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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 

Introduction 
 

Population declines in some migratory songbird species have generated 

conservation and management concern (Robbins et al. 1989).  Knowledge of the factors 

limiting bird populations is required to address these concerns.  Breeding and wintering 

ecology have been the subject of much research (Keast & Morton 1980; Hagan & 

Johnston 1992), yet the study of migration ecology is still in its infancy.  Migratory birds 

may spend 30% of their annual life cycle in transit between breeding and wintering 

grounds.  Events during the migratory period may greatly impact the survival of birds and 

contribute to long-term population change.  Recent research examining population 

regulation in the Black-throated Blue Warbler (Dendroica caerulescens) has, for the first 

time, quantified the importance of migration relative to other stages of the annual cycle.  

Sillett & Holmes (2002) calculated that mortality rates during migration were five times 

higher than during stationary periods; approximately 85% of annual adult mortality 

occurred during migration.  As such, knowledge of the factors influencing the success of 

migration is critical to the development of comprehensive plans for landbird 

conservation. 

A migration stopover site is a general term for any location that migrants use to 

rest, refuel or avoid predation during migration.  Stopover ecology is the study of 

migrants during temporal breaks in migration (Morris et al. 1996).  Given the limited 

temporal and spatial scale of current migration research, the development threats facing 
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natural areas, and the importance of migration in the life cycle of migratory birds, a 

pressing need exists for improving our knowledge of stopover ecology. 

Despite increasing interest in stopover ecology in recent decades (Moore 2000), 

few broadly applicable rules exist for identifying areas and resources that are important to 

landbirds during migration.  A synthesis of stopover ecology research is complicated by 

interspecific and intraspecific variation in stopover patterns between seasons, sites, and 

years.  A 1979 commentary on priorities in bird migration studies noted that, “we know 

very little about the demographic and sexual features of bird migration, the importance of 

intraspecific and interspecific competition to the timing of migration and the seasonal 

distribution of migrants, [and] the relationship between migration and dispersal” 

(Gauthreaux 1979).  Decades later, these observations remain relevant (Ewert & Hamas 

1995).  Researchers still lack information on where and in which habitats species occur 

during migration, and interspecific differences require a broadening of conservation 

efforts (Hutto 1998).   

Nearctic-neotropical migratory songbirds travel thousands of kilometers between 

breeding territories in the United States and Canada and wintering territories in the 

Caribbean, Central and South America. While all land areas between wintering and 

breeding territories are potential stopover locations, certain geographic features serve as 

barriers to migration, forcing large numbers of migrating birds to concentrate in relatively 

small stopover areas.   

Large bodies of water, such as the Great Lakes, act as barriers to migration 

(Gauthreaux 1992; Biebach et al. 2000). As such, near-shore terrestrial habitats may be 

critical stopover areas for migratory songbirds.  However, the quality of near-shore 
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terrestrial ecosystems continues to be degraded throughout the Great Lakes basin.  In 

fact, the health of near-shore terrestrial ecosystems in the Lake Ontario plain recently 

received a grade of "D," with poor to moderate representation in parks and protected 

areas, and a high rate of land-use change (Reid & Holland 1996).  Yet, it is not likely that 

all shoreline areas are equally important for migratory birds. 

There are two major research requirements for identifying conservation priorities 

for the migratory stages of the annual cycle.  First, research is required to identify the 

relative importance of various locations, land cover types and landscape contexts.  

Research along the Gulf of Mexico, which forms a similar barrier to migration as the 

Great Lakes, shows that birds concentrate in a few geographically localized "hot spots" 

that serve as staging sites between migratory flights (Gauthreaux 1992; Gauthreaux & 

Belser 1998).   

Even within concentration areas, sites differ in their quality for a migrating bird.  

A second major research issue in identifying conservation priorities for migratory 

landbirds involves understanding the behavior of birds during stopover periods.  Behavior 

likely varies between sites with various land cover and landscape contexts.  Both 

stopover duration and the rate of mass gain during stopover are potential indicators of site 

quality (Morris 1996a; Dunn 2000).   

An inability to prioritize areas or habitats used by migrants has limited the 

incorporation of specific stopover sites into regional landbird conservation plans.  

Assigning conservation priorities for areas used by birds during migration requires 

extensive information regarding the locations and land cover characteristics of major 

migrant activity.  Prior to this study, hot spots of migrant activity had not been identified 
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in the Great Lakes basin.  Nor had the land cover characteristics associated with 

concentration areas been examined.  Further, few studies had considered how migrants 

use stopover sites.  These issues are addressed here. 

Research Plan 
 

Research was conducted at various spatial scales over four migration seasons.  At 

an extensive spatial scale, this study sought to identify areas in the Great Lakes basin that 

hosted large numbers of migratory birds during stopover periods.  The extensive survey 

used radar imagery (WSR 88-D) to identify stopover areas surrounding 10 radar locations 

in the basin.  Further, the landcover characteristics associated with these areas were 

examined.  Radar data were integrated with land cover data obtained from satellite 

imagery.  The radar and land cover data sets were integrated in a geographical 

information system to identify links between areas hosting large concentrations of 

migratory birds and the land cover and landscape characteristics associated with those 

areas.  The landscape-scale analyses of stopover areas provided a heretofore-unavailable 

perspective on migration patterns throughout the Great Lakes basin.   

At a finer spatial scale, a mark-recapture study detailed the migration and 

stopover behaviors of landbirds at study sites located along the south shore of Lake 

Ontario.  Data from over 35,000 individual birds of 120 species were examined for this 

study.  The scope of this multi-year and multi-site research allowed for analysis of the 

stopover patterns of multiple species.  Such comprehensive studies are rare in the field of 

stopover ecology. 



 

 5

Use of Radar in Ornithological Research 

Bird migration was first detected on radar imagery during World War II, when 

British observers realized that unidentified objects crossing the English Channel were 

migrating birds (Lack & Varley 1945).  In the early 1970s, the use of radar in studies of 

bird migration became widespread.  Radar was initially used to study migration across 

the Gulf of Mexico (Gauthreaux 1971), in southeastern Canada (Richardson 1972) and 

the western Atlantic (Richardson 1979).  Early studies in radar ornithology examined the 

pattern and orientation of flight.  As the technology advanced, radars were used to study 

the altitude of flight (Williams 1985), the density and height distribution of migrants aloft 

(Bruderer & Liechti 1998), the influence of wind on flight direction (Able 1973; 

Bergman 1978; Gauthreaux 1991; Bonter et al. 2002), the spatial and temporal dynamics 

of colonial roosts (Russell et al. 1998), and to quantify the absolute (Bruderer & Liechti 

1998) and relative numbers of birds aloft (Gauthreaux & Belser 1998).  Recent advances 

in radar technology (WSR-88D) provide opportunities to investigate bird migration at 

scales vastly greater than any previous methodologies.   

The WSR-88D network, developed by the federal government of the United 

States, provides radar coverage for most of the continental U.S. (Crum & Alberty 1993).  

The completion of the WSR-88D network in the mid-1990s increased the descriptive 

power of radar for biological studies.  WSR-88D has been identified as a valuable remote 

sensing tool for biological studies of birds and insects in the atmosphere (Gauthreaux & 

Belser 1998).  In a study examining Purple Martin (Progne subis) roosts in the 

southeastern United States, Russell & Gauthreaux (1998) concluded that this technology 
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supplies reliable data concerning the origin, timing, extent and volume of bird 

movements over large spatial scales.   

WSR-88D remotely senses large landscapes, allowing users to identify 

concentrations of birds located within approximately 60 km of the radar device.  Radar 

images detect the movements of migratory birds as flocks climb into the sky at the onset 

of nocturnal migration.  During this period, radar echoes from the migrants map the areas 

from which the birds departed. Although the species composition of flocks cannot be 

identified utilizing this remote sensing technology, radar images have been used to 

identify areas where large numbers of birds concentrate during temporal breaks in 

migration.  Stopover sites on the northern coast of the Gulf of Mexico have already been 

mapped using WSR-88D technology (Gauthreaux & Belser 1998).   Hot spots of 

migratory bird activity in the Great Lakes basin, and the land cover characteristics 

associated with these sites, are examined in Chapter 2. 

Stopover Ecology Research 
 

Identifying areas where birds stop during migration is an initial step in 

understanding the ecology of migratory birds during stopover periods.  Information on 

how different groups of birds use stopover sites is also important for understanding the 

ecology of birds during this stage of the annual cycle.  Of particular interest are issues 

including the length and probability of stopover, differential migration patterns within 

and between species, and the rate of mass gain during stopover periods. 

Stopover Length & Stopover Probability 
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The length that a migratory bird stays at a stopover site varies depending upon 

numerous factors.  Stopover decisions are likely influenced by the availability of food 

resources, time of season, competition, weather conditions, and the energetic condition of 

the individual bird.  Stopover behaviors may also vary between age and sex classes 

within a species.  For instance, young Wilson’s Warblers (Wilsonia pusilla) stayed at 

stopover sites in New Mexico longer than adults during autumn migration (Yong et al. 

1998).   Hatch-year Red-eyed Vireos (Vireo olivaceus), Northern Waterthrush (Seiurus 

noveboracensis) and Black-and-white Warblers (Mniotilta varia) were more likely to be 

recaptured than adults during autumn migration on the coast of Maine (Morris et al. 

1996).  And, adult Bluethroats (Luscinia svecica) carried higher fat loads than juveniles 

during autumn migration in Sweden, and stayed at stopover sites for shorter periods of 

time (Ellegren 1991).  In contrast, stopover length was not related to age in six species of 

warbler studied in Alabama during autumn migration (Woodrey & Moore 1997).   

The length of stopover can be influenced by the availability of suitable habitat and 

resources.  Low recapture rates (a surrogate measure of stopover length) have 

characterized studies on islands with sparse food resources (Kuenzi et al. 1991), while 

stopover periods of more than a week have been recorded at other sites with adequate 

resources (Morris 1996a, current study).  And, while landbirds may stay at a stopover site 

for several days during any single migration season, individual fidelity to stopover sites 

between seasons has rarely been documented (but see Cantos & Telleria 1994). 

The resources required by migrating birds during stopover may vary within and 

between seasons.  For instance, energy depleted migrants may actively seek adequate 

foraging habitats following nocturnal flights, while migrants with adequate reserves may 
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simply seek cover in which to rest between flights.  In a study of three species of trans-

Saharan migrants in Egypt, Biebach et al. (1986) found that birds with low energy 

reserves sought oases where food and water could be obtained.  In contrast, birds with 

adequate energy reserves would settle wherever they could find shade following a night 

of nocturnal flight, and did not forage between migratory flights.  Birds were more likely 

to stay at stopover sites when they were in poor energetic condition and adequate 

foraging resources were available. 

Numerous other factors have been identified as potentially impacting the stopover 

behaviors of individuals.  During autumn migration on the coast of Maine, stopover 

length for Semipalmated Sandpipers (Calidris pusilla) was inversely related to fat loads 

(Dunn et al. 1988).  The frequency, direction and duration of winds aloft have been 

shown to influence migratory decisions in landbirds (Able 1973) and shorebirds (Butler 

et al. 1997).  And, intraspecific competition may also impact stopover decisions.  In a 

study of Northern Waterthrush conducted on the Gulf Coast of Texas, Rappole & Warner 

(1976) concluded that birds that were unable to establish temporary territories during 

stopover frequently continued to migrate the next evening.  Thus, in the face of 

competition for limited resources, it may be adaptive to continue migration in an attempt 

to locate adequate resources elsewhere.  

Differential Migration 
 

Differences in the timing of migration between species, and between age- and 

sex-classes within species, have been widely documented (Hussell 1981; Francis & 

Cooke 1986; Yunick 1988; Moore et al. 1990; Potti and Montalvo 1991; Otahal 1995; 
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Aebischer et al. 1996; Lozano et al. 1996; Morris et al. 1996; Izhaki & Maitav 1998; 

Lawn 1998; Yong et al. 1998).  Differences in the timing of migration are often sex-

based in spring and age-based in fall.  Males tend to precede females during spring 

migration.  In a study of 18 warbler species in Ontario, Francis & Cooke (1986) 

documented earlier median passage dates for males in all species.  Morris (1996) 

documented earlier spring passage dates in males for 15 species, including flycatchers, 

warblers, sparrows and kinglets.  Further, older males may arrive earlier than second-year 

males, potentially contributing to increased reproductive success for older males (Potti & 

Montalvo 1991; Aebischer et al. 1996).  In the Willow Warbler (Phylloscopus trochilus), 

Lawn (1998) discovered that polygynous males arrived earlier on the breeding grounds 

than monogamous and unmated males.  In a study of American Redstarts (Setophaga 

ruticilla) in New Brunswick, Lozano et al. (1996) also concluded that male reproductive 

success was affected by arrival date and age, with early arrivals having higher mating 

success.  Similar patterns have been detected in the Kentucky Warbler (Oporornis 

formosus, McDonald 2000). 

Francis & Cooke (1986) suggested that males are selected to arrive on the 

breeding grounds as early as food resources and climactic conditions permit.  According 

to this hypothesis, early arriving males would gain access to premium breeding 

territories, increasing the probability of attracting a mate and reproducing successfully.  

Females, who are not under comparable selective pressure to establish territories, arrive 

closer to the time when nesting can be initiated.   

Males may initiate migration earlier, or may simply migrate faster than females.  

Both circumstances would generate similar patterns of differential migration at northern 
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latitudes.  However, current evidence suggests that males indeed initiate migration earlier 

than females during spring.  Research near the wintering grounds has documented 

differential timing of migration between sexes during spring (Moore et al. 1990).  

Further, research examining American Redstarts wintering in Jamaica concluded that 

males initiated northward migration earlier than females (Marra et al. 1998).  

Migration patterns during fall are more difficult to discern.  Studies have 

documented no differences in the timing of fall migration by age or sex in Wilson’s 

Warbler in New Mexico (Yong et al. 1998) or in Blackcaps (Sylvia atricapilla) in Israel 

(Izhaki & Maitav 1998).  In contrast, adult Least Flycatchers (Empidonax minimus) 

migrated earlier than hatch-year birds in Ontario (Hussell 1981).  Further complexity is 

indicated by a study conducted on Appledore Island, Maine.  In that study, female Ruby-

crowned Kinglets (Regulus calendula) preceded males, young Magnolia Warblers 

(Dendroica magnolia) preceded adults, and adult Red-eyed Vireos and Cedar Waxwings 

(Bombycilla cedorum) preceded young during autumn migration (Morris et al. 1996).  

More research into the timing of fall migration within and among species is required. 

Energetic Condition Change 
 

Migration is an energetically taxing endeavor.  Long-distance migrants need to 

rapidly build energy reserves at stopover sites in order to fuel the next migratory flight.  

Quantifying how quickly birds gain mass at a stopover site may provide one index of site 

quality. 

Inter- and intraspecific variations characterize the rates of mass change during 

stopover.  Examining mass changes in Magnolia Warblers at three research sites on Long 
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Point, Ontario, Dunn (2000) documented differential rates of gain between sites, between 

early and late migrants within a season, and between seasons.  The earliest migrants 

during spring lost mass at all sites, suggesting that food resources were limited early in 

the season and implying that earlier arrival on the breeding grounds must confer some 

reproductive advantage to balance the risks of early migration.   

Some evidence suggests that adults gain mass at a faster rate than hatch-year birds 

during autumn migration.  For instance, adult Chipping Sparrows (Spizella passerina) in 

New Mexico gained mass at a faster rate than young birds, and variability in the rates of 

mass change between habitats, sampling locations, and sex classes also characterized the 

study (Finch & Yong 2000).   

Interspecific differences in mass gain at a stopover site can be considerable.  

Examining four species captured during fall migration in New Mexico, Finch and Yong 

(2000) recorded average mass changes ranging from –0.15% (Blue Grosbeak, Guiraca 

caerulea) to 13.44% (McGillivray’s Warbler, Oporornis tolmiei) of the species’ mean 

body weight. 

By capturing and studying birds during stopover periods, this study sought to 

expand our knowledge of how birds use stopover sites during migration.  Information on 

the timing of migration, the probability of stopover, rates of mass gain, and the factors 

that may influence rates of mass gain, are reported in subsequent chapters. 

Organization of Dissertation 
 

Understanding the ecology of birds during migration is dependent upon (1) 

knowledge of where birds stop between migratory flights, and (2) knowledge of how 



 

 12

birds use different areas during stopover periods.  This study addresses these research 

needs.  The remainder of this dissertation is composed of four research chapters written 

in journal article format.  Chapter 2 integrates WSR-88D radar imagery with land cover 

data to identify the land cover characteristics associated with areas hosting large numbers 

of birds during stopover periods.  Chapter 3 documents intraspecific differences in the 

timing of migration.  Further, Chapter 3 uses mark-recapture models to test for 

differential stopover probabilities within and among species.  Chapter 4 calculates the 

rate of mass gain during stopover at our study sites, and compares two methods for 

assessing changes in energetic condition.  Chapter 5 tests for density-dependent effects 

on the rate of mass gain during stopover periods.  Each chapter is followed by tables, 

figures, and a list of references cited therein.  A comprehensive bibliography follows 

Chapter 5.   



 

 13

References 

Able, K. 1973. The role of weather variables and flight direction in determining the 
magnitude of nocturnal bird migration. Ecology 54:1031-1041. 

Able, K. 1974. Environmental influences on the orientation of free-flying nocturnal bird 
migrants. Animal Behaviour 22:224-238. 

Aebischer, A., N. Perrin, M. Kreig, J. Studer and D. Meyer. 1996. The role of territory 
choice, mate choice and arrival date on breeding success in the Savi's Warbler 
Locustella luscinioides. Journal of Avian Biology 27:143-152. 

Bergman, G. 1978. Effects of wind conditions on the autumn migration of waterfowl 
between the White Sea area and the Baltic region. Oikos 30:393-397. 

Biebach, H., I. Biebach, W. Friedrich, G. Heine, J. Partecke and D. Schmidl. 2000. 
Strategies of passerine migration across the Mediterranean Sea and the Sahara 
Dessert: a radar study. Ibis 142:623-634. 

Biebach, H., W. Friedrich, and G. Heine. 1986. Interaction of body mass, fat, foraging 
and stopover period in trans-Sahara migrating passerines. Oecologia (Berlin) 
69:370-379. 

Bonter, D., S. Gauthreaux, and T. Donovan. 2002. Divergent migration directions in the 
Great Lakes Basin: The result of atmospheric circulation? Presented at the North 
American Ornithological Conference, New Orleans, LA. 

Bruderer, B. and F. Liechti. 1998. Flight behaviour of nocturnally migrating birds in 
coastal areas - crossing or coasting. Journal of Avian Biology 29:499-507. 

Butler, R., T. Williams, N. Warnock and M. Bishop. 1997. Wind assistance: A 
requirement for migration of shorebirds? Auk 114:456-466. 

Cantos, F. J. and J. L. Telleria. 1994. Stopover site fidelity of four migrant warblers in the 
Iberian Peninsula. Journal of Avian Biology 25:131-134. 

Crum, T. and R. Alberty. 1993. The WSR-88D and the WSR-88D operational support 
facility. Bulletin of the American Meteorological Society 74:1669-1687. 

Dunn, E. 2000. Temporal and spatial patterns in daily mass gain of Magnolia Warblers 
during migratory stopover. Auk 117:12-21. 

Dunn, P., T. May, M. McCullough and M. Howe. 1988. Length of stay and fat content of 
migrant Semipalmated Sandpipers in eastern Maine. Condor 90:824-835. 



 

 14

Ellegren, H. 1991. Stopover ecology of autumn migrating Bluethroats Luscinia s. svecica 
in relation to age and sex. Ornis Scandinavica 22:340-348. 

Ewert, D. and M. Hamas. 1995. Ecology of migratory landbirds during migration in the 
midwest. Pages 200-208 in F. Thompson, editor. Management of Midwestern 
Landscapes for the Conservation of Neotropical Migratory Birds. General 
Technical Report NC-187. US Department of Agriculture, Detroit, MI. 

Finch, D. and W. Yong. 2000. Landbird migration in riparian habitats of the Middle Rio 
Grande: A case study. Pages 88-98 in F. Moore, editor. Stopover ecology of 
Nearctic-Neotropical landbird migrants: habitat relations and conservation 
implications. Studies in Avian Biology No. 20. Cooper Ornithological Society, 
Lawrence, KS. 

Francis, C. and F. Cooke. 1986. Differential timing of spring migration in wood warblers 
(Parulinae). Auk 103:548-556. 

Gauthreaux, S. 1971. A radar and direct visual study of passerine spring migration in 
southern Louisiana. Auk 88:343-365. 

Gauthreaux, S. 1979. Priorities in bird migration studies. Auk 96:813-815. 

Gauthreaux, S. 1991. The flight behavior of migrating birds in changing wind fields: 
Radar and visual analyses. American Zoologist 31:187-204. 

Gauthreaux, S. 1992. The use of weather radar to monitor long-term patterns of trans-
Gulf migration in spring. Pages 96-100 in J. Hagan and D. Johnston, editors. 
Ecology and Conservation of Neotropical Migrant Landbirds. Smithsonian 
Institution Press, Washington, DC,  

Gauthreaux, S. and C. Belser. 1998. Displays of bird movements on the WSR-88D: 
Patterns and quantification. Weather and Forecasting 13:453-464. 

Gauthreaux, S. and C. Belser. 1998. The use of weather surveillance radar to map 
important migration stopover areas. Presented at the North American 
Ornithological Conference, St. Louis, Missouri. 

Hagan, J. and D. Johnston, editors. 1992. Ecology and conservation of Neotropical 
migrant landbirds. Smithsonian Institution Press, Washington. 

Hussell, D. 1981. Migrations of the Least Flycatcher in southern Ontario. Journal of Field 
Ornithology 52:97-111. 

Hutto, R. 1998. On the importance of stopover sites to migrating birds. Auk 115:823-824. 



 

 15

Izhaki, I. and A. Maitav. 1998. Blackcaps Sylvia atricapilla stopping over at the desert 
edge; inter- and intra-sexual differences in spring and autumn migration. Ibis 
140:234-243. 

Keast, A. and E. Morton, editors. 1980. Migrant birds in the Neotropics: Ecology, 
behavior, distribution and conservation. Smithsonian Institution Press, 
Washington. 

Kuenzi, A., F. Moore, and T. Simons. 1991. Stopover of Neotropical landbird migrants 
on East Ship Island following trans-Gulf migration. Condor 93:869-883. 

Lack, D. and G. Varley. 1945. Detection of birds by radar.  Nature 156:446. 

Lawn, M. R. 1998. Arrival patterns of male Willow Warblers Phylloscopus trochilus in 
relation to age, territory density and pairing success. Ringing and Migration 
19:31-38. 

Lozano, G. A., S. Perreault, and R. Lemon. 1996. Age, arrival date and reproductive 
success of male American Redstarts, Setophaga ruticilla. Journal of Avian 
Biology 27:164-170. 

