et al. 2010).
The migratory period is a source of annual mortality for many small-bodied
passerine bird species (Sillett & Holmes 2002, Paxton et al. 2007), and successful
migration depends heavily on sufficient fat accumulation during stopover (Moore &
Kerlinger 1987, Moore & Yong 1991). The conditions that birds encounter at stopover
sites can affect arrival time on breeding grounds (Marra et al. 2005, Balbontin et al.
2009) and breeding success (Norris et al. 2004, Both et al. 2005); thus birds' experience
during migration can have carry-over effects that influence their overall fitness (Norris
2005). Therefore, information on the patterns of migration and stopover provides an
important contribution to understanding the complete avian life cycle and connectivity
of different portions of species' annual ranges (Norris and Marra 2007).
The condition of stopover habitats and thus potential for birds to refuel is
influenced strongly by local, regional, and global climate patterns (Strode 2003, Barlein
and Hüppop 2004, Gordo 2007), and climate change is a critical concern for migratory
bird conservation (Coppack & Both 2002, Cotton 2003, Sekercioglu et al. 2008).
However we lack basic information on the impacts of annual climate variability on en
route migrants (Gordo 2007). Evidence of how migratory birds respond to interannual
variation in local weather conditions and larger scale climate patterns that affect
stopover habitat condition will help inform predictive models of climate change impacts
on birds (Pearson and Dawson 2003, Seavy et al. 2008).
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In mountainous regions of America's desert southwest, spring stopover habitat
condition is associated with local weather during the preceding winter. Winter weather,
particularly precipitation, is in turn largely governed by El Niño-Southern Oscillation
(ENSO) phenomena that couples the Pacific Ocean with atmospheric circulation (Brown
& Comrie 2002, Gutzler et al. 2002, Sheppard et al. 2002, McCabe et al. 2008). The
insularized Madrean "Sky Island" mountains in southeastern Arizona provide oases of
habitat types typical of more temperate latitudes. These mountain ranges are a
biodiversity hotspot of high conservation value in the American West (Spector 2002,
Coblentz & Ritters 2004). Increased wildfire potential (Brown et al. 2004) and rapid
upslope transitions of vegetation communities associated with climate change (Allen &
Breshears 1998, Kelly & Goulden 2008), may result in the severe degradation or loss of
these upland habitats. However, the majority of research on bird migration in this
region has focused on lowland riverine riparian systems (e.g. Terrill & Ohmart 1984,
Finch & Yong 2000, Skagen et al. 2005, McGrath et al. 2009), whereas upland and
montane areas have received relatively little attention, despite recognition over 25
years ago that they constitute important stopover habitats for a diversity of migratory
bird species (Hutto 1985).
Our goal was to examine spatiotemporal patterns of spring bird migration across
large elevation gradients in the Madrean Sky Islands and their association with
interannual variation in local weather conditions and global ENSO events. We
compared relative migrant abundance, timing of peak migration, and mean migration
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date during three spring migration seasons among montane conifer, pine-oak, oakjuniper, mesquite, and riparian habitats spanning 2150m elevation in three separate
mountain ranges.
Methods
Study sites
The Madrean Sky Island Archipelago encompasses about 40 mountain isolated
mountains between the Mogollon Rim in the United States and the northern Sierra
Madre Occidental of northern Mexico (Warshall 1994). Southeastern Arizona contains
roughly twelve larger "Islands" exceed 2400m elevation. We established upland study
sites within three ranges in southeastern Arizona: the Santa Catalina, Huachuca, and
Santa Rita Mountains. Our riparian sites were located along reaches of Sonoita Creek,
Tanque Verde Wash and the Santa Cruz and San Pedro Rivers (Fig. 1.1).
Study design and habitat types
We used a modified stratified-random sampling design to select bird survey
locations. First we reclassified landcover based into five broadly defined habitat types
based on predominant canopy and sub-canopy tree species from vegetation
classifications in Whittaker & Niering (1964), NatureServe (Comer et al. 2003) and
Southwest ReGAP (Lowry et al. 2005): riparian, mesquite, oak-juniper, pine-oak, and
montane conifer. Common tree species in these habitats include Fremont cottonwood
(Populus fremontii) and Gooding's willow (Salix gooddingii) in riparian habitat, velvet
mesquite (Prosopis vetulina) in mesquite, Arizona white oak (Quercus arizonica), Emory
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oak (Quercus emoryii) and alligator juniper (Juniperus depeanna) in oak-juniper,
ponderosa pine (Pinus ponderosa), Apache pine (Pinus engelmannii) and silverleaf oak
(Quercus hypoleucoides) in pine-oak, and Douglas fir (Pseudotsuga menziesii), white fir
(Abies concolor), and southwestern white pine (Pinus strobiformis) in montane conifer
habitat.
For upland habitats (non-riparian), we next demarcated polygons of contiguous
habitat large enough to contain a point count transect (Reynolds 1980) that was at least
1.5km long and 500m from all boundaries. We then randomly selected "seed" points
within the two largest polygons of each habitat type in each mountain range and
created 1-2 transects of 8-12 points. Due to the numerous large cliffs and deep canyons
in this region, many of our randomly selected points were not accessible; therefore we
moved individual points or entire routes to the nearest trail, road, or accessible terrain
where possible. This resulted in 40% of points being located on trails or small forest
service roads. Transects in riparian sites were comprised of 12-17 points and followed
the main waterway. Riparian transects began where vehicle access points were
available. We established 50 total upland and riparian transects comprised of 465 count
points. A team of five trained biologists simultaneously surveyed a "set" of five habitat
types each day. We surveyed each transect 4-7 times between 10 March and 15 May
2009-2011.
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Climate
To assess interannual variation in climate among the years of our study, we first
acquired daily weather data for winter (December-March) from 48 local weather
stations (NOAA 2012a, Western Regional Climate Center 2012) in southeast Arizona
ranging from 665m to 2512m elevation (Fig. 1). The weather variables that we assessed
were minimum air temperature, precipitation, and snow depth. We classified each year
of our study as El Nino (wet), La Nina (dry), or ENSO "neutral" based on Oceanic Nino
Index (ONI) values provided by the National Oceanic and Atmospheric Association
guidelines (NOAA 2012a,b).
Bird focal species
We classified bird species as all migrant species combined (92 Species, Appendix A),
long- (42 species) and short-distance (50 species) migrants, which often display
differential responses to environmental change (Butler 2003, Jenni & Kery 2003, Marra
et al. 2005, Jonzén et al. 2006), hummingbirds, which heavily rely on flower nectar
resources during migration, and Empidonax flycatchers, which are aerial insectivores,
and sparrows, which are generally ground foragers that consume seeds and insects
(Table 1). We excluded raptors, owls, caprimulgids, waterbirds, swifts, and swallows.
We also assessed three individual foliage-gleaning insectivores, including hermit warbler
(Setophaga occidentallis), a long-distance migrant that breeds in conifer forests of the
Pacific Northwest (Pearson 1997), ruby-crowned kinglet (Regulus calendula), a short to
moderate-distance migrant associated with temperate mixed-conifer breeding habitats
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(Ingold & Wallace 1994); and Wilson's warbler (Cardellina pusilla), a long-distance
migrant that breeds in moist northern latitude scrub habitats (Ammon et al. 1999). All
species we analyzed were in the order Passeriformes except hummingbirds in
Apodiformes, two woodpecker species Williamson's Sapsucker (Sphyrapicus thyroideus)
and Lewis' Woodpecker (Melanerpes lewis), in Piciformes, and Elegant Trogon (Trogon
elegans: Trogoniformes).
Analysis
To examine interannual variation in climate, we used linear mixed-effects
models (Crawley 2007) to test for differences in daily precipitation, minimum
temperature above and below 2000m, and snowfall between years with weather station
as a random variable. We report winter climate conditions relative to that spring's
migration season. We classified each migration season as El Niño, La Niña, or neutral
based on Southern Oscillation Index (SOI) values reported by NOAA (2012a).
To assess spatiotemporal patterns of bird migration, we tested differences in
mean relative abundance (mean birds per count point) using linear mixed-effects
models with mountain range, year, habitat type, and survey period as fixed effects.
Mountain range, habitat type, and survey route were hierarchically nested random
effects. We defined "peak migration" as the survey period(s) with the highest mean
abundance. Two-way interactions were tested between year and habitat type to
examine interannual shifts in habitat use. We further assessed temporal migration
patterns between 2009 and 2010 with mean detection date across of a guild or species
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as a dependent variable in linear mixed-effects models with year and habitat type as
fixed effects and the same hierarchically nested structure of random effects as above.
We ran Tukey's multiple comparison tests to examine individual factor levels. All
analyses were performed in R 2.15.0 (2012).
Results
Climate
The wettest year of our study was 2010, which was an El Niño and had the
highest precipitation (mean+1SE, 1.8 + 0.1mm, t = 11.51, p < 0.0001) and snow depth
(10.4 + 5.1mm, t =3.68, p < 0.001, Fig. 1.2). 2010 was also the coldest of the three years,
at all elevations (0.88 + 0.07°C, t = 13.47, p < 0.0001) and above 2000m (-0.27 + 0.13°C, t
= 7.94, p < 0.0001). The driest year was 2011, a La Niña, with the lowest precipitation
(0.3 + 0.04mm, t = 4.11, p < 0.001). 2009 was an ENSO "neutral" year with relatively
average to low precipitation (0.5 + 0.04mm, Fig. 1.2).
Migration patterns
We found no difference in migrant abundance among mountain ranges (SC-HU: z
= 2.6, p = 0.35, SR-HU: z = 1.42, p = 0.99, SC-SR: z =1.69, p = 0.99). Therefore we
considered mountain range only as a random variable in all subsequent analyses.
All migrants
Migrant abundance was lower in 2010 (mean + 1SE: 5.3 + 0.1 birds/point) than
2009 (6.0 + 0.2) and 2011 (6.2 + 0.2, F= 13.64, df = 2, p<0.0001). Abundance was greater
in riparian than all other habitat types (z = 8.58, p < 0.0001, Fig. 1.3a). There was also a
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year by vegetation type interaction (F = 4.79, df = 8, p < 0.0001) with abundance in
riparian habitats lower in 2010 (4.3 + 0.2, F = 14.54, df = 2, p < 0.0001) than 2009 (5.0 +
0.2) or 2011 (5.1 + 0.2). Similarly, abundance in montane conifer was lower in 2010 (2.8
+ 0.2) than 2009 (4.7 + 0.7, z = 7.13, p < 0.01) and 2011 (4.1 + 0.4, z = 7.36, p < 0.03).
Peak abundance generally occurred during the last three survey periods beginning 21
April (z = 16.3, p < 0.001). Across all habitat types, mean detection date was nearly
identical in 2009 (mean day of year + 1SE: 108.02 + 0.14) and 2010 (107.99 + 0.15, F =
0.78, df = 1, p = 0.38). However, an interaction existed between year and habitat type (F
= 92.16, df = 8, p < 0.0001). Mean detection date of migrants in montane conifer
habitat was more than a week later in 2010 (115.88 + 0.44, z = 11.61, p < 0.01, Fig. 1.4)
than 2009 (108.35 + 0.34) whereas in riparian habitat it was nearly five days earlier in
2010 (104.85 + 0.24, z = 16.07, p < 0.01) than 2009 (109 + 0.56).
Long-distance migrants
Mean relative abundance of long-distance migrants was lower in 2010 (2.7 +
0.14 birds/point) than 2009 (3.2 + 0.1) or 2011 (3.2 + 0.1, F = 10.57, df = 2, p < 0.001)
and higher in riparian habitat (F = 30.35, df = 4, p < 0.01). However there was a habitat
type by year interaction (F = 2.42, df = 8, p < 0.02). Abundance was lower in montane
conifer habitat in 2010 than 2009 (z = 5.7, p < 0.01) and 2011 (z = 3.3, p < 0.06). Peak
migration occurred during the last three survey periods in late April and early May (z
=14.31, p < 0.0001, Fig. 1.3b). Mean detection date was similar between 2009 (110.96 +
0.18) and 2010 (110.19 + 0.2, F = 0.07, df = 8, p = 0.79); however, there was an
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interaction between habitat type and year (F = 37.4, df = 4, p < 0.0001). In 2010, longdistance migrants in montane conifer forest were detected over seven days later
(121.79 + 0.46, z = 7.66, p < 0.001) than in 2009 (114.15+0.33), whereas mean detection
date was over 2 days earlier in riparian forest in 2010 (106.22 + 0.29, z = 7.1, p < 0.001)
than in 2009 (108.47 + 0.28, Fig. 1.4).
Short-distance migrants
Relative abundance of short-distance migrants was also lower in 2010 (2.6 + 0.7
birds/point) than 2009 (3.0 + 0.1) or 2011 (3.1 + 0.1, F = 8.37, df = 2, p < 0.001).
Abundance was greater in riparian than all other habitat types (z = 3.46, p < 0.01). There
was also an interaction between year and habitat (F = 3.37, df = 8, p < 0.001); lowest
abundance was in 2010 in both montane conifer (z = 4.5, p < 0.01) and riparian habitats
(z = 3.19, p < 0.1, Fig. 1.3c). Peak migration was during the last three survey periods in
late April and early May (z = 5.83, p < 0.001, Fig. 1.3c). Mean detection date differed
little between 2009 (105.21 + 0.1) and 2010 (105.71 + 0.21, F = 0.07, df = 1, p = 0.79) but
a year by habitat type interaction existed (F = 37.4, df = 4, p < 0.001). In 2010, shortdistance migrants were detected later in all upland habitat types by three to five days (z
= 2.08, p < 0.05, Fig. 1.4). In montane conifer habitat short-distance migrants were
nearly 10-days later in 2010 (110.7 + 0.64) than in 2009 (100.94 + 0.58, z = 7.66, p <
0.001) while they were over 9-days earlier in riparian habitat in 2010 (102.11 + 0.44)
than in 2009 (111.2 + 0.32, z = 7.12, p < 0.001, Fig. 1.4).
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Flycatchers
Mean flycatcher abundance was different among years (F = 3.81, df = 2, p <
0.03), with lower abundance in 2010 (0.02 + 0.01 birds/point) than 2009 (0.05 + 0.01)
and 2011 (0.05 + 0.01, z = 2.3, p = 0.02). Abundance was lowest in montane conifer
(0.03 + 0.01, z = 2.73, p < 0.01) and greatest in mesquite (0.06 + 0.01, z = 2.03, p = 0.06),
however an interaction between habitat type with year existed (F = 3.81, df = 2, p <
0.03, Fig. 1.5a). There was a difference among survey periods (F =13.06, df = 6, p <
0.0001) with peak flycatcher migration generally occurring during the last three survey
periods between 21 April and 15 May (z = 8.24, p < 0.001), especially in 2009. There was
no difference in the mean migration date between 2009 (day of year = 114.42 + 0.88)
and 2010 (112.06 + 1.44, F = 0.0004, df = 2, p = 0.98) and only a moderate difference
among vegetation types (F = 3.4, df = 4, p =0.08, Fig. 1.4). However, there was an
interaction between habitat type and year (F = 0.07, df = 2, p = 0.79) with flycatchers
migrating through oak-juniper woodlands over six days later in 2010 (118.72 + 2.25)
than 2009 (112 + 1.94, z = 2.77, p < 0.01), but migrating roughly seven and five days
earlier in 2010 through riparian forest (107.66 + 2.24, z = 1.7, p = 0.08) and mesquite
woodland (105.29 + 2.49, z = 2.01, p < 0.05) respectively than 2009 (riparian = 115.04 +
1.53, mesquite = 110.73 + 2.15, Fig. 1.4).
Hummingbirds
Mean relative abundance of hummingbirds was lower in 2011 (0.16 +
0.02birds/point) than 2009 (0.24 + 0.02) and 2010 (0.3 + 0.02, z =3.28, p < 0.01).
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Abundance was greater in mesquite (0.39 + 0.05) and riparian forest (0.39 + 0.04) than
all other vegetation types (z =2.34, p < 0.05) and lower in montane (0.1+0.01) and pineoak forest (0.15 + 0.02, z =3.28, p < 0.01, Fig. 1.5b). There was also habitat type
interaction (F = 4.77, df = 8, p < 0.001). Abundance was lower in 2011 in oak-juniper
(0.17 + 0.04, z =4.1, p < 0.0001) and pine-oak habitat (0.07 + 0.02, z =3.44, p < 0.001)
than both 2009 (0.37 + 0.04 and 0.14+0.03 respectively) and 2010 (0.37 + 0.03 and 0.22
+ 0.03 respectively). Hummingbird abundance was different among survey periods (F =
29.12, df = 6, p < 0.0001); the greatest abundances occurred during the last two survey
periods beginning 1 May (z = 7.29, p < 0.0001, Fig. 1.5b). Mean detection date was
earlier in 2010 (day of year= 107.71 + 0.54) than 2009 (109.39 + 0.67, F = 2.32, df = 1, p =
0.13), but there was a year by habitat type interaction (F = 11.57, df = 4, p < 0.0001);
hummingbirds in riparian habitat migrated more than nine days earlier in 2010 (102.17
+ 1.05) than 2009 (111.29 + 1.41, z = 5.6, p < 0.0001) while birds were more than six
days later in mesquite in 2010 (108.62 + 1.19) than 2009 (102.17 + 1.32, z = 3.8, p <
0.0001, Fig. 1.4).
Sparrows
Sparrow abundance was lower in 2010 (0.1 + 0.02 birds/point) than 2009 (0.4 +
0.1) and 2011 (0.4 + 0.1, z = 5.59, p < 0.001). Sparrow abundance was lowest in oakjuniper and montane conifer habitats (z = 9.87, p < 0.001) with only two individuals
detected over all three years. Migration generally peaked in survey period beginning 1
May (z = 2.09, p = 0.06, Fig. 1.5c). Mean detection date was earlier in 2010 (day of year
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= 104.26 + 0.88) than 2009 (106.78 + 0.43, F = 5.42, df = 1, p < 0.05) and there was a
habitat type interaction (F = 95.73, df = 2, p < 0.0001); mean migration date in riparian
habitat was over 9-days earlier in 2010 (103.1 + 1.36) than 2009 (112.3 + 0.41, z = 9.59,
p < 0.0001, Fig. 1.4). In contrast, sparrows in mesquite habitat were over 10-days later
in 2010 (103.86 + 1.1) than 2009 (93.21 +U 0.83, z = 6.25, p < 0.0001) and sparrows in
oak-juniper were over 25-days later in 2010 (111.68 + 1.34) than 2009 (86.0 + 2.68, z =
8.11, p < 0.0001).
Hermit warblers
Hermit warbler abundance was lower in 2010 (0.02 + 0.01 birds/point) than 2009
(0.15 + 0.05, z = 3.85, p < 0.001) or 2011 (0.16 + 0.04, z = 4.87, p < 0.0001, Fig. 1.6a). Of
the 691 total hermit warbler detections we recorded, over 97% were in montane conifer
and pine-oak habitat; montane conifer had the greatest abundance across all years (z =
3.86, p < 0.001). Peak migration occurred between 21 April and 11 May (z = 4.19, p <
0.0001). Mean detection date was nearly 5-days later in 2010 (day of year = 120.35 +
1.38) than 2009 (115.59 + 0.35, z = 2.01, p < 0.05) and hermit warblers in montane
conifer were nearly 12 days later in 2010 (126.0+1.11) than in 2009 (114.98+0.42, F =
5.35, df= 6, p < 0.0001, Fig. 1.4).
Ruby-crowned kinglets
Ruby-crowned kinglet abundance was different among years (F = 6.81, df = 2, p <
0.01), it was greater in 2009 (0.45 + 0.04 birds/point) than 2010 (0.31 + 0.03, z = 3.12, p
< 0.01) and 2011 (0.36 + 0.04, z = 2.33, p < 0.06). Abundance was also different among
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habitat types (F = 11.65, df = 4, p < 0.01); it was greatest in montane conifer (z = 6.45, p
< 0.001, Fig. 1.6b). There was a habitat type interaction (F = 3.99, df = 8, p < 0.0001) with
abundance in montane conifer habitat greater in 2009 (0.81 + 0.0.15) than 2010 (0.26 +
0.06, z = 2.07, p < 0.05) and 2011 (0.37 + 0.0.1, z = 3.32, p < 0.001) but lower in riparian
in 2009 (0.14 + 0.03, z = 1.78, p = 0.07) than 2010 (0.31 + 0.06) and 2011 (0.31 + 0.1).
Over all three years, kinglet abundance declined after 1 May (z = 7.07, p < 0.0001) and
then again after 11 May (z = 11.05, p < 0.0001, Fig. 1.6b). Mean detection date was later
in 2010 (day of year = 98.35 + 0.57) than 2009 (93.01 + 0.47, F = 142.23, df = 1, p <
0.0001, Fig. 1.4). Migration date was later in montane conifer (98.66+0.69) and pineoak habitats (97.12 + 0.64) than all other habitat types (z = 1.03, p = 0.07, Fig. 6). There
was habitat type interaction (F = 19.18, df = 4, p < 0.0001); in 2010 mean detection date
of kinglets was over 11-days later in montane conifer (109.02 + 1.5, z = 6.0, p < 0.0001),
over 12-days later in pine-oak (109.02 + 1.5, z = 10.13, p < 0.0001), and nearly 12-days
later in oak-juniper habitat (109.02 + 1.5, z = 8.51, p < 0.0001). In contrast, kinglets
were over 6-days earlier in riparian habitat (85.86 + 0.86, z = 2.77, p < 0.01, Fig. 1.4).
Wilson's warblers
Wilson's Warbler abundance was lower in 2010 (0.12 + 0.01 birds/point, z = 5.3,
p < 0.0001) than 2009 (0.22 + 0.02) and 2011 (0.24 + 0.02) and different among
vegetation types (F = 24.6, df = 2, p < 0.0001). Over 72% of 1167 Wilson's Warbler
detections were in riparian habitat (z = 10.8, p < 0.0001). There was a habitat type
interaction (F = 8.27, df = 8, p < 0.0001) with Wilson's warbler abundance in mesquite
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habitat greater in 2011 (0.4 + 0.11) than 2009 (0.17 + 0.03, z = 2.41, p < 0.02) and 2010
(0.05 + 0.02, z = 4.92, p < 0.0001, Fig. 1.6c). Peak migration occurred during the survey
period starting 1 May (z = 13.77, p < 0.0001). Migration date was earlier in 2010 (day of
year = 117.18 + 0.76) than 2009 (119.24 + 0.3, F = 18.43, df = 1, p < 0.0001) and earlier in
riparian (117.42 + 0.37) than all other vegetation types (122.66 + 0.48, Fig. 1.4). There
was also a habitat type interaction (F = 5.3, df = 4, p < 0.001); mean stopover date was
over4-days earlier in riparian habitat in 2010 (114.08 + 0.91) than in 2009 (118.77 +
0.35, z = 5.85, p < 0.0001) but over 5-days later in oak-juniper habitat in 2010 (127.43 +
0.88) than 2009 (122.7 + 0.7, z = 2.23, p < 0.03, Fig. 1.4).
Discussion
Our research represents one of the most spatially and temporally
comprehensive observational studies on the distribution of bird migration in the
southwestern United States. While our research confirms the importance of riparian
habitat (Skagen et al. 2005), we demonstrate that many species also use upland and
montane habitats for migration stopover. Species such hermit warbler may even
constitute "montane specialists.” However, the abundance of migrants and timing of
their migration is also strongly influenced by climate conditions associated with ENSO.
Furthermore, our results highlight the importance of explicitly considering habitat type.
For example, mean migration date alone for short-distance migrants was not different
between 2009 and 2010, but when we considered timing in relation to habitat we see
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that birds using upland habitats are migrating later, whereas those in riparian are
earlier.
The complex spatiotemporal migration patterns that we observed suggest at
least three non-exclusive responses among migratory birds to variation in climaterelated stopover habitat condition in 2010: 1) adjustments in timing of migration (Marra
et al. 2005, Gordo 2007, Van Buskirk et al. 2009); 2) elevational shifts among habitat
types (Martin 2001); and, 3) geographic shifts in migration routes (Sutherland 1998).
Adjustments in timing of migration
Later migration dates in upland habitats, especially montane conifer forest, and
earlier dates in riparian areas in 2010 were associated with higher winter precipitation
and snowfall and persistent cold minimum temperatures above 2000m. At higher
elevations, cold snowy conditions may have reduced the availability and abundance of
invertebrate prey which is highly sensitive to temperature (Bale et al. 2002) forcing
migrants to delay migration. In contrast, increased precipitation in lowland riparian
habitat may increase available plant and animal-based food resources (Hawkins and
Holyoak 1998, Elzinga et al. 2010), allowing species such as insectivorous flycatchers and
Wilson's warblers to advance their migration. Earlier hummingbird migration in riparian
and mesquite habitats in 2010 could also indicate earlier phenology and greater
phenological synchrony with their nectar plants which may have flowering earlier
(Russell et al. 1994, McKinney et al. 2012). Detailed information on the phenology of
plant and invertebrate food resources at stopover sites should be included in future
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migration studies to better understand the direct and indirect impacts of climate on
species demography (Miller-Rushing et al. 2010).
Short-distance migrants demonstrated greater adjustments in the timing of
migration than long-distance migrants. Short-distance species may experience
environmental conditions on their wintering grounds more akin to those at stopover
and breeding sites and thus receive more accurate cues of how to adjust their migration
timing (Butler 2003, Vegvari et al. 2010). For long-distance migrants, conditions on
wintering grounds may not be indicative of northern stopover or breeding areas (Ahola
et al. 2004), a latitudinal decoupling which may be increasing with climate change
(Fontaine et al. 2009, McKinney et al. 2012). Whereas long-distance migrants may be
constrained by arrival time on their breeding grounds (Both et al. 2005), our research
suggests that at least some species of long-distance migrants can adjust the timing of
migration.
Elevational shifts among habitat types
During 2009, the ENSO neutral year, ruby-crowned kinglets were most abundant
in montane conifer early in the season and nearly absent from riparian areas. However
during the cold snowy conditions of 2010, kinglets were absent from high-elevation
habitats and abundant in riparian habitat. The ability to shift habitats suggests
flexibility in physiological tolerances, functional morphology (Bairlein 1992), foraging
strategy (Strong 2000), or competitive ability (Moore & Yong 1991). The phenotypic
plasticity of a migratory bird may foster genetic change or increase population viability
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(Price et al. 2003) and enhance its capacity to adapt to climate change (Yeh & Price
2003, Bradshaw and Holzapfel 2006, Charmenteir et al. 2008). The greater the habitat
specialization of a bird species, especially for those which use rare or isolated habitats
such as high elevation forests of the Madrean Sky Islands (Sekercioglu et al. 2008),
could indicate species with a greater risk due to climate change, habitat loss, and
functional homogenization of ecosystems (Moussus et al. 2010).
Geographic shifts in migration routes
Despite changes in timing and habitat shifts, nearly all migratory bird groups and
species we analyzed exhibited declines in relative abundance in 2010, except
hummingbirds which declined in 2011 (Fig. 4b). Annual survival probabilities of longdistance migratory birds have been shown to fluctuate in relation to ENSO phenomena
(Sillett and Holmes 2000). However the rapid and dramatic patterns interannual
patterns we observed, such as the 86% decline of Hermit warblers in 2010 and
subsequent rebound in 2011, would be unprecedented and seem unlikely to be due to
variation in survival and recruitment. While survival may have played a role, we suggest
that declines in 2010 across dozens of short and long-distant migrants suggest that birds
followed alternate migration routes through other geographic areas, which has been
observed in a wide diversity of migratory bird species (Sutherland 1998). The benefits of
relatively moderate longitudinal shifts in migratory pathways, for example toward the
more Mediterranean climate of the west coast, could outweigh the costs of increased
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migratory distance and later arrival on the breeding grounds if they encounter preferred
high quality habitats and this behavior would be selected for (Johnson 2007).
Conclusions
Migration strategies and their response to climate variation likely involve
different behavioral and evolutionary trade-offs (Whelan 2001, Ydenberg et al. 2002)
occurring at different ecological and geographic scales. Costs involve changes in
competition (Moore & Yong 1991), predation risk (Fransson & Weber 1997), disease
exposure (Altizer et al. 2011), metabolism, and physiological stress (Wikelski et al. 2003).
Quantifying these costs to understand potential evolutionary consequences of climate
change on migratory birds will ultimately require detailed information on habitat quality
(Wood et al 2012), phenology of food resources (Jones & Cresswell 2010), and how
different migration and stop-over strategies affect individual bird condition and
ultimately survival and productivity.
The spatiotemporal migration patterns we observed within the Madrean
Archipelago highlight the necessity of maintaining large geographic expanses that retain
a sufficiently diverse mosaic of habitat types and ecological communities on the
landscape (Petit et al. 1995, Petit 2000). Climate change is affecting the broad diversity
of habitat types that migratory bird depend on within temperate breeding grounds
(Both et al. 2005, Elwood et al. 2010), mid-latitude and tropical wintering areas (Norris
et al. 2004, Gordo et al. 2005) and stopover sites (Marra et al. 2005, Barlein & Hüppop
2004). The conditions experienced in any of these habitats can have carry-over effects
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to other periods of the avian life cycle which can ultimately affect productivity and
survival (Marra et al. 2005). Therefore, detailed information on distributional patterns,
habitat use, and climate-driven habitat condition for migratory birds in all phenological
stages is increasingly critical for conservation planning and management. Furthermore,
migratory birds seasonally increase regional and local species diversity and can benefit
ecosystem function (Moguel & Toledo 1999) and provide ecosystem services
(Kellermann et al. 2008). Therefore, expanding our knowledge of the migratory bird
ecology is a priority for biodiversity conservation as well (Petit et al. 1995, BöhningGaese and Lemoine 2004, Sillett et al. 2000).
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Tables
Table 1.1. Migratory bird species that comprise guilds used in analyses of patterns of
bird migration in the Madrean Sky Island Mountains of southeastern Arizona during
spring, 2009-2011.