Marra, P., K. Hobson, and R. Holmes. 1998. Linking winter and summer events in a 
migratory bird by using stable-carbon isotopes. Science 282:1884-1886. 

McDonald, V. 2000. Do early arrival dates on breeding grounds confer reproductive 
success for Kentucky Warblers? Presented at the 118th Stated Meeting of the 
American Ornithologists' Union, St. Johns, Newfoundland, Canada. 

Moore, F., editor. 2000. Stopover ecology of Nearctic-Neotropical landbird migrants: 
Habitat relations and conservation implications. Studies in Avian Biology No. 20, 
Cooper Ornithological Society, Lawrence, KS. 

Moore, F. and P. Kerlinger. 1987. Stopover and fat deposition by North American wood-
warblers (Parulinae) following spring migration over the Gulf of Mexico. 
Oecologia (Berlin) 74:47-54. 

Moore, F., P. Kerlinger, T. Simons. 1990. Stopover on a Gulf-coast barrier island by 
spring trans-Gulf migrants. Wilson Bulletin 102:487-500. 

Morris, S. 1996a. The migration and stopover ecology of Neotropical migrants on 
Appledore Island, Maine. Ph.D. Dissertation. Cornell University, Ithaca, NY. 

Morris, S., D. Holmes, M. Richmond. 1996. A ten-year study of the stopover patterns of 
migratory passerines during fall migration on Appledore Island, Maine. Condor 
98:395-409. 



 

 16

Otahal, C. 1995. Sexual differences in Wilson's Warbler migration. Journal of Field 
Ornithology 66:60-69. 

Potti, J. and S. Montalvo. 1991. Male arrival and female mate choice in Pied Flycatchers 
Ficedula hypoleuca in Central Spain. Ornis Scandinavica 22:45-54. 

Rappole, J. and D. Warner. 1976. Relationships between behavior, physiology and 
weather in avian transients at a migration stopover site. Oecologia (Berlin) 
26:193-212. 

Reid, R. and K. Holland. 1996. The land by the lakes: Nearshore terrestrial ecosystems. 
Background Paper, State of the Lakes Ecosystem Conference. Available at 
http://www.epa.gov/glnpo/solec/96/index.html (accessed March 2003). 

Richardson, W. 1972. Autumn migration and weather in Eastern Canada: A radar study. 
American Birds 26:10-16. 

Richardson, W. 1979. Autumn migration over Puerto Rico and the western Atlantic: A 
radar study. Ibis 118:309-332. 

Robbins, C., J. Sauer, R. Greenberg, and S. Droege. 1989. Population declines in North 
American birds that migrate to the neotropics. Proceedings of the National 
Academy of Sciences (USA) 86:7658-7662. 

Russell, K., D. Mizrahi, and S. Gauthreaux. 1998. Large-scale mapping of Purple Martin 
pre-migratory roosts using WSR-88D weather surveillance radar. Journal of Field 
Ornithology 69:316-325. 

Williams, T. 1985. Autumnal bird migration over the windward Caribbean Islands. Auk 
102:163-167. 

Winker, K., D. Warner, and A. Weisbrod. 1992. Daily mass gains among woodland 
migrants at an inland stopover site. Auk 109:853-862. 

Woodrey, M. and F. Moore. 1997. Age-related differences in the stopover of fall landbird 
migrants on the coast of Alabama. Auk 114:695-707. 

Yong, W., D. Finch, F. Moore and J. Kelly. 1998. Stopover ecology and habitat use of 
migratory Wilson's Warblers. Auk 115:829-842. 

Yunick, R. 1988. Differential spring migration of Dark-eyed Juncos. Journal of Field 
Ornithology 59:314-320. 



 

 17

CHAPTER 2: ARE MIGRATORY BIRDS SELECTING STOPOVER SITES BASED ON 
LANDSCAPE CHARACTERISTICS?  REMOTE SENSING WITH RADAR IN THE 

GREAT LAKES BASIN 
 

David Bonter, Sidney A. Gauthreaux, Jr., and Therese M. Donovan 

Abstract 
 

A preliminary stage in developing comprehensive conservation plans involves 

identifying areas used by the organisms of interest.  The areas used by migratory 

landbirds during temporal breaks in migration (stopover periods) have received relatively 

little research and conservation attention.  Methodologies for identifying stopover sites 

across large geographic areas have been, until recently, unavailable.  Advances in radar 

technology (WSR-88D) now allow evaluation of bird migration patterns at large spatial 

scales.  We analyzed WSR-88D data recorded during spring migration in 2000 and 2001 

at nine sites in the Great Lakes basin.  Of utmost interest was whether there were linkages 

between areas of high migrant activity and the land cover types corresponding to those 

areas.  We hypothesized that migrants would concentrate in areas near large bodies of 

water because large bodies of water function as barriers to migration in other regions.  

We also hypothesized that concentration areas would occur within largely forested 

landscapes because a majority of the birds migrating through the Great Lakes basin are 

either migrating to (spring) or departing from (autumn) largely forested habitats in 

Canada.   

To test these hypotheses, we integrated radar and land cover data within a 

geographical information system to link concentration areas to quantifiable landscape 

characteristics.  We compared landscape metrics within 5 km of areas that consistently 
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hosted large numbers of migrants with landscapes surrounding randomly selected areas 

that were used by relatively few birds during migration.  Although we pooled data 

collected from sites located within vastly different landscape contexts, some general 

patterns emerged.  As predicted, concentration areas were characterized by 1.3 times 

more forest and 9.3 times more water cover than areas with little migrant activity.  A 

strong negative relationship between migratory bird activity and agricultural land uses 

was detected.   Examination of individual exodus events confirmed the importance of 

fragments of forested habitat in highly altered landscapes, and highlighted large 

concentrations of birds departing from near-shore terrestrial areas in the Great Lakes 

basin.  Conservation efforts can be more effectively targeted through analysis of WSR-

88D imagery on a site-by-site basis. 

Introduction 
 

Migratory birds spend from approximately 25% - 33% of their annual cycle in 

transit between breeding and wintering areas.  Survival challenges encountered on these 

journeys may be responsible for a majority of annual adult mortality in landbirds (Sillett 

& Holmes 2002).  Yet, the habitat requirements of birds during migration have not been 

widely studied.  Failure to include stopover habitat requirements in conservation planning 

may limit the utility of conservation programs that target other segments of the annual 

cycle.  Identifying areas where birds concentrate between migratory flights is the first 

step toward integrating migration habitat priorities into avian conservation plans.  And, 

using radar data to identify migration stopover areas has been identified as a critical 

research need (Ewert 2001; Duncan et al. 2002).   
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Recent technological advances enable researchers to evaluate entire landscapes 

and identify areas where birds concentrate during migration.  Weather surveillance radar 

(WSR-88D) images display migratory bird movements as birds climb into the sky at the 

onset of nocturnal migration.  During this period, radar echoes from the migrants map the 

areas from which the birds departed. Although individual species cannot be identified 

using radar, images have been used to reveal stopover concentration areas, and to 

determine the quantity and flight direction of birds aloft (Gauthreaux & Belser 1998, 

1999).  For example, stopover areas on the northern coast of the Gulf of Mexico have 

been mapped using WSR-88D technology (Gauthreaux 2002).  We use this technology to 

identify stopover concentration areas in the Great Lakes basin.  Further, we test for 

differences in land cover characteristics between areas hosting large numbers of birds 

during stopover periods and areas hosting fewer migratory birds. 

The relative importance of various areas and land cover types to birds during 

migration remains relatively unknown.  Previous research suggests that birds may 

concentrate near geographical barriers to migration, such as large bodies of water 

(Gauthreaux 1971; Agard & Spellman 1994; Gauthreaux & Belser 1998a).  The Great 

Lakes are the largest geographical barriers to migration in the basin, and migrating 

landbirds may concentrate in near-shore terrestrial habitats until weather conditions allow 

birds to resume migration.  Further, food availability may be greater in riparian, wetland 

and near-shore habitats.  Flying insects that reproduce in water, a major resource for 

migratory landbirds, are abundant in near-shore areas (Smith & Moore 2002).  And, 

landmarks such as rivers and large lakes may be used in orientation and navigation, 

leading birds to stop at sites in close proximity to water.  Thus, we hypothesized that 
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concentration areas would be located in regions with a greater amount of water and 

water-edge habitat in the surrounding landscape than areas that hosted fewer birds during 

stopover periods.  

In addition to water, forest cover may be an important habitat feature of 

landscapes that surround concentration areas.  The bulk of landbird migrants in the Great 

Lakes basin are likely to be forest-obligate species because many of the species passing 

through the basin are migrating to (spring) or from (autumn) the largely forested habitats 

that dominate Canada north of the basin.  If migrants are selective when choosing 

stopover sites (Barlein 1983; Ewert & Hamas 1995; Moore et al. 1995; Yong et al. 1998), 

and undertake morning flights following nocturnal migration in search of suitable areas 

(Bingman 1980, Wiedner et al. 1992), the radar should detect larger migration exodus 

events from forested landscapes. Additionally, if large, contiguous forests function as 

higher quality stopover areas than forest fragments, the radar should detect more birds 

departing from large blocks of forest.  Alternatively, if forest edge is the same quality as 

forest interior habitat for the purposes of stopover, the sheer amount of forest habitat 

available in the landscape may be of more importance than how that forest habitat is 

spatially arranged.  That is, concentration areas may form in areas with some critical 

amount of forest cover, regardless of how fragmented the forest cover is.   

We integrated WSR-88D imagery with land cover data in a geographical 

information system to link areas of high migratory bird activity (as seen on radar) with 

the corresponding land cover and landscape characteristics.  Further, we evaluated the 

utility of WSR-88D imagery for informing conservation action on behalf of migratory 

birds. 
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Methods 
 

Radar Analyses 
 

We used WSR-88D imagery from nine sites in the Great Lakes basin (Table 2-1) 

to identify areas of concentrated bird activity during spring migration in 2000 and 2001.  

Images recorded from April 20 – May 31 in each year were included in the analyses.  The 

WSR-88D is an S-band radar (10-11 cm wavelength) with a maximum range of 230 km 

and a resolution of 1° by 1 km.  The effective range of the WSR-88D for ornithological 

research is approximately 120 km.  Technical details and specifications can be found in 

Crum & Alberty (1993).   

Radar (an acronym for radio detection and ranging) involves the transmission, 

propagation, scattering, and reception of electromagnetic waves.  When energy 

transmitted by the radar comes into contact with an object in the atmosphere, a portion of 

that energy is reflected back to the radar receiver.  The returned energy is known as 

reflectivity.  The greater the density of targets in the atmosphere, the greater the value of 

reflectivity recorded from that location.  For the purposes of monitoring bird movements 

with radar, greater reflectivity values are assumed to indicate greater numbers of birds 

(Gauthreaux & Belser 1998).   

WSR-88D completes scans of the atmosphere every 5 or 10 minutes, depending 

on the mode of operation (precipitation or clear air mode, respectively).  The radar 

operates in clear air mode when the atmosphere is relatively devoid of precipitation.  We 

have limited our analyses to nights when the radar devices were operating in clear air 

mode. 
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WSR-88D images recorded within 120 minutes of sunset were evaluated for 

migratory bird activity.  On nights with bird movements, these images displayed the 

exodus of migrants from stopover sites at the beginning of their nocturnal flight.  We 

examined approximately 15 images from each day of the 45-day migration seasons for 

each of the nine sites.   

Migratory birds can be distinguished from other objects in the atmosphere by the 

pattern of the reflected images, the speed the objects are traveling relative to the winds 

aloft, and the direction of movement.  We used three WSR-88D products to distinguish 

bird-related activity from other (non-bird) targets in the atmosphere: base reflectivity, 

base velocity, and velocity azimuth display images.  All three products were recorded 

within each sweep of the radar.   

WSR-88D base reflectivity images quantified the relative density of objects in 

each pixel on the radar screen (Fig. 2-1).  When displaying migratory bird movements at 

the onset of nocturnal migration, base reflectivity images mapped the areas from which 

birds were departing.  In images displaying a migration exodus, areas with the highest 

reflectivity values likely hosted the greatest numbers of birds during stopover periods. 

WSR-88D base velocity images indicated the velocity and direction of movement 

of objects on the radar screen (Fig. 2-2).  Birds were assumed to generally move in a 

seasonally appropriate direction (north in spring), at flight speeds greater than the 

velocity of winds aloft.  Velocity azimuth display (VAD) imagery provided estimates of 

the direction and velocity of winds aloft at 1,000-foot intervals every 10 minutes (Fig. 2-

3).  These radar-based estimates were generated from the movements of objects in the 

atmosphere.  During a migration exodus event, the VAD imagery falsely identified bird 
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movements as changes in the velocity and / or direction of winds aloft.  Migratory bird 

movements were indicated by increases in the speed and shifts in the direction of 

movement recorded by the VAD imagery.  Estimates of the speed and direction of winds 

generated by WSR-88D were compared with estimates generated from radiosonde data 

collected near each radar location each evening.  A radiosonde is a balloon-borne 

instrument platform used to record atmospheric conditions including the speed and 

direction of winds at various levels in the atmosphere.  Thus, radiosonde data provided 

independent measures of the speed and direction of winds aloft that were not influenced 

by bird activity. 

Base reflectivity images from each site were screened to identify possible bird 

migration events.  Corresponding base velocity and VAD images were then examined to 

confirm or reject the presence of bird activity.  A base reflectivity image was rejected if 

the corresponding base velocity image indicated that the velocity of movement was less 

than 20 knots (10 meters/second or 37 km/hour).  This was assumed to be a minimal 

flight speed for most bird species, assuming that birds did not fly into a strong headwind.  

Base reflectivity images were also rejected if the speed of movement indicated by the 

base velocity imagery was approximately equivalent to the speed of the winds aloft 

(indicated by radiosonde).  If the objects were traveling at velocities less than 20 knots, or 

if the recorded velocities of the objects and the winds aloft were equivalent, objects 

detected by the radar were unlikely to be birds.   

GIS Analyses 
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For each evening with confirmed migratory bird activity, one base reflectivity 

image from an early stage of the migration exodus was selected for further analysis.  In 

an effort to pinpoint the areas from which the birds were departing, we selected the first 

image showing significant migrant activity during each exodus event.  For each site, we 

selected between six and 10 exodus images and merged these images in ARC View to 

create a single composite image.  Pixels in composite images represented reflectivity 

values as standard deviations from the mean for a radar site (Fig. 2-4).  That is, pixel 

values with > 2 standard deviations from the mean indicated high levels of bird activity 

across the season.  This process, therefore, highlighted areas that consistently hosted 

large numbers of migrants during migration throughout the study area (Fig. 2-5).  

Composite imagery from Detroit, Duluth, and Green Bay were excluded from further 

analyses as concentration areas could not be readily identified from the images generated 

for these sites. 

Areas where migratory birds concentrated during stopover periods were visually 

identified from the composite radar imagery.  Clusters of pixels with the highest mean 

reflectivity values within a composite radar scene were identified as concentration areas.  

The geographic center of each concentration area was estimated, and its coordinates were 

recorded.  For each composite scene, we selected between five and eight concentration 

areas, separated by a minimum of 10 km, for analysis of land cover characteristics.  

Concentration areas were paired with randomly selected areas showing relatively little 

bird activity (non-concentration areas).  Since an inverse relationship exists between 

reflectivity values and distance from the radar location, paired concentration and non-
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concentration areas were created at the same distance from the radar site in an attempt to 

minimize sampling biases. 

 National Land Cover Data (NLCD) derived from Landsat Thematic Mapper 

satellite imagery were then integrated with the radar data in ARC GIS (version 8.2) to 

permit analyses of the landscape structure and composition within 5 km of each 

concentration and non-concentration point.  The NLCD were recorded in the mid-1990s 

(mean date = 1992).  NLCD are a 21-class land cover classification scheme applied 

consistently across the United States.  The spatial resolution of the data is 30 m and maps 

are projected in Albers Conic Equal Area projection, NAD 83 (Vogelmann et al. 1998a, 

1998b).  To increase the accuracy of the land cover data, we combined several categories 

(Zhu et al. In Press).  For instance, all forest categories were combined such that a 

forested pixel was simply a pixel dominated by trees, which included the shrub, 

deciduous forest, evergreen forest, mixed forest, second growth, and orchard 

classifications from the original NLCD.  The resulting land reclassification created eight 

land cover categories (water, residential, urban, barren, forest, grassland, agriculture, and 

wetlands, Table 2-2).  Further information on the NLCD can be found online at 

<http://landcover.usgs.gov/nationallandcover.html>. 

Concentration points and their non-concentration points were buffered (5-km 

radius) within ARC GIS.  This radius was selected because radar imagery cannot identify 

the exact point of departure, but rather the locations of birds as they intersected the radar 

beam.  Thus, some displacement occurs between the true stopover sites and the areas 

mapped by the radar.  We attempted to minimize this source of error by analyzing a 5 km 

radius landscape around concentration and non-concentration areas.  The true locations of 
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concentration areas likely fell within these 5 km radius landscapes, and analyses at this 

scale allowed examination of the land cover characteristics that may influence stopover 

site selection (Johnson 1980). 

Land cover data corresponding to the buffered areas were exported to Fragstats 

(version 3.3) for analysis.  Fragstats software was designed to analyze spatial patterns and 

to quantify landscape structure (McGarigal et al. 2002).  The software was used to 

generate information on the size and spatial relationships of patches of each land cover 

type across each landscape.  Measures generated by Fragstats were exported to SAS 

(version 8.02) for further analyses. 

Our goal was to link areas of high migrant activity with the corresponding land 

cover characteristics and landscape features.  We predicted that water would characterize 

a relatively high proportion of the landscape, manifested by either a high amount of core 

water area in the landscape (as would be expected if concentration areas occurred near 

large bodies of water), and/or a high amount of water edge habitat (as would be expected 

if concentration areas occurred along riparian corridors).  Further, we predicted that forest 

cover would characterize a relatively high proportion of the landscape.  We were 

interested not only in the amount of forest cover surrounding concentration areas, but also 

its degree of fragmentation.   

Statistical Analyses 
 

To quantify landscape structure, we selected three land cover measures generated 

by Fragstats: PLAND (proportion of the landscape, which calculated the proportion of 

the landscape in each land cover class), TE (total edge, which calculated an absolute 
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measure of total edge length of each land cover type), and CPLAND (core proportion of 

the landscape, which calculated the proportion of the landscape that is further than 30 m 

from the patch perimeter for each cover type).  We also selected two measures of 

diversity at the landscape scale.  Shannon’s Diversity Index is a measure of diversity in 

community ecology, and was applied here to measure the diversity of land cover types in 

the landscapes.  Shannon’s Evenness Index was used to measure the distribution of land 

cover types in the landscapes.  Higher diversity and evenness scores indicated landscapes 

that were more diverse in composition.  The measures generated by Fragstats were used 

as dependent variables in the analyses, with area type (concentration or non-

concentration) as the independent variable.  Since differences likely existed in land cover 

characteristics between radar locations, site was used as a blocking variable in all tests.  

These analyses, therefore, provided information on site-to-site differences in landcover 

characteristics and also allowed for comparison of the land cover and landscape 

characteristics surrounding concentration and non-concentration points across the Great 

Lakes basin.  Analyses were conducted with PROC GLM in SAS.   

Results 
 

Exodus images from 84 migration events were used to generate composite images 

for six radar locations.  Eighty points from the six composite images were identified for 

landscape analyses (40 concentration, 40 non-concentration).  The landscapes 

surrounding these points were analyzed to quantify the relative importance of various 

land cover types to migrants at a broad scale throughout the Great Lakes basin.   
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Generalized characteristics of concentration areas and non-concentration areas 
 

Water composed a greater proportion of the landscapes surrounding 

concentrations of migrant activity (12.1% of the total landcover) than landscapes 

surrounding non-concentration areas (1.3% of landcover; Fig. 2-6, F1,68 = 23.28; p < 

0.001).  The amount of core water area within the landscape (i.e. large water bodies such 

as lakes) was approximately 15 times greater in areas with high levels of migrant activity 

than in areas hosting relatively few migrants (Fig. 2-7, F1,68 = 21.69; p < 0.001).  The 

length of water edge was nearly two times greater in landscapes surrounding 

concentration areas than in landscapes surrounding non-concentration areas (Fig. 2-8, 

F1,68 = 6.68; p = 0.012), indicating that rivers and lakes were in close proximity to 

preferred stopover areas.     

The proportion of forest in the landscape was greater in concentration areas than 

in non-concentration areas (Fig. 2-6, F1,68 = 6.05; p = 0.017).  On average, landscapes 

surrounding concentration areas contained 1.3 times more forested land than did 

landscapes surrounding non-concentration areas.  While areas hosting large numbers of 

birds were located in landscapes with a somewhat higher proportion of forest, the patches 

of forest within these landscapes were not necessarily large and connected.  Differences 

in the mean core area of forested lands between concentration areas (22% of the 

landscape) and non-concentration areas (17% of the landscape) were not substantial (Fig. 

2-7, F1,68 = 3.21; p = 0.078). 

In contrast to water and forest cover, the proportion of the landscape used for 

agricultural activities was negatively related to migratory bird activity (Fig. 2-6, F1,68 = 

57.67; p < 0.001).  Agricultural land uses characterized twice as much of the landscapes 
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surrounding non-concentration areas than landscapes surrounding concentration areas 

(59% and 30%, respectively).   The proportion of the landscape classified as residential 

was relatively low in landscapes surrounding both concentration and non-concentration 

areas (< 8% and < 2%, respectively).  Similarly, the proportion of the landscape classified 

as urban was also relatively low in landscapes surrounding both concentration and non-

concentration areas (< 9% and < 3%, respectively).  The remaining land cover types 

composed a relatively small portion of the landscapes, with barren, grassland, and 

wetland cover types each representing < 6%, on average, of the landscapes surrounding 

the points. 

Landscapes surrounding concentration areas were more diverse than landscapes 

surrounding areas with relatively little migratory bird activity (Shannon’s Diversity 

Index, Fig. 2-9, F1,68= 47.25; p < 0.001).  Further, analyses of Shannon’s Evenness Index 

indicated that concentration areas were less likely to be dominated by a few land cover 

types than non-concentration areas (Fig. 2-9, F1,68= 48.25; p < 0.001).  Quantification of 

edge habitat showed that the total meters of edge were greater in landscapes surrounding 

concentration areas than non-concentration areas (Fig. 2-8), an expected result because 

more diverse landscapes are expected to have greater amounts of edge (defined as the 

juxtaposition of two habitat types).  Since agriculture is the dominant land use in the 

basin (44% of all landscapes analyzed), areas with greater diversity were generally 

characterized by a relatively low amount of agricultural activity. 

Landscape Characteristics of Sites 
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Site-based differences in the land cover measures were widespread (Fig. 2-10).  

Forest cover ranged from a negligible proportion of the landscapes (10% at Milwaukee) 

to the dominant land cover type (over 75% at Alpena).  Similarly, the range in 

agricultural land use was wide (7% surrounding Alpena to 67% surrounding Milwaukee).  