Guild
Flycatchers

Hummingbirds

Sparrows

Common name
Hammond's Flycatcher
Dusky Flycatcher
Gray Flycatcher
Broad-billed Hummingbird
Rufous Hummingbird
Broad-tailed Hummingbird
Black-chinned Hummingbird
Anna's Hummingbird
Costa's Hummingbird
Lark Sparrow
Chipping Sparrow
Brewer's Sparrow
Vesper Sparrow
Green-tailed Towhee

Scientific name
Empidonax hammondii
Empidonax oberholseri
Empidonax wrightii
Cynanthus latirostris
Selasphorus rufus
Selasphorus platycercus
Archilochus alexandri
Calypte anna
Calypte costae
Chondestes grammacus
Spizella passerina
Spizella breweri
Pooecetes gramineus
Pipilo chlorurus
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Figures

Figure 1.1. Map of the study region depicting migratory bird point count survey
locations (white dots) and ground-based weather stations (white flags) in three
Madrean Sky Island Mountain ranges and along two river corridors of southeastern
Arizona, USA.

54

Figure 1.2. a) Mean daily precipitation and minimum temperature across all elevations
and above 2000m and b) mean daily snow depth during winter months (DecemberMarch) from NOAA (n = 41) and WRCC (n = 7) weather stations in the southeastern
Arizona, USA.
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Figure 1.3. Relative abundance (mean birds per point) of (a) all 92 migrant species, (b)
long-distance migrants, and (c) short-distance migrants within five habitat types during
seven survey periods between 10 March and 15 May, 2009-2011 in the Madrean
Archipelago, Arizona, USA. Habitat types were montane conifer forest (solid black),
pine-oak (solid gray), oak-juniper (black dots), mesquite (black dash), and cottonwoodwillow riparian woodland (gray dots).
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Figure 1. 4. Mean day of year (+1 SE) focal migratory bird guilds and species were
detected (migration date) during point-line transect surveys conducted within five
habitat types, montane conifer forest(MC), pine-oak (PO), oak-juniper (OJ), mesquite
(ME), and cottonwood-willow riparian woodland (RI), during seven survey periods
between 10 March and 15 May, 2009-2011 in the Madrean Archipelago, Arizona, USA.
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Figure 1.5. Relative abundance of (a) three Empidonax flycatcher species, (b) six
hummingbird species and (c) five sparrow species (Table 1) within five habitat types
during seven survey periods between 10 March and 15 May, 2009-2011 in the Madrean
Archipelago, Arizona, USA. Habitat types were montane conifer forest (solid black),
pine-oak (solid gray), oak-juniper (black dots), mesquite (black dash), and cottonwoodwillow riparian woodland (gray dots).
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Figure 1.6. Relative abundance of (a) Hermit Warbler (Setophaga occidentalis), (b)
Wilson’s Warbler (Cardellina pusilla) and (c) Ruby-crowned Kinglet (Regulus calendula)
within five habitat types during seven survey periods between 10 March and 15 May,
2009-2011 in the Madrean Archipelago, Arizona, USA. Habitat types were montane
conifer forest (solid black), pine-oak woodland (solid gray), oak-juniper woodland (black
dots), mesquite (black dash), and cottonwood-willow riparian forest (gray dots).
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CHAPTER 2. BIRD MIGRATION AND LANDSCAPE POST-FIRE MOSAICS: MIGRATORY
INSECTIVORES IN FOREST AND WOODLAND HABITAT OF THE MADREAN ARCHIPELAGO,
ARIZONA, USA
Abstract
Distributions of wildlife populations are influenced strongly by landscape habitat
patterns. Fire is one of the most important forms of such disturbances shaping habitat
mosaics in the American west. Avian communities show a wide range of responses to
fire dynamics such fire severity and time since fire. However, most research has focused
only on the impact of fire on birds during the breeding season. Migration is a critical
period of the annual life-cycle when mortality can be high. We sampled the relative
abundance of two bird guilds (foliage-gleaning insectivores and flycatchers) at 293 point
count locations during spring migration in burned and unburned areas of oak-juniper,
pine-oak, and montane-conifer habitats in three Madrean Sky Island mountain ranges of
southeast Arizona from 2009-2011. At points within burned areas, we analyzed the
relative abundance of bird guilds in relation to fire severity, TSF, and habitat type with
linear mixed-effects models and conditional inference tree models. Although there was
no significant differences in guild abundance between burned and unburned points, bird
abundance was highly dependent on fire severity, TSF, habitat type, and their
interactions. Foliage-gleaning insectivores were most abundant in more recent (<4-year
old) high severity burns and in montane conifer habitat, whereas flycatchers were more
abundant in older (>6-year old) low and moderate severity burns and oak-juniper
woodlands. Foliage-gleaner abundance in high severity burns and montane conifer
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habitats was greater than would be expected given the relative rarity and low
proportional availability of suitable habitat on the landscape. Differential results
between guilds may be partially due to the phenological stages of their primary prey
and how impacts of fire at different scales affect foraging success. Decades of fire
suppression, drought, and climate change in the Southwest may be increasing the
prevalence of large high severity fires which could have complex effects on bird
communities. Additional research on the relative composition and extent of both fire
and vegetation mosaics in aridland forests will help guide fire and wildlife management
in this important ecological region and in the southwest.