Developed areas (urban and residential land cover types combined) composed a relatively 

large portion of the landscapes surrounding Chicago (23%), Cleveland (14%) and Grand 

Rapids (14%), and a negligible proportion of the landscape surrounding the Alpena radar 

(< 1%).  

Significant (p < 0.05) interactions between radar site and levels of migrant 

activity were detected in 15 of the 23 tests, indicating that land cover characteristics 

associated with concentration areas may change from site to site throughout the basin.  

This result has critical conservation implications: the general patterns previously 

discussed must be considered on a site-by-site basis, as we will explain below. 

Discussion 
 

Analyses of composite imagery from sites throughout the Great Lakes basin can 

provide general rules of thumb regarding the landscape characteristics associated with 

migratory bird activity during stopover periods.  Namely, birds appear to be selecting 

forested areas, and areas in close proximity to water.  Birds also appear to avoid 

agricultural landscapes.   

However, on-the-ground conservation can best be informed by examination of 

imagery on a site-by-site basis, which leads to identification of key stopover sites that 

may warrant conservation action.   For example, close inspection of imagery from two 
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sites reveals the importance of islands of forested habitat in largely developed and 

agricultural landscapes, as well as the importance of areas in close proximity to water.  

Exodus imagery from the Chicago radar site clearly links migratory bird activity to 

fragments of forested habitat in a largely urban and agricultural landscape.  In Fig. 2-11, 

large numbers of birds were recorded departing the forest habitats in the Cook County 

Forest Reserve System (for instance, areas 1 and 2).  In contrast, few birds departed from 

the urbanized areas northeast of the radar site (for instance, area 3 in Fig. 2-11), nor did 

birds depart from the largely agricultural landscapes west of the radar site (area 4 in Fig. 

2-11).  Although a mix of urban, forest, and agricultural lands characterized the 

concentration areas seen on the Chicago imagery, the forested components of the 

landscapes are clearly the critical areas for migrating landbirds.  Imagery from this site 

demonstrates that remnant forest habitats within highly altered landscapes can function as 

key staging areas for migratory landbirds.   

Exodus imagery from Cleveland demonstrates the “barrier” effect, with large 

numbers of birds departing from near-shore areas on the south shore of Lake Erie (Fig 2-

12).  During this exodus event, nearly all migrant activity was located within 10 km of 

the south shore of Lake Erie (Fig. 2-11a), with birds departing from the mix of land cover 

types (mostly forest, wetland and residential) in near-shore areas (Fig. 2-11b). 

We had predicted that water would be a greater proportion of the landscape 

surrounding concentration areas than surrounding non-concentration areas, and this 

prediction was supported by the data.  However, the mechanisms behind this pattern 

remain unclear.  Large bodies of water may function as a temporary barrier to migration 

forcing birds to concentrate in near-shore areas.  Birds may also concentrate near water in 
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search of food resources.  Migratory birds may use river basins and large bodies of water 

as landmarks to assist in navigation, leading to concentrations in riparian and near-shore 

areas.  And, these possible mechanisms are not mutually exclusive.   

Assuming that the bulk of the migrants passing through the Great Lakes basin 

were forest-obligate species, we predicted that concentration areas would be located in 

forested landscapes.  (Recall that “forest” in our analyses was broadly classified and 

included deciduous, mixed, and evergreen forest, as well as second growth, orchards, and 

shrubs).  Forest cover was positively associated with concentrations of migrant activity.  

However, residential and urban areas were also positively associated with concentrations 

of migratory birds, potentially because these areas tend to be located near large bodies of 

water.  In contrast, birds may actually be selecting developed areas during migration.  

Residential areas with parks, gardens and landscaped yards may meet the requirements of 

migrants during stopover, particularly in agricultural landscapes with little natural 

vegetative cover. Therefore, the relationship between migrant activity and residential and 

urban areas may be confounded with the proximity of these areas to water.  Site-by-site 

analyses (Fig. 2-11 and Fig. 2-12) are needed to understand which cover types and areas 

are most important for a given site.   

While total forest cover was positively associated with concentration areas, the 

spatial arrangement of the forested areas was not identified as a significant factor 

distinguishing concentration areas from non-concentration areas.  Thus, migrants may not 

prefer large blocks of forest during stopover periods.  While we show that birds were 

willing to make use of fragments of forested habitat, we cannot assess the relative value 
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of edge and interior forest habitat.  Investigating the quality of edge and interior areas, in 

terms of survival and rates of mass gain during stopover, remains a research priority. 

Broadly speaking, areas of high migrant activity were positively associated with 

water and forest and negatively associated with agricultural land uses throughout the 

Great Lakes basin.  However, analysis of images on a site-by-site basis is key for 

informing conservation action.  Radar evidence clearly demonstrates that remnants of 

forested habitat in a highly altered landscape can function as key staging areas for 

migratory landbirds.  And, radar data have been validated by intensive ground-based 

research (Brawn & Stotz 2001).  Preserving islands of natural habitat in developed and 

agricultural landscapes should be a priority for conservation plans addressing the 

stopover requirements of migratory landbirds.  WSR-88D data can be useful for 

identifying such areas. 

WSR-88D and conservation planning 
 

Despite the potential of the radar for informing conservation action, numerous 

issues must be considered when interpreting WSR-88D imagery.  Challenges confronting 

the use of WSR-88D include the inability to identify species seen on the radar, the 

resolution of the radar, displacement from true stopover locations, variability in 

reflectivity values, anomalous propagation, and non-bird targets. 

Species identification:  When seeking to use radar imagery to inform the 

conservation planning process, it is important to remember that different guilds of species 

use vastly different land cover types during migration.  For instance, agricultural areas 

may be preferred by grassland-obligate species, while forested riparian zones may be 
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selected by forest-obligate species.  Concentration areas identified from radar imagery are 

not necessarily important to all species.  The lack of obvious concentration areas may 

simply mean that various species are utilizing different areas across the landscape.  The 

availability of a range of different habitat types and landscape contexts is likely important 

for providing stopover habitat for the entire suite of migratory bird species.   

While our results indicate a positive relationship between migratory bird activity 

and landscapes with a relatively high proportion of water, interpretation of these results 

should consider that this association might be largely due to the activity of waterfowl and 

shorebirds.  Identifying the species of birds detected by WSR-88D is not possible by 

examining the radar imagery alone.  Analyzing flight speeds may assist in distinguishing 

between broad groups of species (i.e., shorebirds and waterfowl generally fly faster than 

landbirds).  However, the flight speeds of all migrants are strongly influenced by wind 

speeds aloft (Able 1973).  Integrating radar data with other sources of information (i.e., 

passage dates for various species and intensive ground-based surveys) may aid in 

separating landbird activity from shorebird and waterfowl activity.  We did not attempt to 

distinguish between groups of species in this study.   

Resolution:  WSR-88D imagery has a pixel resolution of 1° by 1 km.  Hence, the 

further a point is from the radar site, the larger the pixel containing that point will be.  

Even in close proximity to the radar site, the coarse resolution precludes fine-scale 

analyses.  To increase precision in identifying specific habitats and areas used by birds 

within a concentration area, higher resolution radar units may be useful (e.g. BIRDRAD, 

a mobile marine radar modified by the Clemson University Radar Ornithology 

Laboratory).  Such tools may be particularly useful in coastal areas, where the increased 
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resolution may help distinguish between waterfowl taking flight from the water and 

landbirds departing from near-shore terrestrial habitats. 

Displacement:  Birds may travel several kilometers before reaching an altitude 

high enough to be detected by the radar.  Thus, concentrations of birds indicated on the 

radar screen are displaced from the true stopover locations. Because the radar beam is 

inclined 0.5°, the altitude that birds must reach before coming into contact with the radar 

beam increases with increasing distance from the radar.  As such, displacement from the 

true stopover areas increases with increasing distance from the radar location.  Problems 

with displacement may be mediated by analyzing images recorded during the first 

significant detection of birds on a given night.  Taking the seasonally appropriate 

direction of movement into consideration can also aid in adjusting for displacement and 

identifying the likely stopover areas.  For instance, actual stopover areas will generally be 

slightly south of the areas indicated on the radar during spring, and north of the areas 

indicated on the radar during autumn migration.  However, flight direction is strongly 

influenced by the direction of winds aloft (Able 1973; Bonter et al. 2002), so adjusting 

for displacement may introduce further noise into the analyses.  Our analyses of 

landscapes within 5 km of a concentration area were, in part, an effort to ensure that the 

true stopover location was encapsulated within the buffered landscape area. 

Variability in Reflectivity:  The decibel scale reported on WSR-88D base 

reflectivity imagery indicates the relative intensity of the reflected energy from each 

segment of the atmosphere sampled.  Assuming all objects in the atmosphere are birds, 

the decibel scale may represent the relative number of birds located in a given pixel.  

However, reflectivity values are influenced by the body size of the targets.  Larger birds 
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reflect more energy back to the radar receiver, and hence have higher reflectivity values.  

Thus, the same high reflectivity values may indicate a large number of small birds, or a 

smaller number of large birds.  Reflectivity can also be influenced by the orientation of 

the bird with respect to the radar beam.  Side views expose more of the bird’s body to the 

radar, and hence return higher reflectivity values than head-on or tail-on views.   

Anomalous Propagation:  Anomalous targets, including “ground clutter,” are 

often detected in close proximity to the radar location.  Ground clutter appears when 

buildings, trees, and towers near the radar site reflect energy back to the antenna.  Radar 

returns collected within a radius of ~ 10 km of the radar site are often contaminated by 

ground clutter.  Hence, high reflectivity values near radar locations do not necessarily 

indicate areas of migratory bird activity, and the potential for misinterpreting 

anomalously propagated targets exists.   

Non-bird Targets:  Distinguishing biological activity from meteorological activity 

is rather straightforward.  However, distinguishing bird activity from other biological 

activity (including movements of insects and bats) can be more difficult.  While analysis 

of radiosonde data, base velocity imagery, and VAD imagery can assist in distinguishing 

bird activity from non-bird targets, it is not useful for distinguishing between multiple 

types of biological targets occupying the same parcel of the atmosphere (pixel on the 

radar screen).  Thus, the reflectivity value of a pixel may actually represent a combination 

of bird and non-bird targets.  Discussion of imagery here frequently referred to bird 

activity alone.  However, the images potentially included some non-bird related 

biological activity as well. 
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Despite the limitations of WSR-88D described above, this technology provides a 

heretofore-unavailable level of resolution and amount of information regarding migration 

patterns at large spatial scales.  Linking WSR-88D data with data from higher resolution 

mobile radar devices, acoustic recordings of nocturnal flight calls, and intensive ground-

based research will further elucidate some remaining mysteries of stopover ecology.  

Combined, these methodologies will better inform the conservation planning process. 
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Table 2-1.  Locations of WSR-88D devices in the Great Lakes basin used for this 
study. 

 
Nearest City State Site Code Latitude / Longitude
Buffalo New York GVQ 42°56'  -78°44'
Cleveland Ohio CLE 41°24'  -81°51'
Detroit Michigan DTX 42°42'  -83°28'
Alpena Michigan ABX 44°54'  -84°43'
Grand Rapids Michigan GRR 42°53'  -85°32'
Chicago Illinois LOT 41°36'  -88°05'
Green Bay Wisconsin GRB 44°29'  -88°06'
Milwaukee Wisconsin MKX 42°58'  -88°33'
Duluth Minnesota DLH 46°50'  -92°12'  
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Table 2-2:  Land cover classification scheme. 
Classification was based on the land cover categories available in the National Land 
Cover Data.  Many NLCD classes were collapsed into broader categories to increase 
accuracy. 
Classification Description 
Water All areas of open water with 25% or greater coverage per pixel.  

(NLCD categories 11 and 12) 
Residential Includes areas with a mixture of constructed materials and vegetation.  

Constructed areas account for 30 – 80 % of land cover.  Typically 
represents areas of single-family housing units. (NLCD category 21) 

Urban Constructed materials account for 80 – 100 % of land cover.  Includes 
apartment complexes, large buildings, most urban areas, and 
infrastructure.  (NLCD categories 22 and 23) 

Barren Perennially barren areas including rock, desert, quarries, strip-mines 
and beaches.  (NLCD categories 31, 32 and 33) 

Forest & Shrub  Areas characterized by tree cover; canopy typically accounts for 25 – 
75 % of cover.  Includes deciduous, evergreen and mixed forest, shrub 
land and orchards.  (NLCD categories 41, 42, 43, 51, 61) 

Grassland Areas dominated by upland grasses and forbs.  (NLCD category 71) 
Agriculture Areas characterized by herbaceous vegetation that has been planted and 

intensively managed. Includes pasture, row crops, grain fields, fallow 
fields, and intensively managed urban areas such as golf courses.  
(NLCD categories 81 – 85) 

Wetlands Areas where the soil or substrate is periodically saturated with or 
covered with water.  Includes woody wetlands and emergent 
herbaceous wetlands. (NLCD categories 91, 92) 
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Fig. 2-1.  WSR-88D base reflectivity image. 
This image was recorded at the Grand Rapids, Michigan site on the evening of May 20, 
2001.  The radar site is located in the center of the image.  The patterns surrounding the 
radar site show a bird migration event.  The color-coded scale on the left side of the 
image indicates levels of reflectivity.  Greater levels of reflectivity indicate relatively 
larger numbers of birds.  Such concentrations are readily apparent in several areas, 
indicated by the dark red and purple colors.  The speckled pattern of this image is typical 
of bird activity.  Meteorological activity generally is characterized by more intense 
reflectivity values, and a block-like pattern of echoes, as demonstrated by a rain cell that 
can be seen in the lower left hand corner of the image. 
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Fig. 2-2.  WSR-88D base velocity image. 
This image was recorded at the Grand Rapids, Michigan site on the evening of May 20, 
2001.  Base velocity imagery shows the speed and direction of movement of objects 
detected on the base reflectivity image in Fig. 2-1.  The color-coded scale on the left side 
of the image indicates the speed and direction of movement of objects in each pixel on 
the radar screen.  Green hues are negative velocities – objects moving toward the radar 
location in the center of the image.  Red hues are positive velocities – objects moving 
away from the radar site.  The grayish line running between the green and red hues 
indicates zero velocity.  This occurs when the objects are moving perpendicular to the 
radar beam.  In this image, we see that the objects were generally moving NNW.  The 
velocity of movement is determined by examining the incoming and outgoing velocities 
along the axis of movement through the radar site.  In this case, the velocity was between 
26 and 36 knots. 
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Fig. 2-3.  WSR-88D velocity azimuth display (VAD). 
This image was recorded at the Grand Rapids, Michigan site on the evening of May 20, 
2001 (See Figs. 2-1 and 2-2).  VAD imagery provides information on the speed and 
direction of winds aloft at 10-minute intervals (GMT – along the x-axis) at various 
altitudes (1000 foot intervals – along the y-axis).  The direction that the winds were 
blowing is indicated by the direction that each ‘arrow’ is pointing.  The velocities of 
winds aloft are indicated by the number of barbs on the end of each arrow (each ½ barb = 
5 knots).  During a migration exodus event, the VAD falsely identifies bird activity as 
changes in the speed and/or direction of winds aloft.  In this case, a slight increase in the 
estimated wind speeds below 10,000 feet is apparent between GMT 0127 and 0147, 
corresponding with the timing of the migration exodus.  
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Fig. 2-4.  Composite radar image. 
This composite results from the integration of six exodus events during spring migration 
at Grand Rapids, Michigan.  The color scale represents standard deviations from mean 
reflectivity.  Areas hosting relatively large numbers of migrants are indicated in lighter 
colors. The circle at the center of the composite image is a 10 km buffer around the radar 
location that was excluded from analysis due to contamination of the image caused by 
ground clutter.  The radar imagery is projected over Multi-Resolution Land Cover data.
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Fig. 2-5. WSR-88D coverage in the Great Lakes basin.   
WSR-88D composite images from nine sites in the basin are projected over the land 
cover maps, showing the radar coverage. 
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Fig. 2-6.  Mean proportion of each land cover type within landscapes surrounding 
concentration and non-concentration areas. 
Differences were detected between areas hosting large concentrations of migratory birds 
(concentration areas) and areas relatively devoid of migrant activity (non-concentration 
areas) for water (F1,68 = 23.28, p < 0.001); residential (F1,68 = 24.37, p < 0.001); urban 
(F1,68 = 5.69, p = 0.020); forest (F1,68 = 6.05, p = 0.017); grassland (F1,68 = 5.35, p = 
0.024); and agricultural land cover types (F1,68 = 57.67, p < 0.001).  Least squares means 
are reported.  Errors bars report standard error.  
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Fig. 2-7.  Mean proportion of core area of each land cover type for landscapes 
surrounding concentration and non-concentration areas.   
Core area was defined as any area > 30 m from the edge of that land cover type.  
Differences were detected between areas hosting large concentrations of migratory birds 
(concentration areas) and areas relatively devoid of migrant activity (non-concentration 
areas) for water (F1,68 = 21.69, p < 0.001); residential (F1,68 = 13.97, p < 0.001); grassland 
(F1,68 = 4.78, p = 0.032); agricultural (F1,68 = 67.09, p < 0.001); and wetland cover types 
(F1,68 = 6.51, p = 0.013).  Least squares means are reported.  Errors bars report standard 
error.  
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Fig. 2-8.  Mean length of edge of various land cover types for landscapes surrounding 
concentration and non-concentration areas.   
Differences were detected between areas hosting large concentrations of migratory birds 
(concentration areas) and areas relatively devoid of migrant activity (non-concentration 
areas) for water (F1,68 = 6.68, p = 0.012); residential (F1,68 = 30.91, p < 0.001); urban 
(F1,68 = 19.14, p < 0.001); forest (F1,68 = 6.22, p = 0.015); grassland (F1,68 = 4.03, p = 
0.049); and agriculture cover types (F1,68 = 4.28, p = 0.042).  Least squares means are 
reported.  Errors bars report standard error. 
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Fig. 2-9.  Mean values for Shannon’s Diversity Index and Shannon’s Evenness Index for 
landscapes surrounding concentration and non-concentration areas.   
Landscapes surrounding concentration areas were characterized by a greater diversity of 
land cover types (F1,68 = 47.25; p < 0.001) and greater measures of evenness (F1,68 = 
48.25; p < 0.001) than areas with relatively little migratory bird activity.  These results 
indicate that large concentrations of birds were detected in diverse landscapes that were 
not dominated by one land cover type.  Least squares means and standard errors are 
reported.  A value of 1 = maximum evenness. 
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Fig. 2-10. Landcover characteristics surrounding radar locations.   
Landscapes surrounding radar sites were generally characterized by a large proportion of 
agriculture, with the exception of Alpena, where forested lands were dominant.   
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Fig. 2-11.  Migration exodus recorded on the Chicago, Illinois radar (a) and the 
corresponding landcover information (b).  
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Areas of relatively intense migrant activity are shown in dark red and purple in image a.  
Note that hot spots (areas 1 and 2) corresponded with islands of forested habitat in largely 
urban and agricultural landscapes.  The highly urbanized Chicago region (area 3) and the 
largely agricultural landscapes west of Chicago (area 4) were relatively devoid of migrant 
activity.  Radar imagery was recorded May 13, 2001. 
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Fig. 2-12.  Migration exodus recorded on the Cleveland, Ohio radar (a) and the 
corresponding landcover information (b).  
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Areas of relatively intense migrant activity were shown in dark red and purple in image a.  
Note that a relatively large number of migrants departed near-shore terrestrial habitats on 
the south shore of Lake Erie (box).  Radar imagery was recorded April 30, 2001. 
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CHAPTER 3: DIFFERENTIAL TIMING, STOPOVER PROBABILITIES AND 
RECAPTURE PROBABILITIES OF LANDBIRDS DURING MIGRATION 

 
David N. Bonter, Therese M. Donovan and Elizabeth W. Brooks 

 

Abstract 
 

Age- and sex-based differences in migratory behavior may be expected in 

migratory landbirds due to varying experience levels between age classes and differential 

selection pressures between sexes.  To test for differences in migratory behavior, we first 

examined the timing of migration of 20 landbird species through western New York 

State.  We detected significant differences between age and sex classes in the timing of 

migration through the region during both spring and autumn.  On average, males arrived 

5.8 days before females of the same species and adults preceded yearlings by 5.1 days 

during spring migration. Patterns were less clear in autumn, with fewer significant 

patterns and conflicting relationships across species.  Further, we used capture-mark-

recapture models to quantify recapture probabilities and the likelihood that individuals 

would stay at a stopover site for more than one day (stopover probability).  Although we 

did not find age- or sex-based differences in stopover and recapture probabilities within 

species, interspecific differences were detected.  Hermit Thrushes demonstrated a 

significantly greater stopover probability (φ = 0.84) than Golden-crowned Kinglets (φ = 

0.38) and Ruby-crowned Kinglets (φ = 0.55).  And, White-throated Sparrows were less 

than half as likely to be recaptured than Hermit Thrushes or Ruby-crowned Kinglets. 

These results indicate that species use stopover sites differentially, and analyses of the 

quality of stopover sites should consider how sites are used by various species. 
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Introduction 
 

The timing of landbird migration ultimately depends upon the time at which areas 

in the temperate zone become suitable for breeding during spring, and become unsuitable 

for continued residence in autumn.  The proximate timing of migration is often affected 

by local and regional weather conditions including temperature and patterns of 

atmospheric circulation.  Experimental studies detect a strong genetic component that 

links the onset of migratory restlessness to photoperiod (Berthold & Helbig 1992).  

However, selective forces may act differently on various age and sex classes within 

species, resulting in differential timing and behavior during migration.   

Reproductive fitness of the sex that establishes territories has been linked to early 

arrival on the breeding grounds.  In landbirds, males are generally the territorial sex, and 

early arriving males have been shown to experience higher reproductive success than late 

arriving males in various species (Lozano et al. 1996; Lawn 1998; Potti 1998; McDonald 

2000).  Yet, the reproductive advantage of early arrival must be balanced with the 

survivorship costs associated with premature arrival on the breeding grounds when 

inclement weather and insufficient resources may impact survival (Whitmore et al. 1977).  

We may expect to find age- or sex-based differences in migratory behavior due to 

different levels of experience between age classes or different selective pressures 

between sexes.  Differential behavior may affect the timing of migration, survival 

probabilities, and length of stay at stopover sites. 

Differences in the timing of migration between age and sex classes have been 

well documented (see Gauthreaux 1982 for review).  Studies have also examined 

interspecific and intraspecific differences in the length of time individuals stay at a 
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stopover site (Ellegren 1991; Morris et al. 1996).  Factors influencing stopover length 

may include the distance remaining to the destination (Francis & Cooke 1986; Ellegren 

1993), an individual’s energetic condition and the availability of adequate resources 

(Rappole & Warner 1976; Moore & Kerlinger 1987), and weather (Richardson 1978).  