Introduction
Animals often utilize different habitats as they progress though their annual
cycle. As a consequence, their spatial and temporal distribution, as well as their
management and conservation are linked intimately with the mosaic of habitats across
the landscape (MacArthur and MacArthur 1961, Weins et al. 1993, Law and Dickman
1998). Disturbance events are critical drivers of ecological and landscape dynamics
(Turner 2010) that create heterogeneous patterns in ecological communities through
the disruption of ecological structure and process (Turner 1989, Collins 1992).
Fire is among the most important disturbance mechanisms shaping landscape
heterogeneity in the North American west (Turner et al. 2009, Haire & McGarigal 2010,
MacKensie et al. 2011). Fostering a complex patch mosaic (Turner 2010) of short and
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long-term landscape patterns of vegetation structure, species composition, and ageclass distribution (Agee 1998, Beaty & Taylor 2001, Kashian et al. 2006), fire dynamics
can cascade throughout ecological communites (Romme et al. 2011). In turn, fire
occurrence is influenced by characteristics of vegetation communities, topography, and
environmental conditions such as drought (Westerling and Swetnam 2003, Schoennagel
et al. 2007, De Angelis et al. 2012). Historic fire regimes in the western United States
have been affected by management and land-use activities such as fire suppression
(Swetnam and Baisan 1996, Stephens and Ruth 2005), grazing (Madany and West 1983,
Keeley et al. 2003), timber harvest, climate change (Brown et al. 2004, Westerling et al.
2006, Fule 2008), and their interactions (He et al. 2002). Wildland fire continues to be a
high priority for natural resource and wildlife management policies in the U.S. (Stephens
and Ruth 2005).
Birds, like many animal species (Huntzinger 2003, Fontaine and Kennedy 2012),
are highly sensitive to changes in habitat composition, structure and food availability
resulting from spatial and temporal variation in fire dynamics (Hutto 1995, Saab and
Powell 2005), particularly fire severity and the amount of regeneration or succession
that has occurred since a fire event (Smucker et al. 2005). While fire severity and age
can have short and long-term impacts on the diversity, composition and abundance of
bird communities (Haney et al. 2008, Nappi et al. 2010, Pons and Clavero 2010), effects
vary depending on species' life histories (Saab and Powell 2005, Smucker et al 2005).
Although the effects of fire on a wide range of avian species and guilds have been
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studied, research has almost exclusively focused on the breeding season (e.g. Bock and
Lynch 1970, Saab et al. 1998, Meehan and George 2003, Kotliar et al. 2007) neglecting
other important periods of the annual life cycle.
Migration is a critical phase of avian phenology and can be a significant source of
annual mortality for Neotropical migratory birds (Sillett and Holmes 2002). Thus,
understanding the ecology of migration is a priority for bird conservation and
management (Moore et al. 1995, Donovan et al. 2002, Faaborg et al. 2010). Smallbodied passerines cannot complete migration in a single flight and must make regular
stops to maintain fat reserves (Moore et al. 1995, Sandberg and Moore 1996). The
process of stopover habitat selection as birds end individual flight periods during
migration likely follows a top-down hierarchical process (Moore and Aborn 2000,
Chernetsov 2005) that is scale dependent. This means that birds may take advantage of
different cues of habitat quality as they approach and enter novel habitats (Buler et al.
2007), which occurs repeatedly throughout migration (Moore et al. 1990, Parrish 2000).
Quick location of habitats with sufficient food availability to maximize fat accumulation
(Moore & Kerlinger 1987) while balancing costs of search time, competition, and
predation (Moore and Yong 1991) is critical to successful migration.
Insects are the primary food resource for Neotropical passerine birds during
spring migration (Moore and Yong 1991, Long et al. 2003). Fire can have direct and
indirect effects on insect populations (Swengel 2001, Kim et al. 2012). Therefore, fire
could have effects on both the structure and composition of the vegetation
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communities in which birds forage, as well as the insect communities which comprise
their prey.
Migratory passerines are often classified into guilds based on their foraging
behavior (DeGraaf et al. 1985). Two common insectivorous foraging guilds are species
that acquire prey by gleaning from the surface of vegetation and aerial "flycatching"
species which capture prey in flight (e.g. Williamson 1971, Martin & Karr 1986, Nebel et
al. 2010). These guilds show a mixture of responses to fire (Saab & Powell 2005,
Smucker et al. 2005, Fontaine & Kennedy 2012) which may be associated with
differences in their foraging habitat requirements (Robinson & Holmes 1982) related to
the physiognomy of understory and overstory structure and post-disturbance seral
stage development (Sallabanks et al. 2006). Foliage-gleaning insectivores forage in a
range of relatively dense vegetation associated with forest gaps and edge habitats
created by disturbance events (Hutto 1980, Martin & Karr 1986, Kilgo 2005, Rodewald &
Brittingham 2005, Moorman et al. 2012). In contrast, flycatcher habitat is generally
characterized by a more open understory and a more complete canopy that includes
broad-leaf trees (Geboers & Nol 2009) although some species may benefit from
increased understory and decreased overstory density on their breeding grounds (Kroll
& Haufler 2007). However, these habitat characteristics are primarily based on breeding
season studies; birds' physiological and ecological requirements can vary seasonally and
habitat associations during migration may depend on biogeographic aspects of the
stopover (Dingle 2007, Buler & Moore 2011, Velky et al. 2011).
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Stopover habitat relationships remain poorly understood in general (Faaborg et
al. 2010), especially in upland habitats of the American southwest, where the impacts of
fire on birds is also lacking (Bock and Block 2005). Wildfires of unprecedented size in
Arizona in recent years (e.g. 2002 Rodeo-Chediski fire, 2011 Wallow fire) have
emphasized the importance of understanding their ecological impacts on wildlife
communities in arid regions where climate change is expected to increase drought
conditions and fire potential (Westerling et al. 2006). The isolated "Sky Island"
mountain ranges of the Madrean Archipelago are a hotspot of biodiversity (Spector
2002) containing fire-prone oak and conifer communities (Barton et al. 2001, Barton
2002) that provide key migratory "stepping stones" between the Sierra del Madre of
Mexico and ranges of the western U.S. such as the Rocky mountains and Sierra Nevada.
Associations of birds and fire characteristics may vary across different vegetation
communities, therefore studies of fire and bird habitat should be considered in an
ecological context (Bagne & Purcell 2011).
Our goal was to examine relationships of birds during migration to the landscape
post-fire mosaic among three upland forest and woodland habitat types. We assessed
the relative abundance of two insectivorous migratory bird guilds during spring
migration over three years at unburned and burned locations that comprised a range of
fire severities and ages in three "Sky Island" mountain ranges of the Madrean
Archipelago in southeast Arizona, USA.
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Methods
Study sites and habitat types
We established study sites within the Santa Catalina, Huachuca, and Santa Rita
Mountain ranges in southeast Arizona, USA (Fig. 2.1). We classified three broadly
defined forest and woodland stopover habitat types based on predominant canopy and
sub-canopy tree species from vegetation classifications in Whittaker & Niering (1964)
and Southwest ReGAP (Lowry et al. 2005): montane conifer, pine-oak, and oak-juniper.
Representative tree species in these habitat types are Arizona white oak (Quercus
arizonica), Emory oak (Quercus emoryi) and alligator juniper (Juniperus depeanna) in
oak-juniper habitat, ponderosa pine (Pinus ponderosa), Apache pine (Pinus engelmannii)
and silverleaf oak (Quercus hypoleucoides) in pine-oak habitats, and Douglas-fir
(Pseudotsuga menziesii), white fir (Abies concolor), and southwestern white pine (Pinus
strobiformis) in montane conifer habitat.
Bird Surveys and migrant guilds
We used a crew of five trained biologists to survey migratory birds along pointline transects or "point counts" (Reynolds 1991). We established 38 transects
comprised of 293 points, with 144 points in burned areas and 149 in unburned (Fig. 2.1).
We proportionally sampled fire severities within burned areas (see Fire mosaics below)
with 95 points in low severity, 37 in moderate, and 22 in high severity burns (MTBS
2012). We performed five-minute point counts and included all birds within 100m of
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the point center. We surveyed each point count transect four to seven times per year
between 10 March and 15 May, 2009-2011.
We categorized a suite of 15 insectivorous migratory bird species into two guilds
based on foraging behavior: gleaning insectivores and aerial flycatching insectivores
(Table 2.1). While the first guild was comprised of a variety of families, with many
species that are often observed foraging in mixed-species flocks, the latter is comprised
only of Tyrrannidae flycatchers (Table 2.1). Guild assignment was based on diet and
foraging information published in the Bird of North America (Poole 2005) and
classifications in Saab and Powell (2005).
Fire mosaic
To examine relationships between relative migratory bird guild abundance and
fire we examined three variables at each point count location: (i) whether the location
was burned or unburned since 1984, (ii) fire severity, and (iii) time since the fire (TSF) in
years. Spatially explicit data on fire severity and age were obtained from the Monitoring
Trends in Burn Severity (MTBS) web portal (MTBS 2012, Eidenshink et al. 2007). We
sampled fire variables for only the most recent fire at each point. Burned points were
within the perimeters of four wildland fires (Fig. 2.1), Aspen (2003, 31127 ha), Bullock
(2002, 12858 ha), Florida (2005, 6621 ha), and Oversite (2002, 857 ha). Low, moderate,
and high severity areas comprising 70%, 23%, and 7% respectively of the total combined
area of these fires. Fire severity at point count locations was initially determined by
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sampling severity using Spatial Analyst in ArcMap 10 (ESRI 2011) and subsequently
confirmed during bird surveys.
Analysis
We performed all statistical analyses in R 2.15.1 (2012). We assessed
relationships between the relative abundance of migratory bird guilds and fire variables
using linear mixed-effects (LME) models (lme in the nlme R package). We first tested for
differences in abundance between burned and unburned points with mountain range,
habitat type, and point count transect as hierarchically nested random variables. For
the subset of all burned points, we examined patterns of migrant abundance for each
guild with fire mosaic and landscape characteristics with fire severity, time since fire
(TSF), and habitat type as fixed effects and mountain range and point count transect as
random variables. We used Tukey's tests with Bonferroni adjustments to make multiple
comparisons of habitat type and fire severity factor levels.
In order to more intricately explore and intuitively present how fire variables and
habitat combine and interact to affect the abundance of migratory bird guilds in a way
that is more applicable to wildlife and fire management, we next entered the fixedeffect variables from top models into conditional inference tree models (ctree function
in the party R package), which use binary recursive partitioning and stop criterion based
on multiple test procedures (Hothorn et al. 2006). We applied the multiplicity adjusted
p-values of Bonferroni tests with a minimum criterion of 0.95. Terminal nodes in ctree
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models include box plots that display the median, first and third quartiles, and
maximum and minimum values.
Results
We found no differences in relative migrant abundance per point between
burned and unburned points for either foliage-gleaning insectivores (burned: mean +
1SE=1.51 + 0.23 birds/point, unburned: 1.25 + 0.09, F = 0.5, p = 0.48) or aerial
insectivores (burned: 0.05 + 0.01, unburned: 0.05 + 0.01, F = 1.57, p = 0.21). However
top LME and tree models for both guilds included fire severity and time since fire (TSF)
as well as habitat type.
Relative foliage-gleaner abundance was greater in high severity (3.61 + 1.41
birds/point) than moderate (1.9 + 0.17, t = 2.43, p < 0.02) or low severity burns (1.72 +
0.12, t = 3.18, p < 0.01), which was disproportionate to the availability of these burn
severities on the landscape (Fig. 2.2a). Foliage-gleaners had a moderate negative
correlation with TSF (F = 3.76, df = 1, p < 0.06) and an interaction of fire severity and TSF
(F = 4.7, df = 2, p < 0.02) where abundance was greatest in 4-year old, high severity burn
areas (7.85 + 3.05,), over 3x the abundance of the nest highest points in 4-year old
moderate severity burns (2.51 + 0.39). Abundance was also greater in montane conifer
habitat (2.83 + 2.83, t = 2.11, p < 0.04) than both pine-oak (1.49 + 0.12) and oak-juniper
(1.61 + 0.08) which was also disproportionate to their availability on the landscape
(Figure 2.3a). The conditional inference tree model for foliage-gleaners was similar to
the LME model with binary splits at TSF and fire severity, but not for habitat type.
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Median abundance of gleaning insectivores was greatest in 4-year old high severity
burns (Fig. 2.4).
Flycatcher abundance was greater in low (0.23 + 0.02 birds/point) and moderate
severity burns (0.19 + 0.04) than high severity burns (0.04 + 0.02, t = 2.49, p < 0.02)
which was relatively proportionate to their availability on the landscape (Fig. 2.2b).
While there was no correlation of flycatchers with TSF alone (F = 0.29, p = 0.59) there
was an interaction with habitat type (F = 5.62, df = 2, p < 0.01), with the greatest
flycatcher abundance in oak-juniper woodland that burned 6-years (0.48 + 0.04) to 4years ago (0.35+0.08). There was a difference in flycatcher abundance among habitat
types (F = 17.4, df = 2, p < 0.0001), with abundance in oak-juniper habitat (0.38 + 0.03, t
= 2.85, p < 0.01) greater than pine-oak (0.11 + 0.02) and montane conifer (0.11 + 0.02),
but this was relatively proportionate to the availability of these habitat types (Figure
2.3b). The tree model for flycatchers implemented binary splits in habitat type and fire
severity, but not TSF (Fig. 4). Median flycatcher abundance was greatest in oak-juniper
habitat regardless of fire characteristics, whereas in montane conifer and pine-oak
habitat, median abundance was greatest in low and moderate severity burns (Fig. 2.4).
Discussion
Our research is one of the first studies to describe the relationships of migratory
bird abundance with landscape post-fire mosaics across an elevational gradient of
woodland and forest stopover habitat types. Although we found no differences in bird
abundance when points were simply classified as either burned or unburned, we
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discovered a range of responses to fire severity and time since fire. This reaffirms the
importance of including pyrodiversity measures in studies of fire impacts on birds (Saab
and Powell 2005, Smucker et al. 2005). Vegetation structure and composition is a
critical component of stopover habitat selection at multiple scales (Moore et al. 1995,
Buler et al. 2007, Deppe & Rottenberry 2008), in turn vegetation follows landscape fire
mosaics and reciprocally influences them (Blodgett et al. 2010, Ursino et al. 2010).
Therefore, post-fire habitat characteristics as well as fire potential should be assessed in
studies of stopover habitat where fire is an important driver of landscape diversity.
Although both of the foraging guilds we examined have primarily insectivorous
diets, they responded differently to fire mosaics. While the foliage-gleaning guild was
most abundant in more recent high severity burns, flycatchers were more abundant in
older low and moderate severity burns. Perhaps the most important prey items for
foliage-gleaning insectivores are herbivorous lepidopteran larvae or caterpillars (Moore
and Young 1991, Greenberg 1995, Strong et al. 2000). Foraging success of foliagegleaning insectivores is closely associated with fine-scale foliage structure, such as leaf
petiole length, which affect birds' ability to physically reach prey (Robinson and Holmes
1981). In contrast, flycatchers are aerial insectivores that primarily capture arthropod
prey during phenological stages capable of flight. Flycatchers generally forage from an
open perch where they visually locate prey and make aerial attacks, requiring relatively
open larger-scale habitat structure for successful foraging (Davies 1977, Sakai and Noon
1990). Therefore, although fire severity and age influence both the composition and
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structure of vegetation (Agee 1998, Beaty & Taylor 2001, Kashian et al. 2006) and the
abundance and diversity of arthropods (Ferrenberg et al. 2006, Elia et al. 2011, Kim &
Holt 2012), fire may be altering the accessibility and availability of prey items at
different scales. Furthermore, these guilds differ in the phenological stage of their focal
prey. Fire can influence plant phenology (Wrobleski et al. 2003, Paritsis et al. 2006,
Jarrad et al. 2009) and thus may influence the phenology and synchrony of insect which
could cascade throughout the ecosystem, affecting migratory birds (Both & Visser 2001,
Jones & Cresswell 2009). The extent to which these factors contribute to variation in
migratory bird abundance at stopover sites is unclear and deserves closer study in a
diversity of fire-prone habitats.
Differences in relative abundance of insectivore guilds among fire severities as
well as habitat types are also important in light of their relative prevalence on the
landscape. High severity fire comprised only 7% of the burned area of the wildfires in
which our bird survey points were located, yet abundance of foliage-gleaning
insectivores was far greater at these points. Likewise, foliage-gleaners were far more
abundant in montane conifer and pine oak habitat compared to their relative rarity on
the landscape, comprising only 3% and 8% of the vegetation landcover in our study area
respectively (Lowry et al. 2005). Flycatchers did not show a difference in abundance
between low and moderate severity burns; however, moderate burns comprised only
23% of the burned landscape in our study while low severity represented 70%.
Selection of these fire severities and vegetation types in disproportion to their
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availability further suggests that these migratory bird guilds prefer these areas and that
they provide high quality stopover habitat (Johnson 2007). Therefore, studies of avian
communities across fire and vegetation mosaics should consider abundance in relation
to habitat availability.
While we detected an effect of TSF on both migratory bird guilds it is important
to note that the shortest temporal span between fire occurrence at any of our bird
survey points and the commencement of our study is four years. We only assessed a 47 year post-fire period and thus our TSF variable is constrained to a mid-successional
phase. Early successional phases during the first 1-3 years following a fire can be an
ecologically dynamic period, particularly relative to the fire severity (Donato et al. 2008,
Fontaine & Kennedy 2012, Marzona et al. 2012). The immediate and direct effects of
fire on soil nutrients, microorganisms, and plants influence post-fire succession of soil
and vegetation communities (Hart et al. 2005). Early post-fire dynamics have important
implications for the physiognomy, composition, and food availability of bird habitat. For
example, in boreal forests, nest density and nest success of Black-backed woodpeckers
(Picoides articus) was highest the year immediately following high severity fire and
declined for 3-years post-fire (Nappi & Drapeau 2009) potentially due to the abundance
of saproxylic insect larvae in snags (Nappi et al. 2010). For cavity nesting Western
Bluebirds, distinct dispersal phenotypes and range expansion strategies have evolved to
track the pattern and process of the landscape fire mosaic as aggressive males seek
recently burned areas with abundant snags and nest cavities (Duckworth 2008). The

82
dynamics of migratory abundance and stopover habitat use during the first three years
of post-fire succession may have unique dynamics that we have missed with this study.
Future research should be planned to capture a more complete successional picture of
post-fire dynamics at stopover locations across a range of habitat types and fire
severities.
Another important consideration of the landscape fire mosaic is the size and
distribution of fire severity patches (Haire & McGarigal 2010) and the distance of
locations within fire perimeters to unburned or older seral stages (Smucker et al. 2005,
Watson et al. 2012). Although areas of high severity burn can provide important
stopover habitat in Madrean oak and conifer woodlands and forests, some fires may
have "too much of a good thing", threatening the maintenance of a complex mosaic of
burn severities, ages, unburned areas, and vegetation communities important for a
diverse avian community (Hutto 1985, Hutto 1995, Bock and Block 2005, Kirkpatrick et
al. 2006, Conway and Kirkpatrick 2007). Even for species such as the Black-backed
Woodpecker which specializes on recent high severity fires, has its greater reproductive
success in patches in closer proximity to unburned forest patches (Nappi & Drapeau
2009). Decades of fire suppression in southeast Arizona have altered the composition
and diversity of the landscape's fire and vegetation mosaics (Swetnam and Baisan 1996,
Iniguez et al. 2008), and along with climate induced drought (Westerling et al. 2006) and
human development and land use, have resulted in of extensive catastrophic fires in the
Sky Islands (Swetnam et al. 1999, Swetnam et al. 2001, Dickson et al. 2006).
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The total loss or conversion of habitat types from stand-replacing fires (Barton
2002) along with upslope range shifts of upper elevation conifer forests being driven by
climate change (Allen and Breshears 1998) may be threatening the already rare
montane conifer forests of the Madrean Sky Islands and its biodiversity (Cunningham et
al. 2002, Koprowski et al. 2005). Although large high-severity fires may have been part
of historic wildfire dynamics, they appear to have been relatively infrequent (GrissinoMayer & Swetnam 2000, Fule et al. 2003). Our results further support the importance
of restoring and maintaining a diverse mixed-severity fire mosaic (Covington et al. 2003,
Haire & McGarigal 2010) across a range of ecological communities that occur along the
elevational gradients of the Madrean Sky Islands. Understanding how climate change,
human land use, habitat types, and past fire regimes and management (Schoennagel et
al 2004) will interact to affect future fire dynamics, landscape mosaics, and migratory
birds will help guide management practices in southwestern forests.
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Tables
Table 2.1. Two guilds of insectivorous migratory bird species used to assess relationships
of bird migration with the landscape fire mosaic in the Madrean Sky Island mountains of
southeast Arizona, USA.
Guild
Foliage-Gleaning

Flycatchers

Species
Plumbeous Vireo
Cassin's Vireo
Blue-gray Gnatcatcher
Ruby-crowned Kinglet
Orange-crowned Warbler
Black-throated Gray Warbler
Hermit Warbler
Townsend's Warbler
Yellow-rumped Warbler
Hammond's Flycatcher
Dusky Flycatcher
Gray Flycatcher
Cordilleran Flycatcher
Pacific-slope Flycatcher
Ash-throated Flycatcher

Vireo plumbeus
Vireo cassinii
Polioptila caerulea
Regulus calendula
Oreothlypis celata
Setophaga nigrescens
Setophaga occidentalis
Setophaga townsendi
Setophaga coronata
Empidonax hammondii
Empidonax oberholseri
Empidonax wrightii
Empidonax occidentalis
Empidonax difficilis
Myiarchus cinerascens
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Figures