To date, most studies have calculated stopover length as the time between first 

and last capture of marked individuals. However, this method generates a biased estimate 

of stopover length by providing a minimum estimate of stopover length in recaptured 

birds—most individuals are neither captured immediately upon arrival nor immediately 

before departure from a site.  Moreover, this method only provides information on the 

behavior of a limited subset of the population—those individuals that stay at the stopover 

site for more than one day and are recaptured.  Individuals that remain at the site but are 

not recaptured are not considered in the analysis.  Schaub et al. (2001) cautioned against 

using minimum stopover duration as a relative measure of stopover length, because 

recapture probabilities may vary among groups.   

More accurate measures of stopover behavior may be obtained through capture-

mark-recapture models (CMR).  Assuming mortality at a stopover site is approximately 

zero, the survival probability (φ) estimated by CMR models is the likelihood of staying at 

the stopover site for more than one day (stopover probability), whereas 1 - φ is the 

probability of emigrating from the site.  By accounting for recapture probability in 

estimating survival (stopover) parameters, CMR models address a major flaw of analyses 

using the minimum stopover duration method. 

Analyses that account for recapture probability are required to adequately 

estimate stopover duration and to test for interspecific and intraspecific differences in 
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stopover behavior.  Evidence exists to suspect group-based differences in recapture 

probabilities.  For instance, juveniles may be in poorer condition than adults during 

autumn migration, as documented in Pied Flycatchers (Ficedula hypoleuca, Veiga 1986) 

and Bluethroats (Luscinia svecica, Ellegren 1991).  We may expect more intense foraging 

activity, and hence higher detection rates, among the fat-depleted group.  Yet, few studies 

have used CMR methodologies to examine recapture probabilities during migration 

stopover periods (Schaub et al. 2001). 

Our objectives were to 1) test for differences in the timing of migration between 

age and sex classes within species during spring and autumn migration; 2) use CMR 

analyses to test for intraspecific differences in stopover probability and recapture 

probability; and 3) test for interspecific differences in stopover and recapture 

probabilities.  We examined the timing of migration of multiple landbird species through 

study sites located on the south shore of Lake Ontario.  We further quantified recapture 

and stopover probabilities, with stopover probability representing the likelihood that a 

bird will stay at a stopover site for more than one day.   

Methods 

Study Sites 
 

Birds were captured at Braddock Bay Bird Observatory (43°19”N, 77°43”W) and 

Hamlin Beach State Park (43°21”N, 77°56”W) during spring (April 24 – June 10) and 

autumn (August 20 – November 4) migration in 1999 and 2000.  Study sites were located 

16 km apart in near-shore terrestrial habitats on the south shore of Lake Ontario, near 

Rochester, New York, USA.  Near-shore habitats on the south shore of the lake were the 

final possible stopover location before crossing the lake in the spring, and the first 
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available landfall after crossing during autumn migration.  Both sites were characterized 

by a mix of field and early successional land cover types dominated by viburnum 

(Viburnum sp.), dogwood (Cornus sp.), honeysuckle (Lonicera sp.), ash (Fraxinus sp.) 

and alder (Alnus sp.).  Landscapes surrounding study sites were characterized by water 

cover and agricultural land use.  A 5 km radius area surrounding the Hamlin Beach site 

was characterized by 48% water cover and 44% agricultural land use, with forest (6%), 

developed areas (2%), wetlands (< 1%) and beaches (< 1%) also present in the landscape.  

Similarly, the Braddock Bay site was surrounded by a landscape dominated by water 

(59%) and agricultural land use (27%), with lesser amounts of forest (9%), developed 

areas (4%) and wetlands (1%) within 5 km of the study site.  No marked individuals were 

captured at both study sites within any migration-monitoring season, and the sites were 

assumed to be independent.  

Both stations followed the same sampling protocols (Braddock Bay Bird 

Observatory 1999).  Birds were captured in 30 mm mesh mist nets which were operated 

daily during the migration periods, weather permitting.  Nets were opened by sunrise, and 

operated for a minimum of 6 hours per day.  All individuals were marked with USGS 

aluminum leg bands and released.   Recaptured individuals were reprocessed without 

reference to data collected at the initial encounter. 

Differential Migration 
 

We tested for differences in the timing of migration between age and sex classes 

within species during spring and autumn migration.  Sex-based analyses were limited to 

those species that could be reliably sexed by plumage characteristics or wing length (Pyle 
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1997). Age-based analyses were limited to those species that could be reliably aged by 

assessing skull ossification in autumn, and by plumage and molt characteristics in spring 

(Pyle 1997).  Analyses were limited to Julian dates 112 – 159 (April 22 – June 8) in 

spring and Julian dates 246 – 290 (September 3 – October 17) in autumn as sampling 

outside of these dates was inconsistent.  Note that mean and median capture dates were 

calculated during our intensive monitoring periods, but these figures may not represent 

actual mean and median passage times through the study area.  For instance, movements 

of some species began prior to sampling in spring (i.e., Golden-crowned Kinglet and 

Ruby-crowned Kinglet, scientific names in Appendix 3-1), or ended after sampling was 

terminated in autumn (i.e., White-throated Sparrow). 

Analyses were further limited to species with > 20 individuals in each age or sex 

category.  Only data from the first encounter with an individual were included in 

analyses.  Data from both sites were pooled for analysis because no between-site 

differences in passage time were expected due to the proximity of the two sites.  We 

tested for differences in mean passage dates with nonparametric Wilcoxon 2-sample tests 

(Sokol & Rohlf 1981) due to the lack of normality in the distribution of passage times. 

Stopover Probability 
 

Because birds that stay at a stopover site may or may not be recaptured, previous 

studies that attempted to characterize stopover probabilities by examining the proportion 

of recaptured individuals are likely biased.  We examined stopover probabilities through 

CMR modeling that estimated stopover probabilities (φ) and recapture probabilities (p).  

CMR analyses are often conducted under the assumption of no immigration or emigration 
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from the population.  In migration studies, these are the behaviors of interest.  Assuming 

actual survival during stopover at a given location approaches 1.0, φ represents the 

probability of an individual staying at the stopover site for more than one day (emigration 

probability = 1 - φ, Schaub et al. 2001).   

We used the program MARK (White & Burnham 1999) to estimate φ and p by 

age and sex classes in various species during spring and autumn migration using standard 

Cormack-Jolly-Seber models (Lebreton et al. 1992).  Species were selected for analysis 

based on the reliability of ageing and sexing techniques during the given season, and 

limited to species with the largest sample sizes.  Only birds captured at the Hamlin Beach 

location were included in analyses to eliminate the likelihood of differential recapture 

probabilities between study sites.  For each species analyzed, capture history files (Cooch 

& White 2000) were created from the peak 14 days of the species’ migration period.  The 

peak 10-day period was analyzed for Hermit Thrush due to the narrower migration 

interval recorded for that species.  Capture history files contained a series of digits 

representing the presence (1) or absence (0) of each individual captured for each day of 

the peak migration period.   

Before running mark-recapture analyses, we created a set of biologically relevant 

models to test for differences in stopover and recapture probabilities based on age and sex 

classes within species (Lebreton et al. 1992).  We identified our candidate model set for 

each analysis as: 

φ.p. – constant stopover and recapture probabilities, regardless of age or sex class 

φ.pg – constant stopover probabilities among age and sex classes, but recapture 

probabilities may vary by class 
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φgp. – stopover probabilities may vary by age or sex class, but recapture 

probabilities are constant regardless of class 

φgpg – both stopover and recapture probabilities may vary by age or sex class 

 
Although stopover and recapture probabilities are likely to vary daily depending 

upon weather conditions, we did not include time in our set of candidate models.  The 

models were selected to addresses our primary goal, identifying whether or not age or sex 

classes have similar stopover or recapture probabilities during a migration season.   

In each analysis, model fit was assessed through a bootstrap procedure (Cooch & 

White 2001) conducted on the most complex model (φgpg).  Model overdispersion ( ĉ ) 

was calculated and adjustments were made ( ĉ  < 2.29 in all cases).  Final model selection 

was conducted using adjusted Aikaike’s Information Criterion (QAIC) scores and 

likelihood ratio tests for nested models (Cooch & White 2001).  When assessing model 

fit based on QAIC scores, the model with the lowest score best fit the data.  However, 

more than one model frequently had some support in the data.  Weighted model averages, 

where model likelihood was used to weight the importance of each model, were used to 

calculate parameter estimates.  Model averaging was conducted within MARK. 

Results 
 

Differential Migration 
 

We captured 26,002 individuals of 115 species during the sampling periods in 

1999 and 2000.  Significant differences between sex and age classes in the timing of 

passage were detected during both spring and autumn.  Sex-based differences in the 
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timing of migration were most pronounced in spring, when the mean passage date for 

males preceded the mean date for females in 17 of 19 species (p < 0.05, Table 3-1a, Fig. 

3-1a).  The difference in mean passage dates ranged from 1.8 days (Yellow Warbler) to 

10.4 days (Black-and-white Warbler), with a mean of 5.8 days.  Sex-based differential 

migration during autumn was less pronounced than during spring, with only six of 11 

species demonstrating significant differences (Table 3-1b).  Males preceded females in 

two species, whereas females preceded males in four species.  The absolute difference in 

mean passage dates was less than 4 days in all cases, and averaged 2.5 days. 

Age-based differences in the timing of migration were pronounced in spring, with 

adult (after second year) birds preceding yearling (second year) birds in 17 of 21 species 

analyzed (Table 3-2, Fig. 3-1b).  Differences in mean passage date ranged from 1.9 days 

(White-throated Sparrow) to 8.4 days (Common Yellowthroat).  On average, adults 

preceded yearlings by 5.1 days.  Age-based differential migration patterns during autumn 

were less clear as significant differences were only detected in seven of 20 species.  Of 

these, young (hatch year) birds passed through earlier than adult (after hatch year) birds 

in six species, with the reverse pattern detected in one species (Table 3-3).  The absolute 

difference in mean passage dates averaged 3.7 days. 

Stopover Probability 
 

Mark-recapture models fit our data for four species and allowed for species-by-

group comparisons during autumn (sex-based comparisons in Golden-crowned Kinglet 

and Ruby-crowned Kinglet; age-based comparisons in Hermit Thrush and White-throated 

Sparrow).  Model fit was adequate to allow two comparisons during spring (age- and sex-
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based comparisons for American Redstart).  We found no compelling evidence of group-

based differences in either stopover or recapture probabilities in any species-by-group 

comparison (Table 3-4).  Adjusted AIC (QAIC) scores indicated that our simple model of 

constant stopover and recapture probability (φ.p.) best fit the data in each analysis.  The 

other models were evaluated by comparing the difference in QAIC scores between the 

more complex model and the simple mode (∆AIC).  Group-based models (including age 

or sex) that were within 2 QAIC scores of the simple models suggested that both models 

had equal support, whereas group-based models with ∆AIC between 2 and 7 had 

considerably less support than the simple models, and models with ∆AIC greater than 7 

were considered to be very weakly supported (Burnham & Anderson 1998).  ∆AIC for 

group-based stopover probabilities (φgp.) ranged from 0.20 to 2.06.  ∆AIC scores for 

group-based recapture probabilities (φ.pg) ranged from 0.28 to 2.01.  ∆AIC scores for 

group-based stopover and recapture probabilities (φgpg) ranged from 0.66 to 3.01.  Thus, 

group-based models, while inferior to the simple models, had some support.  Model 

likelihoods for the full models (φgpg) were between 0.22 and 0.72 times the likelihoods of 

the simple models (φ.p.).   

To estimate stopover and recapture probabilities for both age and sex categories 

during spring migration, we analyzed the capture histories of American Redstarts.  

Estimates of stopover probability were approximately 0.65 for each age and sex, 

indicating that no group-based differences existed in the likelihood of a bird staying at 

our study site for more than one day.  Recapture probabilities for those individuals that 

did stay more than one day at our sites were low, estimated at approximately 0.14 (Fig. 3-

2). 
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Tests for differences in stopover and recapture parameters based on sex during 

autumn migration were conducted on Golden-crowned Kinglet and Ruby-crowned 

Kinglet data (Fig. 3-3).  Age-based differences during autumn were examined in Hermit 

Thrush and White-throated Sparrow (Fig. 3-4).  No differences were detected between 

groups within species in either stopover or recapture parameters. 

Although we did not detect age- or sex-based differences within a species, 

differences were detected among species in stopover and recapture parameters during 

autumn migration.  Hermit Thrushes (φ = 0.84) were more likely to stay at our sites for 

more than one day (higher stopover probability) than Golden-crowned Kinglets (φ = 

0.38) and Ruby-crowned Kinglets (φ = 0.55, Fig. 3-5).  Further, White-throated Sparrows 

were less likely to be recaptured (p = 0.04) than either Hermit Thrushes (p = 0.14) or 

Ruby-crowned Kinglets (p = 0.10, Fig. 3-5). 

Discussion 
 

Differential Migration 
 

Differences detected in the timing of migration between age and sex classes 

during spring migration are generally comparable with other studies on landbirds in the 

region (Francis & Cooke 1986; Morris & Glasgow 2001), with males preceding females 

and older birds preceding younger birds.  These studies detected a gap in the mean date 

of arrival between males and females of approximately 2 – 10 days.   Observed 

differences may be the result of three non-exclusive circumstances (Chandler & Mulvihill 

1990).  First, different sex or age classes may commence migration at different times, 

leading to differential arrival patterns at stopover sites and on the breeding grounds.  
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Differences in the timing of the initiation of migration have been detected in some 

migratory landbird species, including the American Redstart (Marra et al. 1998) and the 

Dark-eyed Junco (Chandler & Mulvihill 1990).   

Second, different groups may initiate migration simultaneously, but travel at 

different rates (Ellegren 1993).  If this were the case, we may expect to find differences in 

stopover probabilities between groups during stopover, with the “fast” migrating birds 

having shorter stopover periods (low stopover probabilities).  This prediction was not 

supported by our study.  However, our results cannot address the possibility that 

individuals in the early arriving group may travel greater distances during migratory 

flights than individuals in the later arriving group, while exhibiting similar stopover 

probabilities during the journey.   

Third, different groups may initiate migration simultaneously, but be segregated 

along a latitudinal gradient on the wintering grounds, resulting in differential arrival 

times at more northerly latitudes.  Latitudinal segregation has been well documented for a 

temperate zone migrant (Dark-eyed Junco, Nolan & Ketterson 1990), but intraspecific 

differences in the winter distribution of Neotropical migrants require further study. 

Increasing evidence suggests that early arrival on the breeding grounds is 

imperative for the reproductive fitness of males.  Higher reproductive success has been 

documented in the earliest arriving birds in European breeding species such as the Pied 

Flycatcher (Potti 1998), Savi’s Warbler (Locustella luscinioides, Aebischer et al. 1996), 

and Willow Warbler (Phylloscopus trochilus, Lawn 1998), as well as North American 

breeding species such as the American Redstart (Lozano et al. 1996) and Kentucky 

Warbler (Oporornis formosus, McDonald 2000).  Yet, the fitness benefits of early arrival 
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must be balanced with the potential costs associated with inclement weather or 

inadequate resources that may be experienced by the earliest arrivals (Whitmore et al. 

1977).   

Francis & Cooke (1986) suggested that the negative consequences of late arrival 

on the breeding grounds may be more pronounced for males.  Late arriving males may 

fail to establish territories and have little chance of successful reproduction.  Late arriving 

females, on the other hand, may be relegated to mating with an inferior male or pairing 

with an inferior male and seeking extra-pair copulations with superior males.  However, 

these potentially negative effects of late arrival on reproductive fitness may be balanced 

by the potential survivorship benefits associated with arriving during more favorable 

weather when foraging opportunities are improved.  Because the fitness of females may 

not be as strongly tied to arrival date, a delayed migration strategy may be adaptive for 

this sex.   

Intraspecific differences in the timing of autumn migration are less discernible 

with conflicting patterns detected across species.  Hussell (1981) found large differences 

in the timing of autumn migration in the Least Flycatcher in Ontario, with the median 

passage date of adults preceding young birds by ~ 34 days.  Our intensive monitoring 

period began after the bulk of Least Flycatchers pass through western New York during 

autumn migration, so we were unable to test for differential migration timing in this 

species.   However, group-based differences in mean passage dates did not exceed 6 days 

in any species that we did examine.  Less theoretical support exists to suspect group-

based differences in timing during autumn migration, particularly if all individuals are 
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under similar selective pressure to establish territories on the wintering grounds (Rappole 

& Warner 1980; Marra et al. 1998).   

Most studies of differential timing of migration examine differences in the mean 

dates that age or sex groups are captured during migration.  Such analyses assume that 

individuals in each group are equally likely to be captured on the date of arrival.  Because 

our mark-recapture analyses detected no significant intraspecific differences in recapture 

probabilities between groups, we are confident that these analyses are detecting true 

differences in mean passage dates. 

Stopover Probability 
 

Factors that may affect the stopover decisions of individuals include the stage of 

migration (Francis & Cooke 1986), differences in individual experience (Greenberg 

1984), habitat quality (Moore et al. 1995), competitive interactions (Moore & Yong 

1991; Bonter et al. this volume), or energetic condition (Dunn et al. 1988).  Birds in 

superior energetic condition are less likely to remain at stopover sites (Biebach et al. 

1986; Moore & Kerlinger 1987; Dunn et al. 1988), and studies have shown that adults 

carry higher fat loads during autumn migration than juveniles (Ellegren 1991).  As such, 

differences in stopover length based on age may be confounded with differences in the 

energetic condition of birds in each age group. 

We may expect young birds to stay longer at stopover sites during autumn 

migration due to a lack of experience with migration.  Our sites were located near or 

within the breeding range of many of the species examined.  As such, young birds 

captured at our sites may have been experiencing their first stopover period during their 
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first migration.  Exposure to novel habitats could lead to age-based differences in 

foraging efficiency and habitat selection during migration, which could translate into 

longer stopover periods for young birds during autumn.  Yet, we failed to detect 

consistent differences in the timing of migration among age classes in autumn.  Further, 

we failed to detect age-based differences in stopover and recapture probabilities in 

Hermit Thrushes and White-throated Sparrows during autumn.  Due to the proximity of 

our study sites to the breeding grounds, differences in migration timing may be difficult 

to detect if individuals in both groups initiated migration concurrently.  However, we 

would expect any experience-based differences in stopover and recapture probabilities to 

be most pronounced near the breeding grounds.   

Previous studies have documented age-based differences in stopover probabilities 

in migratory landbirds, with young birds recaptured more frequently and staying longer at 

stopover sites than older birds (Ellegren 1991; Morris et al. 1996).  These studies also 

tested for sex-based differences in stopover length, and failed to find significant 

differences.  However, these studies calculated stopover length by using the minimum 

stopover duration method rather than with mark-recapture models, and any conclusions 

regarding differences in stopover length may be biased by differential recapture 

probabilities between age or sex classes. 

Schaub et al. (2001) cautioned against using minimum stopover duration as a 

relative measure of stopover time in comparisons between groups because recapture 

probabilities may vary between groups.  Although our analyses failed to detect 

intraspecific differences in recapture probabilities for the five species analyzed, recapture 

probabilities were very low (< 0.15), indicating that many birds were staying at the 
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stopover site, but were not detected after the initial encounter.  Our results suggest that 

intraspecific comparisons of differences in minimum stopover length may be valid, 

although estimates of stopover length calculated by the minimum stopover duration 

method should be interpreted with care due to low recapture probabilities.  Schaub et al. 

(2001) suggest an alternative method that combines recruitment analysis (estimating time 

at the stopover site before capture, Pradel 1996), with survival analysis (estimating 

stopover length following initial capture).  Stopover lengths estimated by this method are 

significantly greater than those generated by traditional estimates of minimum stopover 

duration (Schaub et al. 2001).    

We did detect interspecific differences in stopover and recapture probabilities 

during autumn migration.  These differences should discourage comparative analyses of 

stopover duration among species using the minimum stopover duration method.  Further, 

any comparative analyses of stopover length between sites based on the minimum 

stopover duration method may be biased by site-based differences in recapture 

probability.  Such differences would likely result from variation in habitat structure, size 

of the study area, or sampling effort.   

The lack of precision in our parameter estimates (i.e., large confidence intervals) 

may be explained by variability introduced by a number of factors.  Daily and seasonal 

stopover and recapture probabilities are likely affected by weather conditions 

(Richardson 1978), with stopover probability likely being greater on days when 

atmospheric conditions are not conducive for migration.  Differences in stopover 

behaviors between years, and differences in behaviors between populations utilizing the 

site throughout the season, may also introduce variability into parameter estimation.  
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While we assumed that temporal variability likely existed in stopover and recapture 

probabilities, we excluded time from our candidate model set and focused on group-

based differences.  However, subsequent analyses provided little support for models in 

which parameters were allowed to vary over time. 

Knowledge of stopover ecology would benefit from similar intensive studies of 

marked individuals at additional locations.  Identifying areas with relatively high 

stopover probabilities may aid in targeting conservation efforts towards important 

stopover locations.  We encourage the use of CMR models in future attempts at 

quantifying stopover behavior in landbirds, and caution against the use of analyses that 

fail to consider recapture probabilities. 



 

 75

Table 3-1a.  Differential timing of migration by sex during spring migration. 
Data are from Braddock Bay and Hamlin Beach in 1999 and 2000. 

Difference
SPECIES Median n Median n Mean Dates2 p 3

Least Flycatcher 139.8 ± 0.8 140.5 50 130.0 ± 1.7 127.5 24 9.7 <0.001
Ruby-crowned Kinglet 126.5 ± 0.2 125.0 527 119.3 ± 0.1 119.0 718 7.3 <0.001
Nashville Warbler 133.0 ± 0.9 132.0 68 128.2 ± 0.8 127.0 99 4.8 <0.001
Yellow Warbler 135.1 ± 0.3 136.0 408 133.4 ± 0.4 131.0 353 1.8 <0.001
Chestnut-sided Warbler 141.0 ± 1.0 141.0 43 135.7 ± 0.7 135.0 96 5.3 <0.001
Magnolia Warbler 141.1 ± 0.4 140.5 248 135.7 ± 0.3 136.0 457 5.4 <0.001
Black-throated Blue Warbler 138.7 ± 0.5 138.0 168 130.8 ± 0.5 130.0 104 7.9 <0.001
Yellow-rumped Warbler 125.3 ± 0.5 124.0 110 119.6 ± 0.4 121.0 261 5.7 <0.001
Black-throated Green Warbler 136.5 ± 1.3 136.5 22 126.4 ± 1.2 123.0 33 10.1 <0.001
Blackpoll Warbler 150.6 ± 0.7 153.0 46 147.4 ± 1.2 148.0 30 3.2 0.055
Black-and-white Warbler 135.6 ± 0.9 134.0 59 125.2 ± 0.5 125.0 53 10.4 <0.001
American Redstart 142.7 ± 0.3 143.0 298 139.3 ± 0.4 140.0 288 3.5 <0.001
Mourning Warbler 146.6 ± 0.8 147.0 61 142.3 ± 0.9 142.0 44 4.4 <0.001
Common Yellowthroat 141.9 ± 0.4 142.0 237 136.3 ± 0.4 136.0 284 5.6 <0.001
Wilson's Warbler 143.5 ± 0.5 145.0 78 140.8 ± 0.3 141.0 273 2.7 <0.001
Canada Warbler 143.8 ± 0.8 144.0 59 140.4 ± 0.6 140.0 83 3.4 0.001
White-throated Sparrow 127.9 ± 0.9 126.0 47 121.0 ± 0.6 122.0 108 6.9 <0.001
Dark-eyed Junco 114.6 ± 0.5 113.0 44 117.0 ± 1.6 115.0 21 -2.4 0.387
American Goldfinch 140.1 ± 1.0 140.5 80 137.0 ± 1.0 137.0 86 3.1 0.043
1 Mean Julian date of capture.
2 Difference in mean capture date = (mean Julian date for females) - (mean Julian date for males).
3 p-value for Wilcoxon 2-sample tests for differential migration between sexes.