Figure 2. 1. Maps of bird study sites and wildfire boundaries in the Madrean Sky Island
Mountains of southeast Arizona, USA (star in inset). We used point counts to sample
birds during spring migration 2009-2011 within unburned (n=149) and burned (n= 144)
areas of four fires (Aspen, Bullock, Florida, Oversite) in three mountain ranges (Santa
Catalina, Santa Rita, Huachuca) near Tucson, AZ.
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Figure 2. 2. The proportion of the total area of four wildfires in the Madrean Sky Island
Mountains, Arizona that experienced low, moderate, or high severity burns (shaded
bars) and the mean relative abundance (+1SE) of two migratory bird guilds, foliagegleaning insectivores (upper panel, solid outlines) and flycatchers (lower panel, dashed
outlines) during spring migration, 2009-2011.
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Figure 2. 3. The percent of our total study area in the Madrean Sky Island Mountains,
Arizona that was comprised of montane conifer, pine-oak, and oak-juniper habitat
(shaded bars) and the mean relative abundance (+1SE) of two migratory bird guilds,
foliage-gleaning insectivores (upper panel, solid outlines) and flycatchers (lower panel,
dashed outlines) during spring migration, 2009-2011.
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Figure 2. 4. Conditional inference tree models (ctree) derived from competing linearmixed effects models assessing relationships of migratory gleaning-insectivores and
flycatchers with fire severity, time since fire (TSF), and montane conifer (MC), pine-oak
(PO), oak-juniper (OJ) habitats. Terminal node plots show median, 1st and 2nd quartiles,
minimum and maximum values of bird abundance and the sample size of the number of
point count locations (n) that contributed to that outcome.
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CHAPTER 3. PHENOLOGICAL SYNCHRONY AND OVERLAP OF BIRD MIGRATION AND TREE
PHENOLOGY ACROSS ELEVATION GRADIENTS IN THE MADREAN ARCHIPELAGO
Abstract
Phenology is central to species' ecology and is known to be highly responsive to climate
variation. However, climate change is having differential impacts across biogeographic
regions, disrupting phenological synchronies among trophic species interactions.
Neotropical migratory songbirds are primarily insectivorous in the spring and rely on
stopover sites where they replenish fat reserves during migration. Species with annual
ranges spanning large latitudinal, elevational, or ecological gradients may be particularly
vulnerable to reductions in phenological synchrony and overlap between the timing of
stopover and the availability of insect prey at individual sites. Emergence of insect prey
is often synchronized with plant resources such as flowers; therefore en route migrants
ending a migratory flight may use plant phenology as a landscape-scale indicator of food
availability and cue for local-scale habitat selection. During spring migration in 20092011, we surveyed migratory birds and tree phenology in five woodland and forest
habitat types, montane conifer, pine-oak, oak-juniper, mesquite, and riparian, across
elevation gradients of over 2150m within three mountain ranges of the Madrean
Archipelago of southeastern Arizona. We assessed migrant abundance, tree flowering,
and phenological synchrony and degree of overlap of species phenology relative to
interannual variation in winter climate and El Niño Southern Oscillation (ENSO)
phenomena. In 2010, an El Niño event brought high precipitation and snowfall and low
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minimum temperatures above 2000m, whereas a La Niña event in 2011 had the lowest
precipitation; 2009 was considered ENSO neutral. We found that migratory species
were highly synchronized with tree flowering but with differences among habitat types
and years. Overall, proportional bird abundance increased with tree flowering and
overlap declined with increasing difference in the mean timing of these phenological
events. Pine-oak, oak-juniper, and riparian habitats exhibited minimal flowering in
2011, however migrant abundance in riparian was the highest of any habitat in any year,
maintaining relatively high overlap with flowering. In contrast, montane conifer habitat
had the lowest overlap in 2010, despite the greatest mean pollen cone production by
Douglas fir (Pseudotsuga meziesii). Greater water availability of riparian habitats with
perennial surface flows may buffer against seasonal variation in precipitation,
supporting plant phenology, providing refugia for migrants, and maintaining
phenological synchrony and overlap. Low minimum temperatures in montane conifer
habitats during 2010 may have reduced the emergence and abundance of their insect
prey, decreasing phenological overlap.

101
Introduction
Phenology, the timing of recurrent life cycle events is an important adaptive trait
that can shape species distributions (Chuine 2010). Climate change affects the
phenology of individual species and disrupts synchronization of species interactions
within and among communities (Walther et al. 2002, Visser and Both 2005, Parmesan
2007). Phenological mismatches can have import effects on many demographic factors
(Miller-Rushing et al. 2010) including population growth (Both et al. 2006). However the
effects of climate change on species phenology are not biogeographically homogenous
across latitudes (Jones and Cresswell 2010, Fontaine et al. 2009) and elevations
(McKinney et al. 2012). Many species interactions that rely on seasonal timing appear
to be changing rapidly, before clear scientific understanding of the dynamics, potential
asynchronies, and consequences of so-called trophic mismatches can be developed
(Both and Visser 2001).
Migration is a highly visible phenological event in the annual life-cycle of
thousands of bird species globally (Dingle 1996, Wilcove and Wikelski 2008). Smallbodied Neotropical migratory passerines or "songbirds" that travel thousands of
kilometers between their wintering and breeding grounds must make regular stopovers
en route during their journey to acquire food resources and maintain their fat reserves
(Moore et al. 1995, Sandberg and Moore 1996, Guglielmo et al. 2005). Migration is also
a significant source of annual mortality for many Neotropical migrants (Sillett and
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Holmes 2002). Understanding the ecology of this period is a priority for avian
conservation (Moore et al. 1995, Donovan et al. 2002, Faaborg et al. 2010).
Migrating birds continuously encounter novel habitats and unpredictable
environmental conditions during stopover along their migratory routes (Moore et al.
1990, Parrish 2000). Migrants select stopover sites through a top-down hierarchical
process (Moore and Aborn 2000, Chernetsov 2005), advancing from coarse- to fineresolution features (Buler et al. 2007). The ability to quickly identify local-scale food
availability (Paxton et al. 2008) based on habitat characteristics detectable at larger
scales as birds approach stopover sites would help birds to maximize fat accumulation
(Moore & Kerlinger 1987) while balancing search time costs (Moore and Yong 1991).
Vegetation phenology is a coarse habitat characteristic that can be detected at
multiple spatial extents (Turner et al. 2003) and likely aids birds in habitat selection.
Moreover, the state of vegetation phenology that a bird encounters at a stopover site
may indicate the potential abundance or availability of insect prey that many
Neotropical songbirds rely on as their primary food resource during spring migration
(Moore and Yong 1991, McGrath et al. 2009). Emergence of insect species can be highly
synchronized to coincide with vegetation phenology (Elzinga et al. 2007). McGrath et al.
(2009) found that migrating insectivorous Neotropical birds selected mesquite trees that
had more flowers and that these trees harbored a greater abundance of preferred
invertebrate prey. This suggests that phenological information can be used to quickly
assess stopover habitat condition.
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Information on plant phenology may also provide a reference point by which
changes in migration timing relative to the environment throughout birds' annual range
can be measured (Visser and Both 2005). While some migratory passerines may be able
to track spatiotemporal variation in environmental conditions, including phenology
along their migration route (Sutherland 1998, Ahola et al. 2004, Marra et al. 2005), the
synchronous timing of phenological events among trophic levels has? become
decoupled in many systems (Møller et al. 2008, Jones and Cresswell 2010), especially if
climate change has differential impacts across latitudes (Fontaine et al. 2009).
Climate change projections indicate increasingly hotter and drier conditions for
many arid regions, including the Desert Southwest of the United States (Seager et al.
2007) where weather is strongly affected by El Niño Southern Oscillation (ENSO)
phenomena (Gutzler et al. 2002, Garfin et al. 2007), especially during winter (Hoerling
and Kumar 2002). Simultaneously collected data on how phenological patterns of
plants and animals are associated with climatic variation at will help understand the
potential impacts of climate change on this ecologically vulnerable and diverse region.
Although patterns of phenological synchrony of bird migration with vegetation
have been addressed on avian breeding grounds (e.g., Both and Visser 2001, Elwood et
al. 2010, McKinney et al. 2012), few studies have explicitly co-sampled both bird and
plant phenology at North American stopover sites (e.g. Waser 1979, Bertin 1982,
McGrath et al. 2009, Strode 2009).
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In this study we examine phenological synchrony and amount of phenological
overlap between bird migration and the flowering of tree species across five distinct
habitat types in relation to winter climate and ENSO phenomena (NOAA 2012a).