               Female                             Male               
Mean1 Mean1
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Table 3-1b. Differential timing of migration by sex during autumn migration. 
Data are from Braddock Bay and Hamlin Beach in 1999 and 2000. 

Difference
SPECIES Median n Median n Mean Dates2 p 3

Golden-crowned Kinglet 276.8 ± 0.2 278.0 834 278.0 ± 0.2 278.0 970 -1.2 <0.001
Ruby-crowned Kinglet 276.6 ± 0.2 278.0 1323 279.6 ± 0.2 280.0 972 -3.0 <0.001
Nashville Warbler 265.8 ± 0.9 267.0 68 269.2 ± 1.4 269.0 38 -3.3 0.044
Magnolia Warbler 262.1 ± 1.4 261.0 40 261.7 ± 0.8 261.0 79 0.5 0.830
Black-throated Blue Warbler 267.2 ± 1.0 268.0 99 263.3 ± 0.9 262.0 94 3.9 0.006
Yellow-rumped Warbler 281.2 ± 1.0 283.0 42 279.8 ± 0.9 283.0 60 1.5 0.044
American Redstart 257.5 ± 0.8 257.0 73 257.0 ± 0.6 257.0 61 0.4 0.713
Common Yellowthroat 262.0 ± 1.1 259.0 66 261.5 ± 0.8 260.0 143 0.6 0.729
Wilson's Warbler 259.9 ± 1.2 259.0 47 258.4 ± 0.9 257.5 68 1.5 0.370
White-throated Sparrow 275.8 ± 0.5 278.0 263 276.1 ± 0.3 277.0 524 -0.2 0.879
Dark-eyed Junco 278.3 ± 0.8 279.5 86 280.3 ± 0.8 284.0 71 -2.0 0.030
1 Mean Julian date of capture.
2 Difference in mean capture date = (mean Julian date for females) - (mean Julian date for males).
3 p-value for Wilcoxon 2-sample tests for differential migration between sexes.

               Female                             Male               
Mean1 Mean1
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Table 3-2. Differential timing of migration by age during spring migration. 
  Data are from Braddock Bay and Hamlin Beach in 1999 and 2000. 

Difference
SPECIES Median n Median n Mean Dates2 p 3

Yellow-bellied Flycatcher 144.8 ± 0.8 145.0 48 150.9 ± 0.9 151.0 23 -6.1 <0.001
Least Flycatcher 133.2 ± 0.9 133.0 77 139.8 ± 0.7 141.5 108 -6.7 <0.001
Ruby-crowned Kinglet 118.8 ± 0.2 118.0 223 120.9 ± 0.2 121.0 253 -2.1 <0.001
Veery 133.3 ± 1.0 133.0 33 134.9 ± 0.9 134.0 30 -1.6 0.190
Swainson's Thrush 138.1 ± 0.8 137.0 69 143.6 ± 0.9 143.0 41 -5.5 <0.001
Hermit Thrush 122.1 ± 0.5 122.0 74 122.9 ± 0.9 123.0 40 -0.8 0.795
Nashville Warbler 127.3 ± 0.7 127.0 75 134.5 ± 1.1 132.0 48 -7.2 <0.001
Yellow Warbler 132.0 ± 0.4 131.0 247 135.9 ± 0.4 136.0 400 -3.9 <0.001
Chestnut-sided Warbler 134.4 ± 1.2 133.0 37 137.9 ± 1.0 137.0 61 -3.5 0.038
Magnolia Warbler 135.3 ± 0.4 135.0 292 140.3 ± 0.4 139.0 322 -5.0 <0.001
Black-throated Blue Warbler 132.0 ± 0.6 131.0 102 137.5 ± 0.6 138.0 121 -5.5 <0.001
Yellow-rumped Warbler 121.1 ± 0.5 121.0 131 121.5 ± 0.6 121.0 139 -0.4 0.374
Blackpoll Warbler 147.2 ± 1.3 148.0 29 151.4 ± 0.7 153.0 33 -4.3 0.040
Black-and-white Warbler 128.2 ± 0.8 128.0 55 136.5 ± 1.5 135.5 30 -8.3 <0.001
American Redstart 138.6 ± 0.5 139.0 234 142.7 ± 0.3 143.0 287 -4.1 <0.001
Mourning Warbler 141.4 ± 1.4 141.0 29 147.1 ± 0.9 147.0 48 -5.7 0.002
Common Yellowthroat 135.4 ± 0.8 135.0 67 143.7 ± 0.8 143.0 78 -8.4 <0.001
Wilson's Warbler 139.7 ± 0.5 140.0 99 143.1 ± 0.4 143.0 173 -3.4 <0.001
Canada Warbler 138.9 ± 0.9 139.0 39 143.4 ± 0.8 143.0 59 -4.5 0.001
White-throated Sparrow 121.6 ± 0.7 123.0 69 123.4 ± 0.4 124.0 141 -1.9 0.018
American Goldfinch 137.1 ± 1.0 137.0 85 138.2 ± 1.4 140.0 40 -1.1 0.474
1 Mean Julian date of capture.
2 Difference in mean capture date = (mean Julian date for after second year birds) - (mean Julian date for second year birds).
3 p-value for Wilcoxon 2-sample tests for differential migration between ages.

         After Second Year                       Second Year               
Mean1 Mean1
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Table 3-3.  Differential timing of migration by age during autumn migration. 
Data are from Braddock Bay and Hamlin Beach in 1999 and 2000. 

Difference
SPECIES Median n Median n Mean Dates2 p 3

Eastern Phoebe 277.2 ± 1.2 277.0 29 272.5 ± 1.6 273.0 24 4.7 0.027
Black-capped Chickadee 283.3 ± 0.5 285.0 192 282.8 ± 0.3 285.0 613 0.5 0.502
Gray-cheeked Thrush 267.7 ± 0.7 266.5 96 267.2 ± 0.3 266.0 378 0.5 0.603
Swainson's Thrush 262.0 ± 0.8 261.0 91 265.1 ± 0.3 265.0 447 -3.1 <0.001
Hermit Thrush 283.1 ± 0.4 283.0 73 281.4 ± 0.2 282.5 618 1.8 0.011
Gray Catbird 260.7 ± 1.4 259.0 38 261.0 ± 0.8 261.0 147 -0.3 0.919
Nashville Warbler 266.2 ± 1.7 265.0 21 265.6 ± 0.8 266.0 112 0.6 0.802
Magnolia Warbler 262.0 ± 0.7 261.0 111 256.9 ± 0.3 254.0 411 5.2 <0.001
Black-throated Blue Warbler 268.7 ± 1.7 266.0 35 264.5 ± 0.7 264.5 156 4.2 0.068
Yellow-rumped Warbler 281.5 ± 0.7 283.0 43 277.5 ± 0.8 281.0 91 4.0 0.007
Blackpoll Warbler 260.7 ± 0.5 262.0 155 261.1 ± 0.4 261.0 215 -0.4 0.789
American Redstart 257.6 ± 1.1 256.5 32 257.2 ± 0.6 257.0 109 0.5 0.970
Common Yellowthroat 264.6 ± 1.0 263.0 69 260.4 ± 0.7 259.0 184 4.2 <0.001
Wilson's Warbler 260.2 ± 1.8 257.5 24 258.7 ± 0.8 258.0 96 1.5 0.539
Song Sparrow 277.5 ± 1.8 278.0 29 276.0 ± 0.9 278.0 117 1.5 0.362
Lincoln's Sparrow 269.0 ± 1.2 269.0 25 268.6 ± 1.3 269.0 49 0.4 0.877
Swamp Sparrow 277.1 ± 1.8 279.0 23 274.2 ± 0.7 275.0 173 2.9 0.123
White-throated Sparrow 276.0 ± 0.3 277.0 420 272.9 ± 0.2 277.0 2186 3.1 0.051
White-crowned Sparrow 279.0 ± 1.1 281.0 30 280.1 ± 0.8 280.0 55 -1.0 0.552
Dark-eyed Junco 279.8 ± 0.9 283.0 66 276.7 ± 0.8 279.0 127 3.1 0.007
1 Mean Julian date of capture.
2 Difference in mean capture date = (mean Julian date for after hatch year) - (mean Julian date for hatch year).
3 p-value for Wilcoxon 2-sample tests for differential migration between ages.

               After Hatch Year                             Hatch Year               
Mean1 Mean1
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Table 3-4.  CMR model selection results. 
Models test for an influence of sex or age on stopover and recapture probabilities.  
Likelihood ratio tests found no differences between models (p > 0.07 in all nested 
comparisons). 

Model QAIC  Delta AIC Weight Model 
Likelihood

Parameters Deviance

φ.p. 129.96 0.41 1.00 2 70.71
φgp. 131.14 1.17 0.23 0.56 3 69.81
φgpg 131.35 1.38 0.21 0.50 4 67.94
φ.pg 131.93 1.96 0.15 0.37 3 70.60

φ.p. 128.17 0.49 1.00 2 70.41
φ.pg 129.71 1.53 0.23 0.46 3 69.88
φgp. 130.24 2.06 0.17 0.36 3 70.40
φgpg 131.19 3.01 0.11 0.22 4 69.27

φ.p. 111.38 0.42 1.00 2 37.74
φ.pg 112.18 0.79 0.28 0.67 3 36.50
φgp. 113.03 1.64 0.18 0.44 3 37.35
φgpg 113.84 2.46 0.12 0.29 4 36.12

φ.p. 562.88 0.34 1.00 2 119.04
φ.pg 563.16 0.28 0.29 0.87 3 117.31
φgpg 563.54 0.66 0.24 0.72 4 115.67
φgp. 564.84 1.96 0.13 0.38 3 118.99

φ.p. 533.51 0.45 1.00 2 181.14
φgp. 534.74 1.23 0.24 0.54 3 180.34
φ.pg 535.54 2.01 0.16 0.36 3 181.14
φgpg 535.77 2.27 0.14 0.32 4 179.32

φ.p. 317.47 0.33 1.00 2 92.83
φgp. 317.67 0.20 0.30 0.90 3 91.01
φ.pg 317.94 0.47 0.26 0.79 3 91.28
φgpg 319.66 2.19 0.11 0.34 4 90.98

Influence of age on Hermit Thrush migration during autumn (c-hat = 1.18).

Influence of age on White-throated Sparrow migration during autumn (c-hat = 1.62).

Influence of age on American Redstart migration during spring (c-hat = 2.23).

Influence of sex on American Redstart migration during spring (c-hat = 2.29).

Influence of sex on Golden-crowned Kinglet migration during autumn (c-hat = 1.39).

Influence of sex on Ruby-crowned Kinglet migration during autumn (c-hat = 1.39).
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Fig. 3-1.  Differential migration patterns in American Redstarts during spring migration. 
Data are from Braddock Bay and Hamlin Beach in 1999 and 2000.  a) Adult males were 
captured earlier than adult females (Wilcoxon 2-sample test, p < 0.001).  b) Adult males 
were captured earlier than second-year males (p < 0.001).  Similar differential migration 
patterns were detected in many species (Tables 3-1 to 3-3). 
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Fig. 3-2.  Stopover and recapture probabilities for American Redstarts during spring 
migration.   
Analyses based on sex produced similar results.  Bars represent 95% confidence intervals 
for the estimated parameters.  No differences were detected between the age groups in 
either stopover or recapture probabilities. 
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Fig. 3-3.  Stopover and recapture probabilities by sex during autumn migration.   
RCKI = Ruby-crowned Kinglet.  GCKI = Golden-crowned Kinglet.  Bars represent 95% 
confidence intervals for the estimated parameters.  No differences were detected between 
the groups within species in either stopover or recapture probabilities. 
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Fig. 3-4.  Stopover and recapture probabilities by age during autumn migration. 
HETH = Hermit Thrush.  WTSP = White-throated Sparrow.  Bars represent 95% 
confidence intervals for the estimated parameters.  No differences were detected between 
the groups within species in either stopover or recapture probabilities. 
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Fig. 3-5.  Interspecific comparison of stopover and recapture probabilities during autumn 
migration.   
Bars represent 95% confidence intervals for the parameters.  Hermit Thrush demonstrated 
a greater stopover probability (more likely to stay at stopover site for more than one day) 
than did either kinglet species.  White-throated Sparrows were less likely to be recaptured 
than were Hermit Thrushes and Ruby-crowned Kinglets. 
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Appendix 
 

Appendix 3-1.  Scientific names of species discussed in this study.
Scientific Name Common Name
Empidonax flaviventris Yellow-bellied Flycatcher
Empidonax minimus Least Flycatcher
Sayornis phoebe Eastern Phoebe
Poecile atricapillus Black-capped Chickadee
Regulus satrapa Golden-crowned Kinglet
Regulus calendula Ruby-crowned Kinglet
Catharus minimus Gray-cheeked Thrush
Catharus ustulatus Swainson's Thrush
Catharus guttatus Hermit Thrush
Dumetella carolinensis Gray Catbird
Vermivora ruficapilla Nashville Warbler
Dendroica petechia Yellow Warbler
Dendroica pensylvanica Chestnut-sided Warbler
Dendroica magnolia Magnolia Warbler
Dendroica caerulescens Black-throated Blue Warbler
Dendroica coronata Yellow-rumped Warbler
Dendroica virens Black-throated Green Warbler
Dendroica striata Blackpoll Warbler
Mniotilta varia Black-and-white Warbler
Setophaga ruticilla American Redstart
Oporornis philadelphia Mourning Warbler
Geothlypis trichas Common Yellowthroat
Wilsonia pusilla Wilson's Warbler
Wilsonia canadensis Canada Warbler
Melospiza melodia Song Sparrow
Melospiza lincolnii Lincoln's Sparrow
Melospiza georgiana Swamp Sparrow
Zonotrichia albicollis White-throated Sparrow
Zonotrichia leucophrys White-crowned Sparrow
Junco hyemalis Dark-eyed Junco
Carduelis tristis American Goldfinch  
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CHAPTER 4: DAILY CHANGES IN ENERGETIC CONDITION IN LANDBIRDS 
DURING MIGRATION STOPOVER ON THE SOUTH SHORE OF LAKE ONTARIO 

 
David N. Bonter, Therese M. Donovan and Elizabeth W. Brooks 

 

Abstract 
 

Assigning conservation priorities to areas used by birds during migration requires 

information on the relative quality of areas and habitats.  The rate at which migratory 

birds replenish energy reserves during stopover may be used as an indicator of stopover 

site quality.  We estimated the rate of mass gain in 49 landbird species during stopover at 

near-shore terrestrial sites on the south shore of Lake Ontario in New York State.  An 

approach that employed regression to relate a measure of energetic condition to time of 

capture was used to estimate the rate of mass gain.  On average, individuals from 19 of 

41 species gained mass while at our study sites during spring migration.  In autumn, we 

detected significant changes in condition for 24 of 33 species.  Daily rates of gain across 

all species averaged 7.8% of mean body weight during spring migration and 6.9% during 

autumn migration.  These rates are comparable with those calculated at other study sites.  

However, our regression estimates were significantly greater than estimates from 

traditional analyses that examine mass changes in recaptured birds.  Analyses of 

recapture data recorded an average change across species of –0.05% of mean condition in 

spring and 0.25% in autumn.  Because of sampling biases inherent in recapture analyses, 

the regression approach is likely more accurate when the assumptions of the method are 

met.  Similar studies in various habitats, landscapes, and regions are required to prioritize 

conservation efforts that target the migratory stages of the annual cycle. 
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Introduction 
 

Migratory birds face numerous challenges during biannual journeys between 

breeding and wintering areas, including the need to locate resources in novel areas 

(Barlein 1983; Hutto 1985; Moore et al. 1995), exposure to changing suites of predators 

(Lindstrom 1989; Moore 1994), orientation and navigational errors (Ralph 1978), and 

adverse weather conditions for migratory flight (Whitmore et al. 1977; Richardson 1978).  

Although migrants may only spend 8 – 12 weeks in transit annually, recent evidence 

suggests that approximately 85% of annual adult mortality in migratory landbirds occurs 

during the migratory phase of the annual cycle (Sillett & Holmes 2002).  During this 

time, stopover areas must be located where individuals can rest, avoid predation, and 

refuel for the next step of the migration. 

Incorporation of specific stopover sites into regional conservation plans has been 

hampered by an inability to prioritize areas or habitats used by migrants.  Assigning 

conservation priorities for migratory birds requires extensive information regarding the 

locations and land cover characteristics of areas where birds concentrate.  However, birds 

may not always concentrate at optimal stopover sites.  For instance, birds are known to 

concentrate near geographical barriers to migration regardless of habitat suitability 

(Gauthreaux 1971).  Large bodies of water may function as barriers, and near-shore sites 

have been recognized as important stopover locations (Moore & Kerlinger 1987; 

Gauthreaux & Belser 1998).   Radar analyses indicate that birds concentrate in near-shore 

terrestrial habitats in the eastern Great Lakes basin (Bonter et al. this volume).  Yet, 

weather often plays a large role in forcing birds to land at these sites that may or may not 
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be favorable stopover locations.  When birds are forced into unfavorable sites, the rate of 

mass gain is expected to be low and birds may quickly depart for more favorable sites 

(Parnell 1969).  

The rate at which migrants replenish energy reserves has been used as an 

indicator of stopover site quality (Dunn 2000).  Attempts at assessing changes in 

energetic condition have often focused on mass changes in recaptured individuals 

(Cherry 1982; Moore & Kerlinger 1987).  However, the use of data from recaptured 

individuals may be biased and has been criticized (Winker et al. 1992).  Only a small 

proportion of transients are recaptured during migration, limiting sample sizes for 

recapture analyses.  Further, recaptured individuals may not represent the bulk of the 

migrant population, because birds in poorer energetic condition are more likely to be 

recaptured (Winker et al. 1992, current study).  And, the effects of capturing and handling 

birds may influence the rate of mass change (Schwilch & Jenni 2001; but see Hansson & 

Petterson 1989).   

An alternative approach for assessing changes in energetic condition during 

stopover is to relate a measure of energetic condition to time of capture (Winker et al. 

1992; Dunn 2000, 2001).  The slope of the resulting regression line represents the 

average hourly change in condition.  We used this method to assess the quality of 

stopover sites located along a geographical barrier to migration.  Our objectives were to 

1) use the regression technique to assess condition changes in migratory birds stopping at 

sites along the south shore of Lake Ontario, 2) compare our results with those of recent 

studies that employed this technique (Winker et al. 1992; Morris 1996; Dunn 2001), and 
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3) compare regression estimates of condition change with those calculated by traditional 

recapture estimates. 

 

Methods 
 

Birds were captured at Braddock Bay Bird Observatory (43°19”N, 77°43”W) and 

Hamlin Beach State Park (43°21”N, 77°56”W) during spring (April 24 – June 10) and 

autumn (August 20 – November 4) migration in 1999 and 2000.  The study sites were 

located in near-shore terrestrial habitats on the south shore of Lake Ontario, near 

Rochester, New York, USA (Fig. 4-1).  Both sites were characterized by a mix of field 

and early successional land cover types, dominated by viburnum (Viburnum sp.), 

dogwood (Cornus sp.), honeysuckle (Lonicera sp.), ash (Fraxinus sp.) and alder (Alnus 

sp.).  A 5 km region surrounding the Hamlin Beach site was characterized by 48% water 

cover and 44% agricultural land use, with forest (6%), developed areas (2%), wetlands (< 

1%) and beaches (< 1%) also present in the landscape.  Similarly, the Braddock Bay site 

was surrounded by a landscape characterized by water cover (59%) and agricultural land 

use (27%), with lesser amounts of forest (9%), developed areas (4%) and wetlands (1%) 

within 5 km of the study site.  As no marked individuals were captured at both sites 

within any migration-monitoring season, we assumed the sites were independent.  As 

radar analyses indicated that most migratory landbirds flew directly over Lake Ontario 

(unpublished data), near-shore habitats on the south shore were the final possible 

stopover location before crossing the lake in the spring, and the first available landfall 

after crossing during autumn migration.   
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Both stations followed the same sampling protocols (Braddock Bay Bird 

Observatory 1999).  In brief, birds were captured in 30 mm mesh mist nets which were 

operated daily during the migration periods, weather permitting.  Nets were opened by 

sunrise, and operated for a minimum of 6 hours per day.   Birds were removed from nets 

at 30-minute intervals.  Captured individuals were transported to a central processing 

location where we recorded time of capture, net location, species, age, sex, unflattened 

wing length, mass (to nearest 0.1 g on a digital electronic balance), and subcutaneous fat 

load (0 = no visible fat, 1 = trace of fat visible in furcular region, 2 = furcular region 

filling but concave, 3 = furcular region filled with fat, 4 = furcular region convex and fat 

visible on abdomen, 5 = furcular region convex and abdomen mounded, following Helms 

& Drury [1960]). All individuals were marked with a USGS aluminum leg band and 

released.   Recaptured birds were reprocessed without reference to data collected at 

previous encounters. 

Regression Analyses 
 

Although many individuals were recaptured more than 1 day after initial capture 

at our sites, regression analyses were limited to data from the first capture only.  Because 

lean and fat birds may gain mass at different rates (Loria & Moore 1990), individuals 

with a fat score > 1 were excluded from analyses. 

For each bird captured, energetic condition was computed as an adjusted measure 

of mass based on body size (Winker 1995) using the formula: 

 

Energetic Condition = 100*
LengthWing

Mass  
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Such estimates of energetic condition would be biased if capture rates for different sized 

birds varied during the day.  However, we detected no significant relationship between 

morphological measurements (wing length) and capture time (hour after sunrise) in any 

of the species analyzed (wing length regressed on hour, hour2 and hour3, p > 0.05 after 

Bonferroni correction for multiple tests).  These results indicated that the samples were 

not biased by capture time. 

Simple linear regressions of energetic condition on capture time were calculated 

by species as: 

CI = bo + b1H 
 

where CI is the estimate of energetic condition and H is the hour of capture.  The 

intercept, bo, is an estimate of the average energetic condition of birds at daybreak, prior 

to foraging.  The slope of the regression line, b1, is the estimate of hourly change in 

condition.  Sites or habitats that are higher in quality are expected to have higher slope 

values than low quality sites.   

Regression equations were calculated for all species with n > 40 birds captured.  

Data from the first 8 hours of operation daily were included in analyses, because 

sampling past hour 8 was inconsistent.  Data were pooled by season, a practice that 

would bias the results if the rate of condition change varied within a season.  We tested 

for such intra-seasonal variation by dividing each season into 3-day intervals and running 

the regression analyses separately for each interval.  Because this procedure required 

large sample sizes, analyses were limited to three species from autumn migration 

(Golden-crowned Kinglet, Ruby-crowned Kinglet and White-throated Sparrow, see 

Appendix for scientific names).  Slope coefficients from significant regression equations 
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were then regressed on time of season to test for seasonal differences in the rate of 

condition change. 

Estimates of net daily change in condition were calculated for each species by 

multiplying the slope of the regression line by an estimate of foraging time based on day 

length (12.5 hours in autumn, 15 hours in spring).  Estimated losses in condition due to 

nocturnal metabolism were then subtracted (4.5% of mean condition, [Winker et al. 

1992]).  Note that actual nocturnal losses likely varied depending upon body size (Dunn 

2001) and environmental conditions.   

Results from the current study were compared with those from three studies that 

estimated energetic condition change in migratory landbirds using similar methods 

(Winker et al. 1992 [Minnesota]; Morris 1996 [Maine]; Dunn 2001 [Ontario]).  Only data 

from significant regression equations (p < 0.05) in any study were included in our 

comparative analyses.  Rates of change in energetic condition were converted to average 

daily change as a percentage of mean body weight (Dunning 1993) to allow for 

comparisons among species.  We tested for differences in the rate of condition change 

among studies with ANOVA (PROC GLM in SAS, version 8.1).  Note that while 

statistical significance was reported when p < 0.05, many additional analyses approached 

significance. 

Traditional Recapture Analyses 
 

To compare regression estimates of mass gain with a more traditional measure, 

we estimated daily mass changes in recaptured birds by examining differences in 

recorded mass and capture time from the first and last encounter of each individual.  
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Because birds generally gained mass as the day progressed, mass at first and last 

encounter was adjusted to a standard capture time using the estimated hourly changes 

from the above regression analyses.  Adjusted mass (MA) difference was calculated as: 

 
( ) ( ) 12112 *bHHMMM A −+−=  

 
where M2 is mass at the last encounter, M1 is mass at first encounter, H1 is capture time at 

first encounter, H2 is capture time at last encounter, and b1 is the slope coefficient of the 

equation from the regression analyses.  If the slope of the regression equation was non-

significant (p > 0.05), we set b1 = 0.  Daily changes were then calculated by dividing the 

adjusted mass difference by the number of days between captures: 

12 DD
M A

−
 

 
where D2 is the Julian date of the last encounter, and D1 is the Julian date of the first 

encounter. 

 Estimates of condition change from recapture data were calculated for all species 

with 10 or more recaptured individuals per season.  Paired t-tests were used to compare 

estimates of condition change from the recapture analyses with estimates from the 

regression analyses. 

Only a few species (mostly Gray Catbird, Yellow Warbler, Common 

Yellowthroat, Swamp Sparrow and Song Sparrow) nested locally at either study site, so 

data collected were predominantly from transient individuals.  Any individual captured in 

multiple migration seasons, or captured on more than one occasion greater than 14 days 

apart, was assumed to be a locally breeding bird and was eliminated from analyses. 
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Results 
 

During autumn migration in 1999 and 2000 we captured 15,493 individuals of 99 

species, and recorded 3,275 recaptures of marked individuals.  During spring migration in 

the two years we captured 11,235 individuals of 95 species and recorded 1,863 recaptures 

at our two research sites (Appendix 4-1 and 4-2). 

Regression Analyses 
 

Hourly rates of change in energetic condition were detected by regression 

analyses.  Nineteen of 41 species showed significant (p < 0.05) changes in energetic 

condition throughout the day during spring migration (Table 4-1).  Of these 19 species, 

mean estimated net daily gains ranged from just over 1% (Traill’s Flycatcher) to nearly 

16% (House Wren).  We detected no declines in energetic condition during spring 

migration at our sites.  The average estimated daily rate of gain across all species was 

7.8% of mean body weight. 

A higher proportion of species (24 of 33) showed significant changes in energetic 

condition during autumn migration (Table 4-2).  Mean estimated daily changes in 

condition ranged from –2.5% (Black-capped Chickadee) to over 21% (Least Flycatcher).  

The only species to decline in condition during stopover at our sites was the Black-

capped Chickadee.  The average estimated rate of gain across all species during autumn 

migration was 6.9% of mean body weight per day.  Confidence intervals for the estimated 

changes indicated that a positive hourly change does not necessarily translate into a 

positive net daily gain, as daytime gains may be offset by nocturnal losses (95% CI, Figs. 

4-2 and 4-3). 
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Tests for consistency in the rate of change in energetic condition throughout a 

given season revealed a decrease in the rate of gain as the autumn season progressed for 

the Ruby-crowned Kinglet (F1,6 = 14.59, p = 0.009, Adj. r2 = 0.660).  This result may be 

expected if food resources become depleted over time.  No seasonal changes were 

detected for either the Golden-crowned Kinglet or the White-throated Sparrow (Fig. 4-4).  

Dividing the season into 3-day periods for this analysis limited sample sizes and 

prevented analyses for additional species in autumn, and all species in spring.  Thus, we 

urge caution in interpreting results as rates of change in energetic condition were 

assumed to be constant throughout a season. 

Average rates of daily change in condition across species during spring migration 

were comparable with those reported by Winker et al. (1992) in Minnesota, Morris 

(1996) in Maine, and Dunn (2001) in Ontario (ANOVA, F3,48 = 1.28, p = 0.292, Table 4-

3), and no pairwise comparisons between sites detected differences (Tukey’s studentized 

range tests, p > 0.05).  However, average rates of change in daily condition across species 

during autumn were greater at our sites than in the Minnesota study (Tukey’s studentized 

range test, p < 0.05) although the global model was marginally non-significant (ANOVA, 

F3,66 = 2.51, p = 0.066, Table 4-4).  Comparisons were made between the Minnesota 

study and the current study on the six species with significant trends at both locations 

during autumn migration (Least Flycatcher, Black-capped Chickadee, Magnolia Warbler, 

American Redstart, Ovenbird, Common Yellowthroat).  We detected a greater rate of 

gain in the current study (paired t-test, t = 2.11, df = 5, p = 0.044).  No differences were 

detected in any other paired comparison between sites (paired t-tests, p > 0.05). 
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Traditional Recapture Analyses 
 

We estimated changes in energetic condition through traditional recapture 

analyses for 12 species during spring and 20 species during autumn migration.  Estimated 

daily condition changes were low in all species, averaging –0.05% in spring and 0.25% in 

autumn (Table 4-5).   

 Comparing estimates of changes in energetic condition from recapture analyses 

with regression estimates revealed large differences (Table 4-5).  Regression estimates 

were greater than recapture estimates in both spring (paired t-test, t = 6.74, df = 7, p < 

0.001) and autumn (t = 5.67, df = 17, p < 0.001).  Condition changes from the recaptured 

individuals with the greatest rates of measured change (maximum daily change in mass) 

were comparable to the regression estimates.  The maximum daily mass changes 

recorded from recapture data were not different from regression estimates in spring 

(paired t-tests, t = 1.02, df = 7, p = 0.340) or autumn (t = 1.61, df = 17, p = 0.130). 

 To investigate potential biases in recapture data, we compared the average 

energetic condition of individuals that were never recaptured with the initial condition of 

recaptured birds.  Individuals that were never recaptured had higher energetic condition 

values than those that were recaptured in 8 species examined during autumn migration 

(Fig. 4-5, paired t-tests, p < 0.05).  Our results support previous studies that indicate 

sampling biases are inherent in recapture data (Winker et al. 1992; Woodrey & Moore 

1997).   

 We further found that estimates calculated by one method could not be used as an 

index to predict changes calculated by the other method (linear regression of recapture 
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estimate vs. regression estimate, autumn migration [F1,16 = 0.69, p = 0.418]; spring 

migration [F1,6 = 3.28, p = 0.120]). 

 

Discussion 
 

The two methods of estimating change in energetic condition produced divergent 

results concerning the quality of our sites for migration stopover.  Changes in energetic 

condition assessed by recapture data suggested that our sites were poor quality stopover 

locations.  Most recaptured individuals barely maintained their energetic condition during 

stopover, and failed to build the energy reserves required for the next step in migration.  

In contrast, data from regression analyses suggested that individuals of many species 

were building significant energetic reserves during stopover along the south shore of 

Lake Ontario.   

Despite differences in the magnitude of change, both methods may be acceptable 

if they suggest similar patterns of condition change across species.  However, comparison 

of estimates calculated by both methods revealed no concordance.  When the 

assumptions of the regression method are met, we believe that this method provides a 

better index of average condition change and, hence, stopover site quality. 

Evidence from our study and other studies (Winker et al. 1992; Woodrey & 

Moore 1997) suggests that using data from recaptured individuals does not reveal 

stopover patterns for the population as a whole.  Handling at first capture may have an 

adverse effect on subsequent body mass development, a possible explanation for the 

significantly lower rates of mass gain in recaptured birds (Schwilch & Jenni 2001).  

Although regression estimates of changes in condition for some species may seem high, 
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comparing these estimates to the maximum actual changes recorded in recaptured birds 

does indicate that daily rates of gain exceeding 10% of mean body weight are possible.  

The regression method allows researchers to use data from all individuals captured, and 

estimates generated are likely more representative of the population than estimates 

generated from a biased sub-sample of that population. 

The simple linear regression method assumes a linear change in condition as the 

day progresses.  This assumption may not be supported, because foraging activity is not 

constant throughout the day.  Further, pooling data collected across the entire season 

ignores seasonal variation in rates of condition change.  The inherent assumption is that 

the rate of gain is constant throughout each season.  However, resource abundance at 

temperate stopover sites changes as the seasons progress (generally increasing in spring 

and decreasing in autumn), and Dunn (2000) found that the rate of mass gain in Magnolia 

Warblers was not constant throughout a season.  We detected a significant decrease in the 

rate of gain in Ruby-crowned Kinglets as the autumn progressed, further suggesting that 

the rate of gain may indeed vary throughout a season.  Ideally, a more complex 

regression model would consider seasonal influences on rates of condition change (Dunn 

2001), yet such analyses are limited by sample size constraints.   

The regression method also assumes that all individuals arrive at the site at the 

same time and forage concurrently.  This assumption is likely valid at our sites, because 

radar data indicate that migratory flights generally peak after sunset, and birds land 

before sunrise (unpublished data).  As such, all individuals may begin foraging 

simultaneously at sunrise.  This assumption would be violated at stopover sites near 

larger geographical barriers, where nocturnal migratory flights over the barrier 
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necessarily extend into the next day (i.e. flights across the Gulf of Mexico, [Yong & 

Moore 1997]).  In such instances, birds captured later in the day may have just completed 

a migratory flight, or may have been actively foraging for an undetermined amount of 

time.  Similarly, diurnal migrants also likely violate the assumption of homogenous 

arrival-times. 

All species that demonstrated a significant trend in condition change improved 

their condition, with the exception of the Black-capped Chickadee in autumn.  

Interestingly, this species is a diurnal migrant, and peak captures occurred 3 – 4 hours 

after sunrise at our sites.  Hence, individuals captured in the first few hours after sunrise 

likely arrived at our sites prior to the date of capture.  These birds would be expected to 

be in better energetic condition than individuals arriving later in the day after a migratory 

flight.  Individuals captured later in the day may have been actively engaged in migration 

before capture, and would presumably have depleted energy reserves.  The Black-capped 

Chickadee was also the only species where recaptured individuals had higher initial 

condition values than non-recaptured individuals.  Differences in flight and foraging 

behaviors between nocturnal and diurnal migrants may partially explain this anomaly. 

Differential migration of age- and sex-classes has been widely reported (Francis 

& Cooke 1986).  In pooling data by species, we assumed that the rate of energetic 

condition change was constant between age- and sex-classes.  The regression method 

may not be adequate if differences do indeed exist between classes.  However, we 

detected no differences in the rate of energetic condition change during stopover based on 

either age or sex (Bonter et al. this volume), nor did Jones et al. (2002) find significant 

age-related differences in Ontario.   
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When the assumptions of the regression method are supported, this method likely 

provides better estimates of energetic condition change for the population as a whole than 

do estimates from recapture data.  Similar studies are required in various habitat types, 

regions, and at varying distances from geographical barriers to identify patterns of mass 

change during stopover.  Rates of mass change may vary between habitats and distances 

from geographical barriers.  The studies at Maine, Ontario and the current study were all 

located near geographical barriers to migration (large bodies of water).  No significant 

differences were detected between these studies in the rate of condition change across 

species.  However, the Minnesota study was conducted at an inland site, and condition 

changes were significantly lower in the Minnesota study than the current study during 

autumn migration.   

Rates of mass gain may vary among species, within and between seasons, or 

based on the number of individuals using a site (Moore & Yong 1991; Bonter et al. this 

volume).  On average, however, individuals improved their energetic condition 

approximately 7% per day during stopover at our sites.  These results indicate that the 

bulk of migrants acquired adequate resources to fuel the next migratory step.  Hence, 

near-shore sites in the Great Lakes basin not only hosted large numbers of migrants 

during stopover periods, but these sites also provided the resources birds required to 

refuel and continue migrating.  As such, conservation attention should focus on near-

shore terrestrial habitats, particularly since these areas are under high pressure for 

development (Reid & Holland 1996).   
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Table 4-1. Regression estimates of daily changes in condition during spring migration. 

Species N Intercept Slope F p Lower CI Mean Upper CI

Yellow-bellied Flycatcher 105 16.74 0.217 12.29 0.001 4.1% 14.9% 25.8%
Traill's Flycatcher2 373 18.59 0.072 4.51 0.034 -4.0% 1.3% 6.7%
Least Flycatcher 267 16.02 0.120 14.35 > 0.001 0.9% 6.7% 12.5%
Red-eyed Vireo 112 20.98 0.202 5.02 0.027 -2.7% 9.9% 22.6%
Blue Jay 171 68.27 -0.278 3.15 0.078 -17.4% -8.6% 0.2%
Black-capped Chickadee 375 16.92 0.044 3.59 0.059 -4.7% -0.6% 3.5%
House Wren 67 20.20 0.270 13.23 0.001 4.7% 15.6% 26.4%
Golden-crowned Kinglet 85 10.43 0.041 0.77 0.383 -11.7% 1.4% 14.5%
Ruby-crowned Kinglet 870 10.90 0.076 28.31 > 0.001 2.1% 6.0% 9.9%
Veery 45 31.05 0.000 0.00 0.999 -22.8% -4.5% 13.8%
Swainson's Thrush 74 30.86 0.050 0.17 0.678 -13.0% -2.1% 8.8%
Hermit Thrush 130 30.93 0.160 3.14 0.079 -5.3% 3.3% 11.8%
Wood Thrush 56 43.00 0.569 4.46 0.039 -3.1% 15.3% 33.8%
American Robin 52 62.31 -0.199 0.46 0.502 -23.2% -9.3% 4.6%
Gray Catbird 596 38.78 0.250 20.60 > 0.001 1.0% 5.2% 9.3%
Blue-winged Warbler 42 13.59 0.045 0.54 0.467 -12.9% 0.5% 13.8%
Nashville Warbler 111 14.30 0.057 2.16 0.144 -6.6% 1.5% 9.6%
Yellow Warbler 683 15.21 0.091 28.56 > 0.001 1.2% 4.5% 7.8%
Chestnut-sided Warbler 127 15.12 0.076 2.71 0.102 -5.7% 3.0% 11.8%
Magnolia Warbler 587 14.20 0.031 1.77 0.184 -5.8% -1.2% 3.4%
Black-throated Blue Warbler 239 14.68 0.148 21.18 > 0.001 4.2% 10.6% 17.0%
Yellow-rumped Warbler 285 16.66 0.096 8.80 0.003 -1.6% 4.1% 9.9%
Black-throated Green Warbler 48 14.30 0.049 1.35 0.252 -8.0% 0.6% 9.3%
Palm Warbler 147 14.76 0.143 23.84 > 0.001 4.2% 10.0% 15.8%
Blackpoll Warbler 48 17.15 0.161 1.23 0.274 -15.3% 9.6% 34.5%
Black-and-white Warbler 87 14.58 0.107 5.41 0.022 -2.8% 6.5% 15.8%
American Redstart 525 12.87 0.088 26.55 > 0.001 1.8% 5.8% 9.7%
Ovenbird 85 24.98 0.104 0.65 0.423 -13.4% 1.7% 16.9%
Northern Waterthrush 83 21.83 0.210 4.45 0.038 -3.5% 9.9% 23.3%
Mourning Warbler 79 20.13 0.050 0.24 0.626 -15.8% -0.8% 14.3%
Common Yellowthroat 444 18.24 0.084 7.01 0.008 -2.7% 2.4% 7.5%
Wilson's Warbler 270 13.79 0.118 11.18 0.001 0.8% 8.3% 15.9%
Canada Warbler 137 15.61 0.067 2.04 0.151 -6.0% 1.9% 9.8%
Field Sparrow 41 19.26 0.108 2.15 0.150 -7.3% 3.9% 15.1%
Lincoln's Sparrow 91 27.33 0.159 2.22 0.140 -7.2% 4.2% 15.7%
Swamp Sparrow 62 26.33 0.235 3.65 0.061 -4.9% 8.9% 22.6%
White-throated Sparrow 308 34.36 0.274 15.70 > 0.001 1.6% 7.5% 13.4%
White-crowned Sparrow 45 64.62 0.626 7.48 0.009 -0.4% 10.0% 20.4%
Dark-eyed Junco 75 25.05 0.110 1.88 0.175 -7.0% 2.1% 11.2%
Indigo Bunting 53 21.46 -0.005 0.00 0.958 -18.8% -4.8% 9.1%
American Goldfinch 142 17.42 0.057 1.68 0.198 -7.0% 0.4% 7.9%
Data from Hamlin Beach and Braddock Bay during spring migration in 1999 and 2000 were combined for analysis.
1Mean net daily change in condition is calculated by multiplying the slope coefficient from the regression equation by
15 hours (estimated foraging time during spring migration), dividing by the intercept, then subtracting an estimated
4.5% loss due to nocturnal metabolism.  Confidence intervals are based on minimum and maximum slope estimates
(95% confidence interval of the slope).
2Includes Willow Flycatcher and Alder Flycatcher.

Net Daily Change1
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Table 4-2.  Regression estimates of daily changes in condition during autumn migration. 

Species N Intercept Slope F p Lower CI Mean Upper CI

Least Flycatcher 71 15.578 0.326 22.42 > 0.001 10.8% 21.7% 32.5%
Eastern Phoebe 79 22.423 0.121 1.88 0.174 -7.4% 2.2% 11.9%
Blue-headed Vireo 73 20.116 0.214 12.85 0.001 1.5% 8.8% 16.1%
Red-eyed Vireo 148 21.707 0.192 10.74 0.001 -0.1% 6.6% 13.2%
Black-capped Chickadee 943 16.533 0.026 3.93 0.048 -4.5% -2.5% -0.6%
Brown Creeper 169 12.197 0.051 2.88 0.091 -5.3% 0.7% 6.8%
Winter Wren 272 17.440 0.155 14 > 0.001 0.8% 6.6% 12.4%
Golden-crowned Kinglet 1168 10.220 0.071 61.41 > 0.001 2.0% 4.2% 6.3%
Ruby-crowned Kinglet 1556 10.431 0.062 67.28 > 0.001 1.1% 2.9% 4.7%
Gray-cheeked Thrush 357 31.654 0.275 20.03 > 0.001 1.6% 6.4% 11.1%
Swainson's Thrush 396 31.158 0.137 6.08 0.014 -3.4% 1.0% 5.4%
Hermit Thrush 668 31.979 0.145 16.21 > 0.001 -1.6% 1.2% 3.9%
American Robin 62 60.955 0.630 4.05 0.049 -4.2% 8.4% 21.0%
Gray Catbird 183 42.605 0.067 0.27 0.603 -10.0% -2.5% 4.9%
Nashville Warbler 103 13.697 0.095 7.36 0.008 -2.1% 4.2% 10.4%
Magnolia Warbler 544 13.612 0.137 33.88 > 0.001 3.8% 8.1% 12.3%
Black-throated Blue Warbler 202 14.545 0.114 7.42 0.007 -1.7% 5.3% 12.3%
Yellow-rumped Warbler 155 16.151 0.165 5.09 0.026 -2.8% 8.3% 19.4%
Black-throated Green Warbler 42 13.740 0.099 1.31 0.260 -10.9% 4.5% 20.0%
Blackpoll Warbler 359 15.632 0.140 31.43 > 0.001 2.8% 6.7% 10.6%
American Redstart 147 12.509 0.162 21.21 > 0.001 4.8% 11.7% 18.6%
Ovenbird 50 25.117 0.472 8.02 0.007 2.7% 19.0% 35.2%
Common Yellowthroat 212 17.844 0.240 22.66 > 0.001 5.4% 12.3% 19.2%
Wilson's Warbler 104 13.227 0.150 8.94 0.004 0.4% 9.7% 19.0%
Song Sparrow 158 30.754 0.208 6.73 0.010 -2.3% 4.0% 10.2%
Lincoln's Sparrow 48 26.217 0.097 0.41 0.524 -14.0% 0.1% 14.2%
Swamp Sparrow 152 26.312 0.355 12.24 0.001 2.9% 12.4% 21.8%
White-throated Sparrow 2347 33.572 0.283 171.3 > 0.001 4.5% 6.0% 7.6%
White-crowned Sparrow 66 33.460 0.187 2.43 0.124 -6.3% 2.5% 11.3%
Dark-eyed Junco 275 23.031 0.184 20.25 > 0.001 1.1% 5.5% 9.9%
Rusty Blackbird 49 54.304 -0.487 1.4 0.243 -34.3% -15.7% 2.9%
House Finch 54 26.962 0.164 1.29 0.262 -10.0% 3.1% 16.2%
American Goldfinch 55 17.645 0.159 2.18 0.146 -8.2% 6.8% 21.7%
Data from Hamlin Beach and Braddock Bay from autumn migration in 1999 and 2000 were combined for analysis.
1Mean net daily change in condition is calculated by multiplying the slope coefficient from the regression equation
by 12.5 hours (estimated foraging time during autumn migration), dividing by the intercept, then subtracting an
estimated 4.5% loss due to nocturnal metabolism.  Confidence intervals are based on minimum and maximum
slope estimates (95% CI of the slope).