We

surveyed birds and tree flowering during three spring migration seasons across five
broadly defined habitat types that occur along elevation gradients of more than 2100m
in three Madrean Sky Island mountain ranges. We then examined differences in relative
bird abundance and mean migration date of 10 focal migratory species and percent
flowering and peak flowering date of six tree species to assess variation in phenological
synchrony and overlap among years and habitat types.
Methods
Study sites
We established study sites in the Santa Catalina, Santa Rita, and Huachuca
Mountain ranges and the Patagonia Creek, Santa Cruz, and San Pedro River riparian
corridors within the Madrean Archipelago in southeastern Arizona, spanning a roughly
6500Km2 region of southeast Arizona (Fig. 3.1), a hotspot of biodiversity and a priority
for ecological conservation in the American West (Coblentz and Riitters 2004). We
stratified vegetation landcover into five broadly defined focal stopover habitat types
based on Whittaker & Niering (1964) and Southwest ReGAP (Lowry et al. 2005, Table 1).
Bird surveys and focal bird species
To sample the proportional abundance of migratory birds we established two to
four point-count transects within each habitat type (Table 1) in each mountain range
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depending on access and topography, resulting in 50 transects comprised of 465 total
points (Fig. 1). Individual points ranged in elevation from 678m to 2780m. We
performed 5-min, variable-radius point counts (Reynolds et al. 1980) and included all
birds within 100m of the point center. We surveyed each transect four to seven times
between 10 March and 15 May 2009-2011. All five habitat types were surveyed
simultaneously each day by five trained biologists and individual observers rotated
through habitats daily so that all observers surveyed all sites repeatedly throughout
each season. Due to access problems, we were not able to survey all transects during
every period each year.
We selected 10 focal species of migratory birds (Table 1) in the order
Passeriformes. All species are insectivores that forage by gleaning invertebrate prey
from vegetation (Poole 2005), and often occur in mixed-species flocks during migration.
However, these species differ in the breadth of habitat types in which they are regularly
detected at our study sites (Table 1). To analyze these data, we first calculated the
proportion of annual detections of each bird species that occurred in each habitat type
and only included habitats that comprised at least 5% of a species annual detections
(Table 1).
Tree phenology and focal tree species
We selected one focal tree species from each habitat type (Table 1) that was
common, abundant, representative of the habitat type, and used by migratory birds as a
foraging substrate (McGrath et al. 2009, Kellermann, unpublished data). We estimated
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flowering for deciduous and semi-deciduous trees and pollen cone (microstrobilus)
production for conifers. Although pollen cones are not technically flowers, they are
pollen producing floral structures and thus we collectively refer to this phenophase
across all focal tree species as "flowering". We systematically selected 100 individual
focal trees of the relevant habitat type located intermittently along the entire length of
each point count transect on each day of bird surveys and estimated the percent
flowering of each tree relative to the 100% potential for that individual; therefore dead
portions of the tree are not considered in the estimate.
Climate
We categorized the climate conditions during the three years of our study based
on regional ground-based weather stations and the Oceanic Niño Index (ONI). We
compiled data from 48 local weather stations obtained through the Western Regional
Climate Center, USA Climate Archive (2012) and the NOAA National Climatic Data Center
(2012b). The weather stations ranged in elevation from 665m to 2512m with a mean of
1421m and were located within the greater Sky Island region of southeastern Arizona
(Fig. 1). Weather variables analyzed included daily precipitation, snowfall, and minimum
air temperature above and below 2000m elevation. We also classified each year of our
study as El Niño, La Niña, or neutral based on ONI values and guidelines reported by
NOAA (2012a).
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Analysis
We performed all analyses in program R 2.15.0 (2012), testing for differences
among years in relative migrant abundance (calculated as the mean number of birds per
point count point), mean day of year of migrant detections, mean percent tree
flowering and mean date of flowering. These four tests were performed to establish
individual differences in phenological events potentially due to variation in climatic
conditions among years (see below). We used linear mixed-effects models (lme in the
nlme R Package) with year as the fixed effect and mountain range, habitat type, and
point count transect as hierarchically nested random effects.
We calculated the dependent variable in our analysis of phenological synchrony
between bird migration and flowering phenology as the proportion of a bird species in a
habitat type during each survey period divided by the total number of detections for
that species each year. We used a proportional value to account for any differences in
total relative abundance among years. Flowering phenology represents the mean
percent flowering of each focal tree species observed across all transects within each
habitat type per survey period per year (van Riper III 1980). We used binomial
generalized linear mixed-effects models (GLMM, lmer in R package lme4) to examine
linear relationships between proportional migrant abundance and percent flowering.
We included linear and quadratic forms of tree flowering as fixed effects with Box-Cox
transformation (log1p function in R) due to a large number of zero values, and habitat
type, bird species, year, and survey period as random effects.
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In our analysis of phenological overlap of migrant abundance and flowering
phenology, we examined the percent overlap of phenological events (migration and
flowering) with the difference in the timing of these events. To calculate our dependent
variable for each focal bird species within each habitat type, we first calculated the area
under each curve for proportional migrant abundance and percent tree flowering
(sintegral in R package Bolstad2), we then added these to calculate the total area under
both curves, we then created a new array that contained the area shared by both curves
by finding the lowest values of y across both curves and calculated the area under this
curve, and then we calculated the relative proportion of the shared to the total area.
We calculated event timing as the difference between the mean detection date of each
bird species for each habitat type per year and the date of peak flowering for each
relevant tree species per year. We used generalized linear models (glm in R package
stats) to examine linear and quadratic relationships between percent overlap and event
timing and differences among years, habitat types, and year by habitat interactions.
We used linear mixed-effects models (lme function in nlme R package) to test for
differences in climate variables among years with weather station as a random factor to
account for spatial autocorrelation. We reported annual winter climate conditions that
precede each year's spring migration, for example the winter conditions associated with
the 2009 migration season include December 2008 through March 2009.
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Results
Climate
The winter of 2010 was extremely wet (mean + 1SE, 1.8 + 0.1mm), with higher
precipitation compared to 2009 (0.5 + 0.4mm) and 2011, the driest year of our study
(0.3 + 0.02mm, F = 138.08, df = 2, p < 0.0001). Much of the winter precipitation fell as
snow at higher elevations in 2010, which also had greater mean daily snowfall (3.6 +
0.5mm, F = 4.7, df = 2, p < 0.01) than 2009 (0.05 + 0.04mm) or 2011 (0.6 + 0.2mm).
Above 2000m, 2010 was also the coldest year (0.69 + 0.15°C) with mean minimum daily
temperature lower than 2009 (2.82 + 0.23°C) and 2011 (2.46 + 0.23°C, (F = 84.18, df = 2,
p < 0.0001). These weather patterns were consistent with the expected conditions
associated with ENSO phenomena; based on calculated ONI values (NOAA 2012) 2009
was classified as neutral, 2010 as an El Niño, and 2011 as a La Niña.
Bird abundance
The relative abundance of focal bird species was lower in 2010 (1.8 + 0.06 birds
per point, F = 34.73, df = 2, p < 0.0001) the El Niño year, than both 2009 (2.36+0.14) and
2011 (2.5 + 0.1). Bird abundance was greater in riparian habitat than all others (F =
4.72, df = 4, p < 0.05) with a year by habitat interaction (F = 10.50, df = 8, p < 0.0001).
Abundance in montane conifer habitat in 2010 (0.9 + 0.1) was lower than 2009
(3.46+0.77, z = 8.75, p < 0.01) and 2011 (2.3 + 0.3, z = 5.24, p < 0.01) whereas abundance
in riparian habitat during the dry La Niña conditions of 2011 (4.3 + 0.3) was greater than
2010 (2.9 + 0.1, z = 3.8, p < 0.01).
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Plant phenology
Mean percent flowering was lower in 2011 (3.9 + 0.1%, F = 274.43, df = 2, p <
0.0001) than 2009 (2.6 + 0.2%) and 2010 (7.3 +0.1%, Fig. 2). There was a year by habitat
interaction (F = 274.43, df = 2, p < 0.0001). Both the largest Douglas-fir pollen cone
production in montane conifer habitat (12.8 + 0.4%, z = 4.04, p < 0.02) and the greatest
Gooding's willow flowering in riparian habitat (15.6 + 0.5%, z = 13.16, p < 0.01) occurred
in 2010 (Fig. 3.2).
Phenological synchrony
Overall, we found relative abundance of focal migratory bird species well
synchronized with tree flowering in most years and habitat types (e.g. Fig. 3.3a, b).
Relative migrant abundance positively increased with mean percent flowering of focal
tree species (z = 13.08, p < 0.02, Fig. 3.4) and showed a slight negative quadratic
relationship (z = 7.37, p = 0.14, Fig. 3.4) which began to decrease around 8.5% flowering.
Phenological overlap
The absolute difference in event timing negatively correlated with overlap (F =
2.36, df = 1, p < 0.05, Fig. 3.5). Overlap was different among habitats (F = 15.78, df = 4, p
< 0.0001); riparian had greater overlap than all other habitats (t =6.6, p < 0.0001, Fig. 6).
Overlap did not differ in among years (F = 0.82, df = 2, p = 0.45), however overlap was
lower in 2010 than both 2009 and 2011 in montane conifer (z = 3.0, p < 0.01) and
mesquite habitat (z = 3.77, p < 0.001), lower in 2010 than 2009 in pine-oak habitat (z =
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2.79, p < 0.01), and lower in 2011 than 2009 and 2010 in riparian (z = 3.43, p < 0.05),
oak-juniper (z = 5.0, p < 0.01), and pine-oak habitats (z = 3.77, p < 0.01, Fig. 3.6).
Discussion
Our study showed that migratory birds are highly synchronized with the
flowering of tree species during spring migration across a wide diversity of habitat types
throughout the topographically and ecologically diverse Madrean Archipelago.
However, the degree of synchrony and extent of overlap between these phenological
events depended on the habitat type and the year of the study. Annual variation in
local climate related to ENSO phenomena, and the differential direct and indirect effects
of these climate events on trophic interactions in each habitat likely contributed to the
observed relationships (Martin 2007).
While plant and animal phenology is generally considered to be temperature
driven in temperate latitudes (Badeck et al. 2010) and precipitation driven in the arid
Southwest (Beatley 1974, Kemp 1983), we found that both precipitation and
temperature may play important roles in the influence of climate variation across the
large elevation gradients present in the Madrean Archipelago (Garfin et al., 2010,
Coblentz and Riitters 2004). Percent flowering of focal trees species was lowest in 2011,
likely due to low precipitation associated with La Niña conditions that year, yet
migratory birds were as abundant as in 2009 (Fig. 2) the ENSO neutral year. Therefore,
the reduction in overlap in 2011 appears to be primarily driven by water limitation on
willows, which has been shown to reduce willow productivity (Lindroth and Bath 1999).
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In contrast, high elevation montane conifer habitats showed the lowest
phenological overlap in 2010, despite displaying the greatest mean Douglas-fir pollen
cone production that year. A widely distributed tree species, Douglas-fir may have
benefitted from the wet and cold El Niño conditions in 2010, as it is well adapted to
montane climates (Eis 1973). In contrast, the cold snowy conditions could have
drastically reduced the abundance of insect prey whose emergence is temperature
limited (Gilbert & Raworth 1996). Migratory birds capable of tracking food availability
may have consequently avoided this region (Hutto 1985, Martin and Karr 1986, Johnson
and Sherry 2001). Therefore, reduced overlap in montane conifer habitats was due to a
reduction in migrant abundance, but not due to direct negative effects of minimum
temperatures on birds. Most of these species have breeding ranges that include high
elevation or northern latitude forest habitats, which experience extreme weather
conditions during the spring and summer (Martin 2001, Rohwer 2004, Poole 2005).
Although we are currently limited by technology (Paxton et al. 2008, Robinson et al.
2010), future studies that can track spatial migration patterns of small passerines in
response to climate over large geographic extents at fine resolutions will drastically
improve our understanding of migration ecology (Faaborg et al. 2010).
Riparian habitats, particularly those with perennial surface flows, represent
critical refugia for migratory birds from the surrounding arid lands (Skagen et al. 1998),
especially during dry years. Notably, during the dry spring of 2011, Gooding's willow in
riparian habitat had the lowest percent flowering, yet migrant abundance in riparian
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habitat was the highest of any habitat in any year. All six of our point count transects in
riparian habitats exhibited some year-round surface flows. Higher relative humidity and
soil moisture in riparian areas could allow a greater abundance of the food resources
critical during stopover (Moore et al. 1995), thus providing a buffer against seasonal
patterns of precipitation and drought affecting the larger landscape. Birds that typically
use more peripheral, ephemeral, or arid upland habitats during wetter years may
aggregate in these perennially moist habitats during dry seasons. However, the
consistency of bird abundance in mesquite and oak-juniper habitats across all three
years suggests that not all birds may be capable of making such a shift. The phenotypic
plasticity of migratory birds and all member of the trophic community play an important
role in the adaptive capacity of organisms, populations, and ecosystems to
environmental variation (Charmantier et al. 2008, Chown et al. 2007, Nicotra et al.
2010). Understanding the limits of plasticity to cope with environmental change and
detecting adaptive evolutionary changes will require far greater understanding of
genetic diversity within and among populations and species (Jump and Peñuelas 2005,
Gienapp et al. 2007).
We only examined a small subset of the tree species present in the Madrean
Archipelago. Plant species within the same community can have extremely different
flowering phenologies (Kochmer and Handel 1986) and levels of plasticity (Jump and
Peñuelas 2005). While overlap may have been low in some years, other tree or shrub
species could have had more synchronous flowering phenology. Migratory birds can be
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particularly plastic in their foraging behavior and diet during migration (Martin and Karr
1990, Parrish 2000) and will forage where preferred prey is most abundant (McGrath et
al. 2009) and accessible (Wood et al. 2012). In riparian habitats Wilson's Warblers were
commonly detected in Gooding's willow but they were also regularly seen foraging in
Mule Fat (Baccharis salicifolia), an abundant small shrub in this habitat (Kellermann,
unpublished data). Furthermore, we assessed only flowering phenology, whereas small
insectivorous passerines regularly obtain prey associated with other plant phenophases
such as leaf buds and young, full, and senesced leaves. We chose to assess flowering
because the production of flowers or pollen producing structures (pollen cones) is a
relatively comparable phenophase among the deciduous, semi-deciduous, and
evergreen tree species we studied and a prominent phenophase that was easy for
biologists to observe and estimate consistently and accurately. However to gain better
understanding of phenological synchrony and overlap of migratory birds with plant
species at stopover sites, future studies should include foraging observations, recording
the plants species, phenological substrate and all phenophases of the plants in which
birds perform forage attacks as well as that of other prominent plant species.
The variation in phenological overlap we observed among species and habitats
begs the question, how much overlap is sufficient to maintain an organisms' fitness
along with ecosystem function and integrity? Although studies have shown instances of
phenological mismatch in migratory birds (Jones and Cresswell 2010, McKinney et al.
2012) the consequences often remain poorly understood (Miller-Rushing et al. 2010)
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and can be difficult to quantify, especially to partition the ultimate effects of the
migration experience alone on annual survival, productivity, and fitness from other
portions of the annual life cycle (Norris 2005). Mismatch of food resources on the
breeding grounds (Both and Visser 2001) and at stopover sites (Baker et al. 2004) can
have negative population consequence. However, while many migration studies
typically examine food availability and fat deposition during stopover (Sanderberg and
Moore 1996, Smith and McWilliams 2010), phenological synchrony and overlap are
typically not explicitly measured. Ultimately, identifying and understanding vulnerable
phenological synchronies that are integral to maintaining biodiversity and ecosystem
function is an important aspect of bird conservation.
Conclusions
Phenological synchrony has implications for all members of the trophic
community, however the degree of overlap among members that is necessary to
support avian stopover, insect maturation, pest control, plant pollination, seed
dispersal, and other critical ecosystem functions across multiple ecological scales is not
known. Are there critical thresholds that must be achieved to maintain function? How
may these thresholds vary with climate conditions and phenotypic plasticity of
populations, species, and communities? Current efforts to develop and maintain
ground-based monitoring programs for plant and animal phenology that bridge local,
regional, national, continental, and global scales such as the USA-National Phenology
Network (Schwartz et al. 2012) and eBird (Sullivan et al. 2009) will greatly benefit our
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understanding of phenological dynamics and the potential impacts of climate change at
the large spatial, temporal and ecological scales necessary to inform effect management
and conservation of our natural resources (Poiani et al. 2000).
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Tables
Table 3. 1. Focal migratory bird and tree species and the habitat types selected for study
in the Madrean Archipelago, southeast Arizona, USA. Habitat types for migratory birds
represent those where at least 5% of annual detections of that species occurred. Tree
species represent the flowering phenology of that habitat type. Habitat types are: MC =
montane conifer, PO = pine-oak, OJ = oak-juniper, ME = mesquite, RI = riparian
Focal species: Birds
Bell's Vireo (Vireo bellii)
Ruby-crowned Kinglet (Regulus calendula)
Black-throated Gray Warbler (Setophaga nigrescens)
Hermit Warbler (Setophaga occidentalis)
Townsend's Warbler (Setophaga townsendi)
Yellow-rumped Warbler (Setophaga coronata)
Orange-crowned Warbler (Oreothlypis celata)
Lucy's Warbler (Oreothlypis luciae)
Wilson's Warbler (Cardellina pusilla)
Blue-gray Gnatcatcher (Polioptila caerulea)
Focal species: Trees
Douglas-fir (Psuedotsuga menzeisii)
Silver-leaf oak (Quercus hypoleucoides)
Arizona oak, Emory oak (Quercus arizonica, Q. emoryii)
Velvet mesquite (Prosopis vetulina)
Gooding's willow (Salix gooddingii)

Habitat types
ME, RI
MC, PO, OJ, RI
PO, OJ
MC, PO
MC, PO
MC, PO, OJ, RI
MC, OJ, RI
ME, RI
ME, RI
OJ, ME
MC
PO
OJ
ME
RI
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Figures