Net Daily Change1
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Table 4-3.  Comparison of mass gain estimates among studies (spring migration). 
New York2 Maine3 Minnesota4 Ontario5

Species Mean Mass1
1999-2000 1990-1995 1984-1986 1980 - 1996

Yellow-bellied Flycatcher 11.60 14.11% - - -
Traill's Flycatcher6 13.15 1.29% 2.05% - -
Least Flycatcher 10.30 1.68% - 8.83% -
Red-eyed Vireo 16.70 9.85% - - 2.23%
Black-capped Chickadee 10.80 - - - -
Brown Creeper 8.40 - - - -0.97%
House Wren 10.90 14.37% - - 7.06%
Winter Wren 8.90 - - - 4.03%
Golden-crowned Kinglet 6.20 - - - 2.95%
Ruby-crowned Kinglet 6.65 5.60% - - 4.58%
Hermit Thrush 31.00 - - - -0.19%
Wood Thrush 47.40 14.71% - - -
Gray Catbird 36.90 4.77% - 4.53% 2.86%
Yellow Warbler 9.50 4.32% - - 12.17%
Chestnut-sided Warbler 9.60 - - 16.88% 1.17%
Black-throated Blue Warbler 10.15 9.50% - - 9.67%
Yellow-rumped Warbler 12.55 3.95% - - 12.56%
Black-throated Green Warbler 8.80 - - - 4.74%
Palm Warbler 10.30 9.10% - - -
Black-and-white Warbler 10.80 5.87% - - 11.75%
American Redstart 8.30 5.42% 4.46% - 6.35%
Ovenbird 19.40 - - 2.32% -
Northern Waterthrush 17.80 9.00% 4.44% - -
Common Yellowthroat 10.10 2.33% - 7.33% 10.04%
Wilson's Warbler 7.70 8.00% - - 8.94%
Canada Warbler 10.40 - - - 3.78%
Song Sparrow 20.75 - - - 6.63%
Lincoln's Sparrow 17.40 - - - 5.97%
Swamp Sparrow 17.00 - - - 5.73%
White-throated Sparrow 25.90 7.02% - - 6.79%
White-crowned Sparrow 29.40 16.63% - - -
Dark-eyed Junco 19.60 - - - 2.43%
Rose-breasted Grosbeak 45.60 - - - 9.39%
Baltimore Oriole 33.75 - - - 10.09%
Average Change: 7.77%a 3.65%a 7.98%a 6.03%a

1Mean mass recorded from Dunning (1993).  Average value is used for species where values were
given for both sexes.
2 Data from current study.
3 Morris (1996).
4 Winker et al. (1992).  Energetic condition calculated with flattened wing chord measurements.
5 Dunn (2001), data from Area 3 were utilized as the land cover was comparable to the current study.
6 Mean mass calculated from combined Willow Flycatcher and Alder Flycatcher data.
a No significant differences in average change between sites (F 3,48 = 1.28, p  = 0.292).  Tukey's
Studentized range test found no significant difference between pairings.
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Table 4-4.  Comparison of mass gain estimates among studies (autumn migration). 
New York2 Maine3 Minnesota4 Ontario5

Species Mean Mass1
1999-2000 1990-1995 1984-1986 1980-1996

Yellow-bellied Flycatcher 11.60 - 3.97% - -
Traill's Flycatcher6 13.15 - 2.74% - -
Least Flycatcher 10.30 20.01% - 9.13% -
Blue-headed Vireo 16.60 7.84% - - -
Red-eyed Vireo 16.70 6.63% - - -
Black-capped Chickadee 10.80 -2.47% - 2.96% -
Brown Creeper 8.40 - - - 3.76%
Winter Wren 8.90 6.02% - - 8.21%
Golden-crowned Kinglet 6.20 3.92% - - 8.78%
Ruby-crowned Kinglet 6.65 2.61% - - 5.25%
Gray-cheeked Thrush 32.80 6.22% - - 0.42%
Swainson's Thrush 30.80 0.97% - - -2.03%
Hermit Thrush 31.00 1.09% - - 1.85%
American Robin 77.30 8.35% - -
Gray Catbird 36.90 - - -0.95% 1.51%
Tennessee Warbler 10.00 - - 1.70% 5.39%
Nashville Warbler 8.75 3.76% - - 8.11%
Yellow Warbler 9.50 - - - 13.31%
Chestnut-sided Warbler 9.60 - - 0.94% 7.49%
Magnolia Warbler 8.70 7.34% - 0.69% 4.93%
Black-throated Blue Warbler 10.15 4.73% - - 5.34%
Yellow-rumped Warbler 12.55 7.56% - - 3.19%
Black-throated Green Warbler 8.80 - - - 13.58%
Palm Warbler 10.30 - - - 10.37%
Blackpoll Warbler 13.00 5.84% 15.15% - 6.88%
Black-and-white Warbler 10.80 - 6.39% - 1.75%
American Redstart 8.30 10.54% 3.49% 3.37% 7.48%
Ovenbird 19.40 18.06% 8.40% -3.61% 7.37%
Northern Waterthrush 17.80 - 4.78% - 7.27%
Common Yellowthroat 10.10 11.71% - 7.13% 5.98%
Wilson's Warbler 7.70 8.89% - - 7.43%
Canada Warbler 10.40 - 3.08% - 2.76%
Song Sparrow 20.75 3.79% - - 3.45%
Swamp Sparrow 17.00 11.37% - - -
White-throated Sparrow 25.90 5.56% - - 2.14%
White-crowned Sparrow 29.40 - - - 5.56%
Dark-eyed Junco 19.60 4.81% - - 4.04%
Average Change: 6.88%a 6.00%ab 2.37%b 5.57%ab

1Mean mass recorded from Dunning (1993).  Average value is used for species where values were
given for both sexes.
2 Data from current study.
3 Morris (1996).
4 Winker et al. (1992).  Energetic condition calculated with flattened wing chord measurements.
5 Dunn (2001), data from Area 3 were used because the land cover was comparable to the current study.
6 Mean mass calculated from combined Willow Flycatcher and Alder Flycatcher data.
a,b Differences were not detected in the global model (F 3,66 = 2.51, p  = 0.066), but significant
differences were detected in pairwise-comparisons between the New York and Minnesota sites at the 0.05 level
 (Tukey's Studentized Range test, 95% CI [1.62% - 8.85%]).  No other paired tests were significant.  
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Table 4-5.  Comparison of regression and recapture methods for estimating mass change 
during stopover. 

Max. Difference
Daily Recapture Regression Between

Species N Mean2 Min. Max. Change Estimate Estimate Estimates4

Spring Migration
Black-capped Chickadee 81 0.04 -0.3 0.65 5.98% 0.34% - -
Ruby-crowned Kinglet 110 0.02 -0.62 0.88 13.56% 0.26% 5.60% 5.34%
Gray Catbird 31 0.17 -1.02 0.95 2.75% 0.49% 4.77% 4.28%
Yellow Warbler 44 -0.04 -0.4 0.11 1.12% -0.40% 4.32% 4.72%
Magnolia Warbler 30 0.03 -0.23 0.5 5.97% 0.37% - -
Black-throated Blue Warbler 13 -0.05 -0.34 0.19 2.01% -0.51% 9.50% 10.01%
American Redstart 44 -0.02 -0.43 0.35 4.37% -0.24% 5.42% 5.66%
Ovenbird 10 0.18 -0.55 0.7 3.77% 0.98% - -
Common Yellowthroat 62 0.01 -0.58 0.32 3.22% 0.08% 2.33% 2.25%
Wilson's Warbler 61 -0.05 -0.48 0.39 5.28% -0.67% 8.00% 8.67%
Lincoln's Sparrow 13 -0.07 -0.85 0.38 2.21% -0.39% - -
White-throated Sparrow 13 -0.23 -1.15 0.27 1.05% -0.89% 7.02% 7.91%

Average Values: 0.00 4.27% -0.05% 5.87% 5.92%
Fall Migration
Blue-headed Vireo 16 0.12 -0.19 0.54 3.49% 0.80% 7.84% 7.04%
Red-eyed Vireo 36 0.11 -0.83 0.91 5.06% 0.62% 6.63% 6.01%
Black-capped Chickadee 100 -0.04 -0.61 0.41 3.91% -0.35% -2.47% -2.12%
Brown Creeper 16 -0.01 -0.17 0.12 1.45% -0.09% - -
Winter Wren 35 0.05 -0.19 0.37 4.42% 0.63% 6.02% 5.39%
Golden-crowned Kinglet 90 0.00 -0.32 0.37 6.10% 0.00% 3.92% 3.92%
Ruby-crowned Kinglet 202 0.01 -0.28 0.67 11.00% 0.15% 2.61% 2.46%
Gray-cheeked Thrush 125 0.16 -1.20 1.30 3.91% 0.48% 6.22% 5.74%
Swainson's Thrush 48 0.04 -0.98 0.97 3.16% 0.14% 0.97% 0.83%
Hermit Thrush 183 0.10 -1.13 1.27 4.31% 0.35% 1.09% 0.74%
Gray Catbird 30 -0.08 -1.05 0.70 1.84% -0.21% - -
Magnolia Warbler 115 0.04 -0.39 0.29 3.56% 0.48% 7.34% 6.86%
Black-throated Blue Warbler 41 0.05 -0.36 0.23 2.47% 0.54% 4.73% 4.19%
Blackpoll Warbler 49 0.08 -0.46 0.74 6.26% 0.70% 5.84% 5.14%
American Redstart 21 0.03 -0.17 0.35 4.50% 0.37% 10.54% 10.17%
Ovenbird 13 0.10 -0.30 0.96 4.84% 0.50% 18.06% 17.56%
Common Yellowthroat 48 -0.03 -0.48 0.36 3.56% -0.27% 11.71% 11.98%
Wilson's Warbler 22 0.05 -0.20 0.28 3.72% 0.61% 8.89% 8.28%
Swamp Sparrow 23 -0.04 -0.51 0.29 1.77% -0.23% 11.37% 11.60%
White-throated Sparrow 367 -0.07 -1.50 0.91 3.66% -0.28% 5.56% 5.84%

Average Values: 0.03 4.15% 0.25% 6.49% 6.24%

2Mean daily mass change = mean adjusted mass change / mean stopover length.
3As percentage of mean mass.
4Estimates were different (paired t-tests, autumn migration: t  = 5.67, df  = 17, p  < 0.001;
spring migration: t  = 6.74, df  = 7, p  < 0.001.)
Data were collected during spring and autumn migration in 1999 and 2000 at Braddock Bay and Hamlin Beach.

1Adjusted mass, see methods.

                   Recapture Estimate                   

Daily Mass Change (g)1

   Mean Daily Change3  
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Fig. 4-1. Location of Braddock Bay and Hamlin Beach study sites. 
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Fig. 4-2.  Estimated daily change in condition during spring migration. 
Eleven of 19 species were estimated to significantly improve in condition during stopover 
at our sites after estimates of nocturnal mass loss were subtracted from daytime gains.  
See Appendix 4-1 for species codes.  Error bars represent 95% confidence intervals. 
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Fig. 4-3.  Estimated daily change in condition during autumn migration.   
Fifteen of 24 species were estimated to significantly improve in condition during 
stopover at our sites after estimates of nocturnal mass loss were subtracted from daytime 
gains.  Significant declines were detected in the Black-capped Chickadee.  See Appendix 
4-2 for species codes.  Error bars represent 95% confidence intervals. 
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Fig. 4-4. Seasonal changes in the rate of energetic condition change during autumn 
migration.   
A decline in the rate of change was detected in the Ruby-crowned Kinglet (RCKI, F1,6 = 
14.59, p = 0.009).  The trend line is fit to the Ruby-crowned Kinglet data.  The rate of 
change was lower (but still positive) later in the migration season.  Trends for Golden-
crowned Kinglet (GCKI) and White-throated Sparrow (WTSP) were non-significant (p > 
0.05). 
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Fig. 4-5.  Comparison of initial condition between recaptured and non-recaptured birds.   
Data are from autumn migration.  Y-axis is the difference in mean initial condition (non-
recaptured individuals minus recaptured individuals).  Initial energetic condition of non-
recaptured individuals was greater in 8 species (95% CI is above zero), and lower in the 
Black-capped Chickadee (95% CI is below zero, t-tests, p < 0.05).  See Appendix 4-2 for 
species codes.  Error bars represent 95% confidence intervals. 
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Appendices 
Appendix 4-1: Spring migration captures for Hamlin Beach and Braddock Bay in 1999 and 2000.

Subsequent
Latin Name Common Name Code Captures Encounters
Empidonax flaviventris Yellow-bellied Flycatcher YBFL 111 1
E. alnorum & E. Traillii "Traill's" Flycathcer TRFL 391 7
Empidonax minimus Least Flycatcher LEFL 309 11
Vireo olivaceus Red-eyed Vireo REVI 152 14
Cyanocitta cristata Blue Jay BLJA 196 4
Poecile atricapillus Black-capped Chickadee BCCH 423 186
Certhia americana Brown Creeper BRCR 56 9
Troglodytes aedon House Wren HOWR 81 5
Troglodytes troglodytes Winter Wren WIWR 30 6
Regulus satrapa Golden-crowned Kinglet GCKI 128 19
Regulus calendula Ruby-crowned Kinglet RCKI 1262 251
Catharus fuscescens Veery VEER 79 8
Catharus ustulatus Swainson's Thrush SWTH 197 4
Catharus guttatus Hermit Thrush HETH 141 10
Hylocichla mustelina Wood Thrush WOTH 66 15
Turdus migratorius American Robin AMRO 64 26
Dumetella carolinensis Gray Catbird GRCA 665 109
Vermivora pinus Blue-winged Warbler BWWA 48 5
Vermivora ruficapilla Nashville Warbler NAWA 181 12
Dendroica petechia Yellow Warbler YWAR 769 274
Dendroica pensylvanica Chestnut-sided Warbler CSWA 150 3
Dendroica magnolia Magnolia Warbler MAWA 755 55
Dendroica caerulescens Black-throated Blue Warbler BTBW 272 31
Dendroica coronata Yellow-rumped Warbler MYWA 375 11
Dendroica virens Black-throated Green Warbler BTNW 58 1
Dendroica palmarum Palm Warbler WPWA 179 5
Dendroica striata Blackpoll Warbler BLPW 76 5
Mniotilta varia Black-and-white Warbler BAWW 113 11
Setophaga ruticilla American Redstart AMRE 589 109
Seiurus aurocapillus Ovenbird OVEN 100 14
Seiurus noveboracensis Northern Waterthrush NOWA 101 21
Oporornis philadelphia Mourning Warbler MOWA 107 9
Geothlypis trichas Common Yellowthroat COYE 526 193
Wilsonia pusilla Wilson's Warbler WIWA 364 113
Wilsonia canadensis Canada Warbler CAWA 145 8
Spizella pusilla Field Sparrow FISP 43 1
Melospiza melodia Song Sparrow SOSP 96 114
Melospiza lincolnii Lincoln's Sparrow LISP 191 23
Melospiza georgiana Swamp Sparrow SWSP 89 9
Zonotrichia albicollis White-throated Sparrow WTSP 468 29
Zonotrichia leucophrys White-crowned Sparrow EWCS 91 6
Junco hyemalis Dark-eyed Junco SCJU 96 11
Pheucticus ludovicianus Rose-breasted Grosbeak RBGR 31 2
Passerina cyanea Indigo Bunting INBU 55 2
Icterus galbula Baltimore Oriole BAOR 35 14
Carduelis tristis American Goldfinch AMGO 166 25  
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Appendix 4-2: Autumn migration captures for Braddock Bay and Hamlin Beach in 1999 and 2000.

Subsequent
Latin Name Common Name Code Captures Encounters
Empidonax flaviventris Yellow-bellied Flycatcher YBFL 36 3
E. alnorum & E. Traillii "Traill's" Flycathcer TRFL 12 1
Empidonax minimus Least Flycatcher LEFL 74 12
Sayornis phoebe Eastern Phoebe EAPH 82 5
Vireo solitarius Blue-headed Vireo BHVI 85 23
Vireo olivaceus Red-eyed Vireo REVI 211 73
Poecile atricapillus Black-capped Chickadee BCCH 1062 334
Certhia americana Brown Creeper BRCR 231 29
Troglodytes troglodytes Winter Wren WIWR 406 49
Regulus satrapa Golden-crowned Kinglet GCKI 1858 139
Regulus calendula Ruby-crowned Kinglet RCKI 2315 346
Catharus minimus Gray-cheeked Thrush GCTH 411 177
Catharus ustulatus Swainson's Thrush SWTH 494 63
Catharus guttatus Hermit Thrush HETH 735 327
Turdus migratorius American Robin AMRO 64 2
Dumetella carolinensis Gray Catbird GRCA 210 112
Vermivora peregrina Tennessee Warbler TEWA 10 1
Vermivora ruficapilla Nashville Warbler NAWA 158 7
Dendroica petechia Yellow Warbler YWAR 8 5
Dendroica pensylvanica Chestnut-sided Warbler CSWA 29 5
Dendroica magnolia Magnolia Warbler MAWA 623 188
Dendroica caerulescens Black-throated Blue Warbler BTBW 215 69
Dendroica coronata Yellow-rumped Warbler MYWA 173 4
Dendroica virens Black-throated Green Warbler BTNW 43 6
Dendroica palmarum Palm Warbler WPWA 7 1
Dendroica striata Blackpoll Warbler BLPW 390 140
Mniotilta varia Black-and-white Warbler BAWW 25 1
Setophaga ruticilla American Redstart AMRE 160 31
Seiurus aurocapillus Ovenbird OVEN 70 25
Seiurus noveboracensis Northern Waterthrush NOWA 21 3
Geothlypis trichas Common Yellowthroat COYE 287 91
Wilsonia pusilla Wilson's Warbler WIWA 139 36
Wilsonia canadensis Canada Warbler CAWA 16 12
Melospiza melodia Song Sparrow SOSP 181 32
Melospiza lincolnii Lincoln's Sparrow LISP 79 7
Melospiza georgiana Swamp Sparrow SWSP 229 44
Zonotrichia albicollis White-throated Sparrow WTSP 3017 641
Zonotrichia leucophrys White-crowned Sparrow EWCS 88 9
Junco hyemalis Dark-eyed Junco SJCU 294 13
Euphagus carolinus Rusty Blackbird RUBL 52 2
Carpodacus mexicanus House Finch HOFI 57 5
Carduelis tristis American Goldfinch AMGO 56 1
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CHAPTER 5: TESTS FOR DENSITY-DEPENDENT ENERGETIC CONDITION 

CHANGE IN LANDBIRDS DURING MIGRATION STOPOVER PERIODS 
 

 
David N. Bonter, Therese M. Donovan and Elizabeth W. Brooks 

 
 

Abstract 
 

Recent evidence suggests that landbird populations may experience greater 

mortality rates during the migratory stage of the annual cycle than during stationary 

periods.  As such, minimizing the duration of migration may be adaptive.  The rate of 

migration partially depends upon the ability of individuals to accumulate resources 

during breaks between migratory flights (stopover periods).  We quantified the influence 

of density, year, season, location and demographic variables on the rate of mass gain in 

migratory landbirds during stopover on the south shore of Lake Ontario.  A decrease in 

the rate of mass gain may be expected when large numbers of birds increase competition 

for limited resources at stopover sites.  If resources are limited, the rate of mass gain 

during stopover will be slowed, extending the duration of the migratory stage.  We 

compared rates of mass gain on high-density and low-density days for five species during 

spring and four species during autumn migration.  We detected a negative density-

dependence in the rate of mass gain for Hermit Thrushes during autumn migration.  

When densities of birds at our study sites were low, the rate of mass gain in Hermit 

Thrushes was 2.6 times the rate of gain when bird densities were high.  However, the 

opposite trend was detected for White-throated Sparrows during spring migration.  

White-throated Sparrows gained mass on high-density days at 3.1 times the rate of gain 
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on days when few birds were present at our sites.  We did not detect density effects for 

the remaining seven species; however, power to detect density-based differences was 

low.  Our results indicate that the optimal density at a stopover site may be determined by 

an interaction between the costs and benefits of association with other birds during 

stopover periods. 

Introduction 
 

Migratory landbirds face a diverse array of survival challenges at different stages 

of the annual cycle.  Recent research suggests that survivorship in the Black-throated 

Blue Warbler is higher during the breeding (s = 0.99) and wintering (s = 0.93) periods of 

the annual cycle than during migration (s = 0.67 – 0.73, Sillett & Holmes 2002).  As 

such, minimizing the length of time spent migrating between breeding and non-breeding 

areas may be adaptive.  

Long-distance migrants undertake numerous flights in order to complete their 

journeys between breeding and non-breeding areas.  Individuals need to locate adequate 

food resources during temporal breaks between these flights (stopover periods) to 

replenish energy stores and to fuel the next stage of their migration.  The length of time 

spent in transit between breeding and non-breeding areas depends upon abiotic and biotic 

factors.  For instance, weather conditions may delay or accelerate the rate of migration 

(Rappole & Warner 1976; Richardson 1978).  Resource availability during stopover may 

also influence the pace of migration.  Failure to build energy reserves during stopover 

may simply be a function of limited resource availability at the stopover site (Dunn 

2000), or possibly the result of density-dependent competitive interactions with other 
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migrants that reduces the availability of resources at a given site (Hansson & Petterson 

1989; Moore & Yong 1991; Kelly et al. 2002).   

Density-dependency generally refers to factors affecting birth, death, immigration 

and emigration acting to hold a population near carrying capacity.  During migration, 

indirect measures of fitness (i.e. the rate of change in energetic condition) may be used to 

examine the influence of density at a stopover site.  Slow or negative rates of gain are 

likely correlated with either: a) the failure to complete migration (mortality), b) reduced 

reproductive success due to delayed arrival at the breeding grounds (Lozano et al. 1996; 

Lawn 1998; Potti 1998; McDonald 2000), or c) reduced survival due to delayed arrival at 

wintering areas.  If the quality of a stopover site is affected by competition for resources, 

we expect a decrease in the rate of mass gain as the number of birds increases.   

Establishment of territories by landbirds during stopover has rarely been 

documented in North America (but see Rappole & Warner 1976; Sealy 1988; Carpenter 

et al. 1993).  If territories are established, they likely will be held for short time periods as 

territory holders quickly depart to continue their migration.  In the absence of 

territoriality, interactions among birds during stopover likely follow the model of 

scramble competition, wherein available resources are shared more or less equally among 

potential competitors (Akcakaya et al. 1997).  According to this model, when densities 

are high or resource availability is low, there will not be enough resources for any 

individual.  In such circumstances, the rate of mass gain will be low or negative. 

Previous studies have documented apparent competition between passerines 

during migration stopover (Rappole & Warner 1976; Sutherland et al. 1982; Sealy 1988), 

but we are aware of only three previous studies linking the number of migrants in an area 
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(migration volume) to changes in energetic condition in landbirds.  Moore & Yong 

(1991) used data from recaptured birds to compare mass changes in birds initially 

captured on low-volume migration days (≤ 50 migrants netted) with birds captured on 

high-volume migration days (≥ 100 migrants netted).  Their study found that individuals 

were more likely to gain mass when the density of birds was low in 8 of 9 species 

studied.  In another study examining data from recaptured birds, similar evidence of 

density-dependent rates of mass gain was detected in Goldcrests (Regulus regulus) in 

Sweden (Hansson & Petterson 1989).  Kelly et al. (2002) also found that mass gain in 

recaptured Wilson’s Warblers (Wilsonia pusilla) was negatively related to their 

abundance at a stopover site in New Mexico during autumn migration.  