Figure 3. 1. Study region of the Madrean Archipelago in southeast Arizona where spring
bird migration and tree flowering were surveyed along point count transects and winter
weather conditions at ground-based weather stations in 2009-2011.
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Figure 3. 2. Mean percent flowering and relative bird abundance (+1SE) during spring
migration in five habitat types (MC = montane conifer, PO = pine-oak, OJ = oak-juniper,
ME = mesquite, RI = riparian) of three mountain ranges in the Madrean Archipelago,
southeast Arizona, 2009-2011.
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Figure 3. 3. Examples of actual phenological synchrony and overlap between
proportional migrant abundance (solid lines) and mean percent flowering (dashed lines)
for two focal bird and tree species, a. Black-throated Gray Warbler (BTYW) and Arizona
and Emory oak and b. Yellow-rumped Warbler (YRWA) and Salix gooddingii (SAGO)
during eight 8-day survey periods in 2009 (top row), 2010 (middle), and 2011 (bottom).
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Figure 3. 4. Phenological synchrony between proportional migratory bird abundance
and mean percent tree flowering (after Box-Cox transformation*) during spring
migration in five habitat types in the Madrean Archipelago, southeast Arizona, USA from
2009-2011. Transformed x-axis is displayed to allow better visualization of relative point
distribution and patterns among habitat types and years. Each point represents the
mean overlap for each focal bird species within the habitat types it occurs. *For
reference, transformed values on x-axis are 1= 1.7%, 2=6.4%, 3=19.7%, 4=53.6%.
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Figure 3. 5. Percent overlap of proportional migrant abundance and percent tree
flowering relative to the difference between mean date of migrant detections and peak
tree flowering date for each focal bird and focal tree species combination in five habitat
types of the Madrean Archipelago, Arizona, USA during spring migration, 10 March to 15
May, 2009-2011.
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Figure 3. 6. Interaction effects between habitat type and year on percent overlap of
proportional migrant abundance and percent tree flowering during spring migration in
montane conifer (MC), pine-oak (PO), oak-juniper (OJ), mesquite (ME), and riparian (RI)
forest and woodland habitats in the Madrean Archipelago, Arizona, USA. Each circle
represents the overlap of a focal bird species with the focal tree species of that habitat
type.
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CHAPTER 4. ABUNDANCE, HABITAT BREADTH, AND PHENOLOGICAL SYNCHRONY OF
MIGRATORY BIRDS AT SPRING STOPOVER SITES ALONG THE LOWER COLORADO RIVER
Abstract
Understanding the dynamics of bird migration is an important component of avian
conservation and management. Small-bodied passerines seek high quality stopover
habitats during migration where they can maximize fat acquisition. Vegetation
phenology may provide valid cues of food availability and aid birds in selection of high
quality stopover habitats at landscape scales as they encounter novel environments.
Riparian habitats are a conservation priority, especially in arid and desert regions of the
United States and Mexico. We studied migrant abundance, habitat breadth,
proportional use of vegetation species as foraging substrates, and plant phenology
during spring migration along the lower Colorado River in the U.S. and Mexico. Migrant
abundance and habitat breadth had positive and negative quadratic relationships with
survey period respectively. Mean annual habitat breadth had a positive linear
relationship with annual precipitation the preceding monsoon and both declined over
the four years of the study. Proportional use of mesquite and willow as foraging
substrates was highly synchronous with tree flowering demonstrating a mid-season
habitat shift from willow to mesquite that coincided with the period of peak migrant
abundance and narrowest habitat breadth. Continued aridification of this region could
severely disrupt phenological synchronies of migratory birds and stopover habitat
condition.
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Introduction
Knowledge of seasonal habitat ecology and phenology that incorporates the
entire annual life-cycle is important for avian conservation and management (Donovan
et al. 2001, Faaborg et al. 2010), especially for migratory species (Hutto 1985a,
Gunnarsson et al. 2005, Norris and Marra 2007). Migration is a source of annual
mortality for small-bodied passerines (Sillett and Holmes 2002, Paxton et al. 2005) that
must make frequent stops to rest and feed along their journey (Blem 1980). During
migration and stopover, birds may repeatedly encounter novel habitats and
unpredictable environmental conditions (Moore et al. 1990, Parrish 2000, Petit 2000)
that may be exacerbated by the heterogeneous impacts of climate change across
latitudes and biogeographic regions (Fontaine et al. 2009, McKinney et al. 2012).
Therefore the ability to repeatedly identify, select, and use high quality stopover sites
across a wide range of habitat types would benefit survival and fitness and could be
under strong natural selection (Johnson 2007).
Food availability is one of the most important components of intrinsic stopover
habitat quality (Hutto 1985b, Martin & Karr 1986, Moore & Kerlinger 1987, Moore et al.
1995). However, factors driving stopover habitat selection may be scale dependent
(Buler et al. 2007). Birds likely select stopover sites during migration through a topdown series of decisions at the end of a migratory flight period (Moore and Aborn 2000,
Chernetsov 2005). Food availability can be directly assessed only at finer spatial scales;
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therefore prior to making landfall, aspects of the landcover could provide valuable cues
of habitat quality at a greater landscape scale (Buler et al. 2007).
Many passerine species rely primarily on insect prey during migration (Moore &
Kerlinger 1987, Moore and Yong 1991). Insect emergence and abundance is closely
associated with the availability of plant resources, which often results in phenological
synchrony among species (Visser & Holleman 2001; van Asch & Visser 2007; Singer &
Parmesan 2010) and the disruption of such trophic synchronies can have negative
effects on bird populations (Buse et al. 1999, Both and Visser 2001). While the structure
and composition of vegetation at stopover habitats are undoubtedly important
landcover factors that could be assessed at the landscape scale (Rodewald and
Brittingham 2004, Wood et al. 2012), plant phenology can also be distinguished at large
spatial extents (Turner et al. 2003) and could play a critical role in selection (Rodewald
and Brittingham 2007). In southwest Arizona, migrants were more abundant in trees
with more flowers and that abundance of preferred insect prey also increased with tree
flowering (McGrath et al. 2009)). However, plant phenology is rarely measured
explicitly in studies of migratory stopover.
The loss of stopover habitat is a principal concern in migratory bird conservation
and management (Moore et al. 1995). Riparian areas provide critical stopover habitat,
especially in desert regions of the southwestern United States and northwestern Mexico
(Skagen et al. 1998; Skagen et al. 2005) where they are threatened by climate change,
drought, human water use and resource extraction, development, invasive species, and
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grazing (Knopf et al. 1988, Busch and Smith 1995, Garfin et al. 2007, Serrat-Capdevila et
al. 2007). The lower Colorado River watershed includes a vast region of western North
America, and the main river corridor spans several American states and bridges the U.S.
and Mexico border en route to the Gulf of California. Like many large rivers, the water of
the Colorado is extensively managed (Poff et al. 1997, Rajagopalan et al. 2009) with
important implications for riparian habitat and biodiversity in the region (Stevens et al.
2001, Bunn et al. 2002, Morrison 1999, Glenn et al. 2002). Understanding the habitat
use of riparian areas along the Colorado River riparian corridor will help inform wildlife
and resource management.
We surveyed migratory birds and flowering phenology of common tree species
along the lower Colorado River in southwestern Arizona, USA and northwestern Sonora,
Mexico during spring migration to assess patterns of (1) migrant abundance, (2) habitat
breadth, (3) proportional use of tree species as foraging substrates, (4) tree flowering,
(5) phenological synchrony of abundance and habitat breadth with tree flowering, and
(6) interannual differences in these phenological events potentially associated with
variation in precipitation and drought….I think that you could emphasize climate change
more in the last portion of the intro to help increase likelihood of acceptance…you jump
into regional phenomena a bit too quickly…stay big and broad and get climate change.
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Methods
Study sites
We assessed bird migration and vegetation phenology along the Lower Colorado
River (LCR) in the southern United States and northern Mexico. Our study sites were
located at Cibola and Bill Williams National Wildlife Refuges, AZ, USA and El Doctor,
Sonora, and Alto Golfo de California Biosphere Reserve, Baja California, MX. (Fig. 4.1).
Climate
To assess potential drivers of differences in migrant abundance, habitat breadth,
and phenology among years we obtained climate data from the National Oceanic and
Atmospheric Association National Climatic Data Center (NOAA 2012) on precipitation
and drought. We used the total amount of precipitation (mm) recorded for Climate
Division 5 over the monsoon season, July through September, prior to each year's
migration season. We assessed drought using the Palmer Drought Severity Index (PDSI)
values from the preceding year's spring through winter, March through February (NOAA
2012).
Focal bird species
We selected an assemblage of 12 species of insectivorous passerines (Table 4.1).
Of these, only Yellow Warbler (Setophaga petechial) and Lucy’s Warbler (Oreothlypis
luciae) breed at our study sites (Corman and Wise-Gervais 2005). We used point count
transects (Reynolds 1980) to estimate relative migrant abundance. To determine
proportional use of focal tree species (Table 4.2) as foraging substrates, we walked
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point-count transects and recorded the tree species of observed foraging activity for
each individual of a focal bird species encountered (Remsen and Robinson 1990). We
performed point count and foraging surveys between 1 March and 31 May 2000-2003.
For analysis, we divided the study season into eight 10-day periods within which no site
was surveyed more than once. We were unable to conduct point-count surveys during
periods 1 and 8 in 2002 and 2003 and foraging surveys during period 4 in 2001, period 2
in 2002, and periods 1-3 and 8 in 2003 due to access.
Vegetation species and phenology
We focused on the flowering phenology of Gooding's willow (Salix goodingii),
honey mesquite (Prosopis glandulosa), and screwbean mesquite (P. pubescens). We
combined the two mesquite species for all analyses and will henceforth refer to our
focal tree species generally as mesquite and willow. We measured the flowering
phenology of focal tree species (Table 1) following van Riper (1980) and McGrath et al.
(2008). At each transect we estimated the percent leaf emergence and flowering of 100
individuals of each focal species. We conducted all surveys between 1 March and 31
May 2001-2003.
Analysis
We calculated habitat breadth (H) for individual bird species during each 10-day
survey period using the Shannon and Weaver (1964) entropy statistic (Strode 2009)
following the function:
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where p = the proportional use of plant species i as a foraging substrate.
We used generalized linear models (GLM) to test for differences in mean migrant
abundance per site, habitat breadth, and proportional use of focal tree species among
years and across survey dates. We used GLMs to examine relationships of habitat
breadth with migrant abundance and monsoon precipitation. To examine phenological
synchrony, we used GLMs to first compare migrant abundance with percent flowering
and then compare proportional tree use with percent flowering, tree species, and
survey date. We treated survey date as an integer to assess trends in abundance,
habitat breadth, and phenological synchrony through time. We included second order
terms and two-way interactions in analyses. We examined differences among factor
levels with Tukey's multiple comparison tests with Bonferroni adjustments. We
performed all analyses in program R 2.15 (R Development Core Team 2011).
Results
Migrant abundance
The mean number of migrants per site did not differ among years (F = 2.32, df =
3, p = 0.12) but there was a positive quadratic relationship with survey date (F = 5.9, df =
1, p < 0.05) whereby abundance generally peaked in early April (Fig. 4.2).
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Habitat breadth
Habitat breadth was different among years (F = 3.99, df = 3, p < 0.01); it was
broadest in 2000 (z = 2.93, p < 0.01) and narrowest in 2002 (z = 2.28, p < 0.05, Fig. 4.3).
Habitat breadth had a positive quadratic relationship with survey period (F = 4.9, df = 1,
p < 0.05, Fig. 4.2) and a negative quadratic relationship with migrant abundance (F =
5.73, df = 1, p < 0.05, Fig. 4.2).
Proportional tree use
Proportional use of focal tree species as foraging substrates was not different
among years (F = 2.46, df = 9, p = 0.12). Proportional use of trees was different among
tree species (F = 33.019, df = 3, p < 0.0001, Table 4.2). Migrants used mesquite more
than all other species (t = 9.92, p < 0.0001), and willow more than cottonwood and
tamarisk (t = 2.41, p < 0.05, Table 4.2).
Tree flowering
Mean percent flowering was not different among years with tree species
combined (F = 1.46, df = 2, p = 0.24) or for mesquite (F = 0.47, df = 2, p = 0.63, Fig. 4.4).
However, flowering of willow was greater in 2001 (23.2 + 9.3%, t = 2.65, p <0.01, Fig. 4),
than 2002 (3.9 + 1.3%) and 2003 (8.1 + 2.82%). Flowering of willow and mesquite
combined increased during the migration season (F = 10.67, df = 1, p < 0.01).
Phenological synchrony
Migrant abundance was not correlated with the percent flowering of focal tree
species combined (F = 1.21, df = 1, p = 0.31). However there was a interaction of
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flowering with year (F = 8.37, df = 2, p < 0.05, Fig. 4.5a); in 2003 there was a positive
linear increase in migrant abundance and flowering (F = 19.21, df = 1, p < 0.05, Fig. 4.3).
Although the relationships of abundance and flowering were also positive, they were
not significant in 2001 (F = 1.01, df = 1, p = 0.36) or 2002 (F = 1.33, df = 1, p = 0.33, Fig.
4.5a). Habitat breadth had a negative linear relationship with percent flowering of
willow and mesquite (F = 12.17, df = 1, p < 0.05, Fig. 4.6).
Proportional use of mesquite and willow had a positive quadratic correlation
with percent flowering (F = 9.78, df = 1, p < 0.01), and an interaction with survey date (F
= 5.04, df = 1, p < 0.05, Fig. 4.7a). Mesquite use was negatively correlated with willow
use (F = 7.1, df = 1, p<0.05); foraging shifted from willow too mesquite (Fig. 4.7a).
There was no significant relationship between use of cottonwood and tamarisk and
percent flowering (F = 0.44, df = 1, p = 0.52, Fig. 4.7b).
Precipitation and drought
The 2003 migration season experienced the lowest total monsoon precipitation
the previous summer (Fig. 3) and the lowest mean monthly PDSI (Fig. 5b), indicating a
severe drought (NOAA 2012). Habitat breadth had a positive linear relationship with
total monsoon precipitation the prior summer (F = 129.22, df = 3, p < 0.01) with both
annual habitat breadth and precipitation decreasing over the four years of the study
(Fig. 5). The broadest mean habitat breadth occurred in 2000, following the highest
total monsoon precipitation during our study (Fig. 3) and the steepest slope of the linear
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relationship of migrant abundance and tree flowering was in 2003, following a 12month mean PDSI indicating severe drought (PDSI < -3, NOAA 2012).
Discussion
Our results emphasize the important role that flowering phenology plays in the
spatiotemporal distribution and stopover habitat use and selection of en route migrants
(McGrath et al. 2009, Strode 2009). During spring, the relative abundance of migratory
passerines at stopover sites along the lower Colorado River in northwestern Mexico and
southwestern Arizona generally peaked in early April coinciding with the timing of
narrowest habitat breadth for foraging migrants. These migrant phenomena also
coincided with the period of greatest overlap of the proportional use curves for of
willow and mesquite when the percent flowering and proportional use of mesquite and
willow were roughly equal. Early in the season when tree flowering is low across most
species, resources may be relatively scarce and more widely distributed causing birds to
select a wider range of plant species in search of food. As willow and then mesquite
flowering proceeds over the course of spring, insect prey may become concentrated in
these species (McGrath et al. 2009), and the increasing numbers of arriving migrants
narrow their foraging substrate use accordingly.
Migrants are capable of detecting and selecting habitats at local scales (Buler et
al. 2007), distinguishing differences in vegetation structure and species composition
(Rodewald and Brittingham 2007, Wood et al. 2012) as they attempt to maximize their
fat accumulation while minimizing costs (Moore & Kerlinger 1987, Moore and Yong
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1991). The patterns of habitat use that we observed on the lower Colorado River
highlight the critical role that flowering phenology may play in habitat selection (Jones
2002), which suggests that riparian willow and mesquite woodland habitats may
represent the highest quality stopover habitat available in this area (Shochat et al. 2002,
Johnson 2007), and reaffirms that explicit consideration of phenology should be made in
assessments of avian stopover habitat.
We also found strong evidence that these patterns of phenological synchrony
and habitat use are influenced by regional precipitation and drought. In 2003 the
relationship between migrant abundance and tree flowering had the greatest positive
slope, which was the year with the lowest monsoon precipitation the previous summer
and a monthly mean PDSI that indicated extreme drought. Annual mean habitat
breadth also declined with monsoon precipitation over the four years of the study.
Plant growth and productivity in desert regions are strongly influenced by precipitation
(Ogle and Reynolds 2004), and in this region of the U.S. and Mexico, the summer
monsoon's bring a proportion of annual rainfall (Adams and Comrie 1997). Different
functional plant types access water differently (Ogle and Reynolds 2004) and the effects
of changes in precipitation event may affect types differently. While growth of annuals
and some perennials depend mostly on the amount of water available close to the
surface and summer monsoon precipitation, woody perennial species can tap deeper
ground water supplies and utilize rainfall that arrives throughout the year (Ehleringer et
al. 1991). Therefore, wetter years may allow greater primary productivity, in turn
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supporting a greater abundance of preferred insect prey (McGrath et al. 2009) and thus
support migrants' expansion of their habitat breadth to include utilization of plant
species as foraging substrates that would either not be available or contain insufficient
prey in drier years. In contrast, during drought years such as 2003 birds may rely more
heavily on larger woody perennials such as willow and mesquite which have access to
deeper ground water as well as perennial surface water and can maintain seasonal
productivity and phenology, which provide critical stopover resources. However, we did
not find lower flowering in mesquite in 2003. Temporal lags in plant responses to
variation in precipitation remain poorly understood in arid regions (Ogle and Reynolds
2004). Studies of phenological responses of plant species and functional types to
rainfall patterns and the cascading trophic effects on insect and birds would greatly
benefit our understanding of stopover ecology and the potential threats of climate
change in aridlands and desert riparian areas.
The mid-season habitat shift from willow to mesquite indicates the ability of at
least some migratory bird species to track suitable habitat conditions, which has
important implications for species conservation (Dawson et al. 2011). The ability of
migratory birds to spatiotemporally track the seasonal availability of patchy food
resources along migration corridors will ultimately affect not only their body condition,
but their breeding productivity and overall fitness as well (Both and Visser 2001, Norris
and Marra 2007). While some species appear able to adjust their migratory behavior
(Cotton 2001, Marra et al. 2005), others may not be able to adapt adequately depending

143
on a variety of life history traits such as migration distance and nesting behavior (Jenni
and Kery 2003). Ultimately, the variation and uncertainty of current and future climate
change across biogeographical systems are reminders that many species may be unable
to keep pace with impending change without conservation efforts (Loarie et al. 2009).
The degree of exposure, sensitivity, and adaptive capacity or phenotypic plasticity of a
species to respond to environmental variation through behavioral, physiological, or
morphological change (Price et al. 2003) will help determine how vulnerable individual
migratory bird species are to population declines and potential extinction (Dawson et al.
2011). Average climate model projections for the lower Colorado River show increasing
drought and further aridification over the next few decades (Seager et al. 2007), and the
degree of change may be different than what birds experience in their temperate
breeding grounds (Fontaine et al. 2009). Therefore, research and conservation of this
important migration corridor is more critical than ever (Faaborg et al. 2010).
Management implications
Increasing human demands on the limited water available in the Colorado River
Basin due to climate change-induced drought and continued development of
settlements, agriculture, and recreation (Christensen et al. 2004) threaten this
important corridor of riparian habitat. Altered flood frequency, reduced water table,
and increased salinity have already drastically reduced the abundance of large woody
perennials and riparian forest (Busch and Smith 1995) that migratory birds forage in and
likely depend on to acquire sufficient insect prey to complete their migration through
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these arid lands (McGrath et al. 2009). Maintaining sufficient willow, mesquite, and
cottonwood habitat along the lower Colorado will likely require management activities
including restoration of flow regimes (Stromberg 2001), forest restoration, and tamarisk
control to at least maintain appropriate mixture of native and invasive habitat (van
Riper 2008), efficiency of water use, and water conservation in the region (Garfin et al.
2007). In addition, the velocity of climate change in desert biomes may require large
protected areas and increased connectivity of smaller refuges to prevent future loss of
biodiversity (Loarie et al. 2009).
Effective conservation will also require successful communication and
collaboration on water use, management, and science strategies among the diverse
array of stakeholders involved in this international and multinational conservation issue
(Ray et al. 2007). However, it is unclear what amount and proportional species
composition of riparian habitat is necessary to maintain migratory bird populations.
Future wildlife studies should further investigate the movement of birds (Paxton et al.
2008) along the corridor and connectivity with other stopover sites and corridors and
assess weight gain and individual fitness at sites with different species composition
across years with variable phenology.
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Tables
Table 4. 1. The focal species of Neotropical migratory passerines and the number of
foraging observation that were made during spring migration along the lower Colorado
River in southwestern Arizona, United States and northwestern Sonora, Mexico during
spring migration 2000-2003.

Bird: Common name
Wilson’s Warbler
Orange-crowned Warbler
Black-throated Gray Warbler
Nashville Warbler
Warbling Vireo
Yellow-rumped Warbler
Townsend’s Warbler
Lucy’s Warbler
Yellow Warbler
MacGillivray’s Warbler
Hermit Warbler
Ruby-crowned Kinglet
Bell's Vireo

Scientific name
Cardellina pusilla
Oreothlypis celata
Setophaga nigrescens
Oreothlypis ruficapilla
Vireo gilvus.
Setophaga coronate
Setophaga townsendi
Oreothlypis luciae
Setophaga petechia
Oreothlypis tolmiei
Setophaga occidentalis
Regulus calendula
Vireo bellii

# foraging
observations
3969
1935
1207
1165
942
693
592
562
338
236
163
43
21
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Table 4. 2. The plant species that commonly comprised foraging substrates for focal
migratory bird species and the mean proportion of foraging observations (p) per 10-day
survey period that were made within that substrate along the lower Colorado River in
the U.S. and Mexico, March-May, 2000-2003.
Plant species
Prosopis sp.
Salix goodingii
Populus fremontii
Tamarix sp.
Pluchea sericea
Parkinsonia sp.
Baccarus sp.
Larea tridentata
Lycium berlandieri
Typha latifolia
Atriplex canescens

Common name
mesquite
Gooding's willow
Fremont cottonwood
tamarisk
arrow weed
palo verde
Baccarus
creosote
wolfberry
cattails
salt bush

Mean p
0.72
0.40
0.28
0.24
0.18
0.12
0.10
0.07
0.02
0.02
0.01
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Figures

Figure 4. 1. Locations of four study sites (black points) along the lower Colorado where

we studied spring bird migration and plant phenology from 2000-2003 in the
southwestern United States and northwestern Mexico.
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Figure 4. 2. Abundance and habitat breadth of 13 migratory bird species during spring
migration from 2000-2003 along the lower Colorado River in the southwestern U.S. and
northwestern Mexico. Habitat breadth represents an index from 0-1 of the number of
trees birds were observed utilizing as foraging substrates during stopover where values
closer to one indicate the use of more tree species.
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Figure 4. 3. Annual mean habitat breadth of migratory birds during spring migration
(March-May) and total monsoon precipitation (July-September) of the preceding year
along the lower Colorado River in southwestern U.S. and northwestern Mexico.
Precipitation is for NOAA Climate Division 5.
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Figure 4. 4. Mean annual percent flowering (+1SE) between 1 March and 31 May for
willow (Salix goodingii) and mesquite (Prosopis sp.) along the lower Colorado River in
southwest Arizona, USA and northwestern Sonora, Mexico. The values represent the
mean of 100 individual trees of each species 6-8 times at four sites each year.
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Figure 4. 5. a) The relationship between mean relative abundance of migratory birds and
percent flowering of willow (Salix goodingii) and mesquite (Prosopis sp.) at four sites
along the lower Colorado River in southwest Arizona, USA and northwestern Sonora,
Mexico from 1 March-31 May, 2001-2003. Fitted generalized liner models include the
slope and y-intercept to the right of the fitted line (2001=solid black, 2002=dashed,
2003=solid gray). b) The regression (Beta) coefficients from the annual fitted linear
models in panel a (solid gray line and circles) and the mean Palmer Drought Severity
Index (PDSI) over a 12 month period (dashed black line with open circles) March through
February.
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Figure 4. 6. Relationship between the habitat breadth of migratory birds and percent
flowering of willow, mesquite, cottonwood, and tamarisk at stopover sites along the
lower Colorado River in the southwestern U.S. and northwestern Mexico during spring
migration, 2001-2003. Habitat breadth represents an index from 0-1 of the number of
trees birds were observed utilizing as foraging substrates during stopover where values
closer to one indicate the use of more tree species.
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Figure 4. 7. Phenological synchrony of the mean proportional use (p) as foraging
substrates by migratory birds of a) Prosopis mesquite species (PROS) and Gooding's
willow (Salix goodinggii, SAGO) and b) Fremont cottonwood (Salic goodingii) and
tamarisk (Tamarix sp.) and their mean percent flowering (FL) during spring migration
from 2001-2003 at four sites along the lower Colorado River in the southwestern U.S.
and northwestern Mexico.
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Figure 4. 8. Stylized summary of results. Peak migratory bird abundance (black dashed
line) coincided with minimum habitat breadth (solid black) and this period also
coincided with the timing of peak overlap (gray shaded area) of willow (curve A, black
dotted line) and mesquite (curve B, gray dotted line) flowering and the habitat shift in
proportional use of these two tree species as foraging substrates (solid black and gray A
and B curves respectively).
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APPENDIX A – LIST OF ALL MIGRATORY BIRD SPECIES ANALYZED IN CHAPTER 1
Common name
American Robin
Anna's Hummingbird
Ash-throated Flycatcher
Buff-breasted Flycatcher
Broad-billed Hummingbird
Brown-crested Flycatcher
Black-chinned Hummingbird
Black-chinned Sparrow
Berylline Hummingbird
Bell's Vireo
Blue-gray Gnatcatcher
Brown-headed Cowbird
Black-headed Grosbeak
Blue Grosbeak
Botteri's Sparrow
Brewer's Sparrow
Broad-tailed Hummingbird
Black-throated Gray Warbler
Bullock's Oriole
Cassin's Finch
Calliope Hummingbird
Cassin's Kingbird
Cassin's Sparrow
Cassin's Vireo
Cedar Waxwing
Chipping Sparrow
Clark's Nutcracker
Cordilleran Flycatcher
Costa's Hummingbird
Common Yellowthroat
Dusky-capped Flycatcher
Dark-eyed Junco
Dusky Flycatcher
Eastern Bluebird
Elegant Trogon
Evening Grosbeak
Gray Flycatcher

Scientific name
Turdus migratorius
Calypte anna
Myiarchus cinerascens
Empidonax fulvifrons
Cynanthus latirostris
Myiarchus tyrannulus
Archilochus alexandri
Spizella atrogularis
Amazilia beryllina
Vireo bellii
Polioptila caerulea
Molothrus ater
Pheucticus melanocephalus
Passerina caerulea
Peucaea botterii
Spizella breweri
Selasphorus platycercus
Setophaga nigrescens
Icterus bullockii
Haemorhous cassinii
Selasphorus calliope
Tyrannus vociferans
Peucaea cassinii
Vireo cassinii
Bombycilla cedrorum
Spizella passerina
Nucifraga columbiana
Empidonax occidentalis
Calypte costae
Geothlypis trichas
Myiarchus tuberculifer
Junco hyemalis
Empidonax oberholseri
Sialia sialis
Trogon elegans
Coccothraustes vespertinus
Empidonax wrightii
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Common name
Greater Pewee
Gray Vireo
Grace's Warbler
Green-tailed Towhee
Hammond's Flycatcher
Hepatic Tanager
Hermit Thrush
Hermit Warbler
Hutton's Vireo
Lawrence's Goldfinch
Lark Bunting
Lark Sparrow
Lazuli Bunting
Lewis's Woodpecker
Lincoln's Sparrow
Lucy's Warbler
Magnificent Hummingbird
MacGillivray's Warbler
Mountain Bluebird
Nashville Warbler
Northern Beardless-Tyrannulet
Northern Parula
Northern Waterthrush
Orange-crowned Warbler
Olive Warbler
Olive-sided Flycatcher
Painted Redstart
Plumbeous Vireo
Pacific-slope Flycatcher
Ruby-crowned Kinglet
Red-faced Warbler
Rufous Hummingbird
Scott's Oriole
Summer Tanager
Swainson's Thrush
Thick-billed Kingbird
Townsend's Solitaire
Townsend's Warbler
Vesper Sparrow

Scientific name
Contopus pertinax
Vireo vicinior
Setophaga graciae
Pipilo chlorurus
Empidonax hammondii
Piranga flava
Catharus guttatus
Setophaga occidentalis
Vireo huttoni
Spinus lawrencei
Calamospiza melanocorys
Chondestes grammacus
Passerina amoena
Melanerpes lewis
Melospiza lincolnii
Oreothlypis luciae
Eugenes fulgens
Geothlypis tolmiei
Sialia currucoides
Oreothlypis ruficapilla
Camptostoma imberbe
Setophaga americana
Parkesia noveboracensis
Oreothlypis celata
Peucedramus taeniatus
Contopus cooperi
Myioborus pictus
Vireo plumbeus
Empidonax difficilis
Regulus calendula
Cardellina rubrifrons
Selasphorus rufus
Icterus parisorum
Piranga rubra
Catharus ustulatus
Tyrannus crassirostris
Myadestes townsendi
Setophaga townsendi
Pooecetes gramineus
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Common name
Virginia's Warbler
Warbling Vireo
White-crowned Sparrow
Western Bluebird
Western Kingbird
Western Meadowlark
Western Tanager
Western Wood-Pewee
Williamson's Sapsucker
Wilson's Warbler
Yellow-breasted Chat
Yellow-rumped Warbler
Yellow Warbler
Clay-colored Sparrow
Grasshopper Sparrow

Scientific name
Oreothlypis virginiae
Vireo gilvus
Zonotrichia leucophrys
Sialia mexicana
Tyrannus verticalis
Sturnella neglecta
Piranga ludoviciana
Contopus sordidulus
Sphyrapicus thyroideus
Cardellina pusilla
Icteria virens
Setophaga coronata
Setophaga petechia
Spizella pallida
Ammodramus savannarum
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