However, the use of data from recaptured individuals has been criticized (Winker 

et al. 1992).  Recaptures of transients during migration are rare, and sample sizes are 

typically small.  Further, recaptured individuals may not represent the bulk of the migrant 

population, as birds in poorer energetic condition are more likely to be recaptured 

(Hansson & Petterson 1989; Winker et al. 1992; Bonter et al. this volume).  Thus, the 

effect of the density of birds in an area on the rate of mass gain remains poorly 

understood.  

If the number of birds at a stopover site influences the rate of mass gain during 

stopover, we would expect differences to be most apparent in areas where large numbers 

of birds concentrate during migration.  Migrant density tends to be highest near 

geographical barriers to migration, such as large bodies of water (Gauthreaux 1971; 

Moore et al. 1990), deserts (Biebach 1985), mountain ranges, or in islands of habitat 

within a largely inhospitable landscape (Skagen et al. 1998).  Our two study sites were 
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located within an area of high migrant concentrations near a geographical barrier to 

migration.  Because the rate of mass change may vary due to numerous factors in 

addition to competition for resources, we further examined the influence of year, season, 

sex, age, and study location on mass changes in landbirds during stopover. 

Our objectives were to: 1) test for differences in the initial condition of birds 

captured during stopover based on the number of birds in the area (density), year, season, 

age, sex and location; and 2) test for differences in the rate of energetic condition change 

based on these same factors.  We hypothesized that an inverse relationship existed 

between the number of birds at our sites and the rate of mass gain during stopover 

(negative density-dependence).  Due to variability in weather and resource availability 

between years and seasons, we expected differences in initial energetic condition and the 

rate of mass gain between years and seasons.  Due to different selective pressures 

between sexes in spring (Gauthreaux 1982), and age-based differences in experience 

during autumn, we expected to find differences in initial condition and rate of gain based 

on demographic variables.  Finally, because of the similar habitat structure and the 

relative close proximity of our research sites, we did not anticipate site-based differences 

in our measures of energetic condition. 

Methods 
 

Birds were captured at Braddock Bay Bird Observatory (43°19”N, 77°43”W) and 

Hamlin Beach State Park (43°21”N, 77°56”W) during spring (April 24 – June 10) and 

autumn (August 20 – November 4) migration in 1999 and 2000.  The study sites were 

located in near-shore terrestrial habitats on the south shore of Lake Ontario, near 
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Rochester, New York, USA, and were separated by 16 km.  Both sites were located in 

areas dominated by water cover and agricultural land use.  A 5 km region surrounding the 

Hamlin Beach site was characterized by 48% water cover and 44% agricultural land use, 

with forest (6%), developed areas (2%), wetlands (< 1%) and beaches (< 1%) also 

present in the landscape.  Similarly, the Braddock Bay site was surrounded by a 

landscape dominated by water cover (59%) and agricultural land use (27%), with lesser 

amounts of forest (9%), developed areas (4%) and wetlands (1%) within 5 km of the 

study site.  No individuals were captured at both sites within any season, so the sites were 

assumed to be independent. 

The same sampling protocol was followed at both study sites (Braddock Bay Bird 

Observatory 1999).  Birds were captured in 30-mm mesh mist nets which were operated 

daily during the migration periods, weather permitting.  Nets were opened by sunrise, and 

operated for a minimum of six hours per day.   Birds were removed from nets at 30-

minute intervals.  Captured individuals were transported to a central processing location 

where we recorded time of capture, net location, species, age, sex, unflattened wing 

chord, subcutaneous fat load (0 - 5 scale, with 0 = no visible fat and 5 = furcular region 

and abdomen rounded with fat, Helms and Drury 1960), and mass (to nearest 0.1 g on a 

digital electronic balance).  All individuals were marked with a USGS aluminum leg 

band and released.   

We used a regression approach to investigate the effect of migrant density, year, 

season, location and demographic variables on the rate of mass change during stopover 

periods.  With this approach, we related a measure of energetic condition to time of 

capture for all individuals encountered.  The slope of the resulting regression equation 
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represented the average hourly rate of change in energetic condition (Winker et al. 1992; 

Dunn 2000, 2001).   This method greatly increaseed sample size and avoided the 

potential biases of focusing exclusively on recaptured individuals. 

For each individual captured, we calculated energetic condition by adjusting mass 

by body size (mass / wing length * 100), following Winker (1995).  Only data from the 

first encounter with each individual were included in analyses.  Data from the first 8 

hours of operation daily were examined, because sampling effort after hour 8 was biased 

towards high-density days.  Analysis of covariance was used to test for differences in the 

rate of mass change based on the various categorical comparisons (ANCOVA, all 

analyses conducted with SAS version 8.1).  For instance, we tested for differences in the 

rate of mass gain on high-density and low-density days, allowing these rates to vary over 

time. 

We examined the influence of migration density (high-density days ≥ 100 birds 

captured / 100 net hours vs. low-density days ≤ 50 birds captured / 100 net hours), study 

site (Hamlin Beach vs. Braddock Bay), season (spring vs. autumn migration), year (1999 

vs. 2000), age, and sex on the rate of mass change.  Because lean and fat birds may gain 

mass at different rates (Loria & Moore 1990), analyses were limited to lean birds by 

excluding all individuals with a fat score > 1.  Tests were conducted on species with n > 

45 individuals in each category involved in the analyses.  Species were excluded from 

further analyses if the regression equation was not significant (p > 0.05) in either 

category. 

Power analyses were conducted to assess our ability to detect an 8% difference in 

the hourly rate of gain between birds captured on low- and high-density days.  An 8% 
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difference in the hourly rate of gain would translate into a biologically significant 

difference in mass gain following one day of foraging (for instance, a 1.2 g difference 

following 15 hours of foraging).  Slope and intercept estimates for each species were 

determined from previous analyses examining daily mass changes (Chapter 4).  Different 

levels of variance (RMSE = 0.5 – 2.0), and a range of sample sizes (n = 250 – 750), were 

used to calculate the likely range of power for our tests.  Power analyses were conducted 

for α = 0.1 with the UnifyPow extension for SAS (version 2002.08.17a, O’Brien 1998). 

To further examine the influence of density on the rate of mass change, we 

compared Aikaike’s Information Criterion (AIC) scores for models including and 

excluding the density*hour variable.  This interaction term specifically evaluated whether 

or not the rate of mass change depended upon density.  The year, location, age or sex 

(where appropriate), density, hour, and density*hour variables were included in the full 

model.  AIC scores for the full model were compared to a reduced model that excluded 

the density*hour variable.  The best fitting model was identified as the model with the 

lowest AIC score, or the model with the fewest variables if the difference in AIC scores 

was < 2 (Burnham and Anderson 1998). 

Differences in the mean initial condition of migrants were investigated with 

analysis of variance (ANOVA) for all comparisons listed above where we had n > 20 

individuals in each category for a species.  Due to significant differences in initial 

energetic condition between years (see below), year was used as a blocking factor in all 

other comparisons.  Birds with fat scores > 1 were not excluded from analyses of initial 

condition, because eliminating individuals with high fat loads would improperly 

homogenize means.  Least squares means are reported.   
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Results 
 

Over 26,000 birds of 120 species were captured during our sampling periods in 

1999 and 2000.   

Density-dependence 
 

Five species met our criteria for analysis of density-dependent effects during 

spring migration, and four species met our criteria during autumn migration.  Contrary to 

our predictions, White-throated Sparrows demonstrated a faster rate of gain when the 

density of birds was greater during spring (ANCOVA, F1,236 = 4.68, p = 0.032, Fig. 5-1a).  

The other four species (Least Flycatcher, Yellow Warbler, Black-throated Blue Warbler 

and Yellow-rumped Warbler) showed non-significant differences in the rate of condition 

change between low- and high-density days during spring migration.  In the autumn, 

however, all four species analyzed (Winter Wren, Golden-crowned Kinglet, Hermit 

Thrush and White-throated Sparrow) showed faster rates of condition gain on low-

density days than on high-density days, and this trend was significant for the Hermit 

Thrush (F1,405 = 3.92, p = 0.048, Fig. 5-1b).  The power of our tests was generally low, 

with β < 0.5 in all tests except for the two showing significant differences in the rate of 

mass gain (White-throated Sparrow in spring and Hermit Thrush in autumn, Table 5-1). 

Analyses of AIC scores to assess model fit found that the reduced model better fit 

the data in seven of nine comparisons, indicating that, for most species, the rates of mass 

gain were not influenced by differences in the number of birds at the stopover sites.  

Exceptions were the White-throated Sparrow in spring and the Hermit Thrush in autumn 

(Table 5-2).  However, for species showing evidence of density-dependent effects, these 
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differences in hourly rates of gain translated into large differences in daily rates of 

change, assuming a linear rate of gain over a day of active foraging.  For instance, Hermit 

Thrush captured on low-volume days during autumn would have improved their 

condition by 11.9 % of their mean condition per day.  In contrast, birds captured on high-

density days would have barely maintained their initial energetic condition (2.1 % gain, 

Table 5-3).   

Although differences in the rate of condition change based on the number of birds 

at the stopover sites were detected, the initial condition of migrants did not vary by 

migration volume in either season (ANOVA, p > 0.05 in all species).   

Year 
 

Only the American Redstart showed an annual difference in the rate of change in 

energetic condition during spring migration, with higher rates of gain in 1999 than in 

2000 (ANCOVA, F1,521 = 3.97, p = 0.047, Fig. 5-2a).  During autumn migration, the 

trend in 7 of 8 species was toward a faster rate of gain during 2000 than 1999, however 

this trend was only significant for the Blackpoll Warbler (ANCOVA, F1,352 = 4.56, p = 

0.033, Fig. 5-2b). 

Yearly differences in the initial condition of migrants were widespread.  During 

spring migration, the mean initial energetic condition of birds was greater in the year 

2000 than in 1999 in eight of 34 species, and greater in 1999 than in 2000 in only the 

Black-throated Blue Warbler (ANOVA, p < 0.05, Fig. 5-3a).  Trends were more obvious 

during autumn migration, when 18 of 25 species examined had greater energetic reserves 
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in 2000 than in 1999.  No species had greater reserves in 1999 than in 2000 (ANOVA, p 

< 0.05, Fig. 5-3b).   

Season 
 

A trend toward faster rates of gain during autumn migration was detected for six 

of nine species, and differences between seasons were detected for the Least Flycatcher 

(F1,344 = 8.25, p = 0.004) and Common Yellowthroat (F1,642 = 5.78, p = 0.017, Fig. 5-4).   

Differences in mean initial condition between spring and autumn migration were detected 

in 25 of 31 species examined.  Birds had greater energetic reserves during spring in 17 

species, and greater energetic reserves during autumn in 8 species (p < 0.05, Fig. 5-5).   

Age  
 

We found little evidence of age-based differences in either the rate of mass 

change or mean initial condition.  No significant differences were detected in the rate of 

mass change based on age class in any of the three species examined during spring 

(Yellow Warbler, Black-throated Blue Warbler, American Redstart) or the four species 

examined during autumn migration (Ruby-crowned Kinglet, Magnolia Warbler, 

Blackpoll Warbler, White-throated Sparrow).  Differences in initial condition were 

detected in only one of 14 species during spring migration, with second-year birds having 

greater condition values than after-second-year individuals in the American Redstart 

(F1,475 = 7.42, p = 0.007).  Similarly, age-based differences were detected in only one of 

19 species during autumn migration, with adult Black-throated Blue Warblers having 

greater condition values than hatch-year individuals (F1,206 = 4.80, p = 0.030).   
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Sex 
 

No significant sex-based differences were detected in the rate of gain in any 

species during either spring or autumn migration.  However, sex-based differences in 

initial condition were detected in six of 16 species during spring migration.  Males had 

greater initial condition values in three species (Ruby-crowned Kinglet, Yellow Warbler 

and Yellow-rumped Warbler), and females had higher condition values in three species 

(Nashville Warbler, Wilson’s Warbler and American Goldfinch, Table 5-4).  Sex-based 

differences in initial condition were detected in three of nine species during autumn 

migration, with females having greater initial condition values in the Golden-crowned 

Kinglet and Dark-eyed Junco, and males having greater initial condition values in the 

Ruby-crowned Kinglet (Table 5-4).   

Location 
 

No differences were detected in the rate of change in condition between study 

sites during either spring or autumn migration.  However, during spring migration, birds 

had greater initial condition values at the Braddock Bay site in five species (Blue Jay, 

Yellow Warbler, Palm Warbler, Lincoln’s Sparrow and American Goldfinch), with the 

opposite trend detected in two species (Yellow-bellied Flycatcher and Ruby-crowned 

Kinglet, Fig. 5-6).  Species tended to have greater initial condition values at the Braddock 

Bay site during autumn, with a significant difference detected in four species (Golden-

crowned Kinglet, Blackpoll Warbler, White-throated Sparrow and Dark-eyed Junco).  

Only Gray Catbirds had significantly greater condition values at the Hamlin Beach site 

during autumn (Fig. 5-6). 



 

 133

Discussion 
 

Density-dependence 
 

We expected to find an inverse relationship between the number of birds visiting 

our study sites and the rate of mass gain during stopover.  In nine analyses, only one 

species supported this hypothesis.  We found that the rate of mass gain in Hermit 

Thrushes during autumn migration was higher when fewer potential competitors were 

present at our sites.  This pattern may be the result of competitive interactions that 

depleted resource availability or prevented optimal foraging during stopover.  Exclosure 

experiments have shown that migrants can deplete insect and fruit abundance at stopover 

sites (Moore & Yong 1991; Morris 1996).  Dietary shifts to frugivory in numerous 

species have been demonstrated during autumn migration (Parrish 1997), and our 

sampling of fruit availability recorded a decline in availability as the autumn progressed 

(unpublished data).  Reduction in food availability or accessibility is a necessary, though 

not sufficient, requirement of identifying density-dependent relationships at stopover 

sites. 

When bird densities are high at a stopover site, scramble competition may limit 

food availability or interference competition may limit foraging opportunities.  In either 

case, the average rate of mass gain should be sub-optimal.  Scramble competition 

assumes no dominance hierarchy and equal access to resources, which may not reflect 

actual conditions.  Interference competition, wherein dominant individuals restrict access 

to resources for subordinates, has been documented during migration.  Dominance has 

been related to demographic variables in Rufous Hummingbirds (Selasphorus rufus, 
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Carpenter et al. 1993), and body size in Bluethroats (Luscinia svecica svecica, Lindstrom 

et al. 1990).  Regardless of whether or not true conditions are better represented by 

interference or scramble competition, an inverse relationship is expected between density 

and the rate of mass change during migration stopover periods. 

In contrast to the Hermit Thrush results and contrary to our expectations, White-

throated Sparrows demonstrated a positive relationship between density and the rate of 

condition change during spring migration.  This species commonly forms foraging flocks 

during stopover periods (pers. obs.).  As a flocking species, optimal foraging may not be 

achieved until a minimum flock size is reached (Grubb & Greenwald 1982; Lindstrom 

1989; Moore 1994).  In effect, the optimal density may be determined by an interaction 

between the costs of vigilance and the costs of competition (Fig. 5-7).   At low densities, 

birds may experience higher vigilance costs, as potential foraging time is expended on 

predator avoidance and vigilance.  At high densities, competition may limit resource 

availability and reduce foraging efficiency.  Between the lower and upper critical 

densities, foraging efficiency will be at its optimum level.  In non-flocking species, the 

lower critical density may be zero.  In flocking species, the upper critical density may be 

exceedingly high.   

As noted by Murray (1994), density-dependent responses may be linear or non-

linear, they may occur throughout the range of a population’s densities or a part of that 

range, and they may be applicable to some species but not others.  Further, these 

responses may be difficult to measure.  We failed to detect any effect of density on the 

rate of mass change in seven of nine species analyzed, and our power to detect 

differences for these species was low.  This does not preclude the possibility that density-
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dependent responses can affect the rate of mass change in these species.  Rather, our 

sample sizes may have been inadequate to detect an effect, or our results may merely 

indicate that densities were not high enough at our sites to impact rates of mass gain. 

Demographic Variables 
 

Due to different selective pressures between sexes during spring and age-based 

differences in experience during autumn, we expected to detect differences in both the 

rate of mass gain and the initial condition of birds based on these demographic variables.  

Carpenter et al. (1993) found significant interference competition between age and sex 

classes in the Rufous Hummingbird (Selaphorus rufus) during autumn migration in 

California.  In this species, behavioral dominance of males and adults translated into 

greater resource holding potential and, hence, faster rates of mass gain during stopover.  

However, we failed to detect any age- or sex-based differences in the rate of mass gain 

during stopover at our sites.  If negative density-dependent effects do exist during 

stopover, they may be due to scramble competition rather than interference competition.  

Or, age- or sex-based despotic behavior may be negligible until a critical threshold 

density is reached.  Alternatively, dominance may be based on non-demographic 

variables, such as body size or energetic condition.   

Further, relatively few age- or sex-based differences were detected in the initial 

energetic condition of birds at our sites.  If survival during migration is related to 

energetic condition, our results indicate that selection may not be biased for or against 

any age or sex class.  However, age- or sex-based differences in predator avoidance, 
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navigational abilities, and flight capabilities were not tested by this study, and could lead 

to differential survival probabilities during migration. 

Year and season 
 

Due to variability in climatic conditions and resource availability between years 

and seasons, we expected to find temporal differences in both the rate of mass change and 

the initial condition of birds.  We only detected differences in the rate of gain between 

1999 and 2000 in two of 13 species analyzed.  However, a trend toward faster rates of 

gain during autumn than during spring was detected at our sites, and differences in initial 

condition between years and seasons were widespread.  Our results indicate that temporal 

variation exists in the quality and importance of stopover sites.  Studies of a site or 

habitat type that only focus on a single year or a single season may not adequately 

represent the long-term quality or importance of that site or habitat. 

Location 
 

Because our two study sites were located in similar habitats, and within 16 km of 

one another, we did not anticipate site-based differences in our measures of energetic 

condition.  However, we detected widespread site-based differences in initial energetic 

condition in our study, which are difficult to interpret.  We may expect to find site-based 

differences in the rate of condition change due to unperceived differences in habitat and 

resources between sites.  However, we would not expect to find differences in the initial 

condition of migrants that stop at sites that are in relatively close proximity to one 

another.  A difference in the initial condition of birds captured at different sites may 

imply that groups of birds of the same species vary in condition at the same stage of 
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migration, and that these groups may be differentially selecting stopover sites.  Or, we 

may expect to find site-based differences in initial condition if birds from different 

breeding or wintering populations follow different migration routes.  Fat loads would 

then likely vary between populations that are at different stages of their migration.  

However, the close proximity of our two research sites reduces the likelihood of these 

hypotheses.  Further study is required to elucidate the mechanisms producing site-based 

differences in initial condition. 

Summary 
 

If migration is the limiting stage of the annual cycle, then efforts to improve 

survival and/or reproduction during the other stages of the annual cycle will have limited 

effects on population dynamics.  Further attention needs to focus on the degree to which 

habitat may be limiting during migration, on the factors that determine habitat quality 

(Moore et al. 1995, Sherry & Holmes 1995), and on the importance of various stages in 

the annual cycle to landbird populations (Sillett & Holmes 2002).   

If the number of birds at a stopover site affects the rate of mass change in 

individuals, loss of stopover sites may have considerable conservation implications.  

Land use changes at stopover sites may lead to increased bird densities at remaining sites.  

Increased competition at these sites may reduce each individual’s ability to assimilate 

resources, thereby affecting survivorship and population dynamics.  These effects would 

be most pronounced at sites near geographical barriers to migration that already host high 

densities of birds during migration. 
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Table 5-1.  Analyses of power for detecting density-dependent differences in the rate of mass gain. 
Values in bold represent the figures closest to the actual variance in rates of mass gain and sample sizes recorded for each species. 

Standard Deviation
Sample Size 250 500 750 250 500 750 250 500 750 250 500 750

Spring Migration
Least Flycatcher 0.899 0.994 0.999 0.427 0.663 0.813 0.255 0.396 0.518 0.189 0.274 0.354
Yellow Warbler 0.104 0.109 0.113 0.101 0.102 0.103 0.100 0.101 0.101 0.100 0.101 0.101
Black-throated Blue Warbler 0.526 0.781 0.906 0.221 0.334 0.436 0.154 0.208 0.260 0.131 0.161 0.192
Yellow-rumped Warbler 0.924 0.997 0.999 0.458 0.703 0.847 0.272 0.425 0.554 0.199 0.292 0.380
White-throated Sparrow 0.999 0.999 0.999 0.999 0.999 0.999 0.952 0.999 0.999 0.800 0.970 0.996
Autumn Migration
Winter Wren 0.623 0.871 0.960 0.257 0.400 0.522 0.171 0.241 0.307 0.140 0.180 0.220
Golden-crowned Kinglet 0.168 0.235 0.299 0.117 0.134 0.152 0.108 0.115 0.123 0.104 0.109 0.113
Hermit Thrush 0.999 0.999 0.999 0.881 0.991 0.999 0.595 0.847 0.948 0.409 0.639 0.790
White-throated Sparrow 0.450 0.692 0.838 0.196 0.287 0.372 0.143 0.186 0.227 0.124 0.148 0.172

______0.5______ ______1.0______ ______1.5______ ______2______
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Table 5-2.  Comparison of models testing the influence of density on the rate of mass gain. 

Species Variables Included in Full Model Full Model Reduced Model1

Spring
Least Flycatcher Year Location Density Hour Density*Hour 507.2 505.5
Yellow Warbler Year Location Sex Density Hour Density*Hour 1144.2 1140.1
Black-throated Blue Warbler Year Location Sex Density Hour Density*Hour 398.2 394.9
Yellow-rumped Warbler Year Location Sex Density Hour Density*Hour 826.1 823.8
White-throated Sparrow Year Location Density Hour Density*Hour 1089.1 1091.7
Autumn
Winter Wren Year Location Age Density Hour Density*Hour 627.6 626.6
Golden-crowned Kinglet Year Location Sex Density Hour Density*Hour 1414.7 1411.9
Hermit Thrush Year Location Age Density Hour Density*Hour 1612.6 1615.0
White-throated Sparrow Year Location Age Density Hour Density*Hour 6565.0 6561.3
1 Reduced model does not include density*hour interaction term.  Best fitting model is indicated in bold.

AIC Scores
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Table 5-3.  Estimated differences in daily changes in condition between birds captured on high- and low-density days. 

Mean Hourly Net Gain as % of Mean Hourly Net Gain as % of Difference
Condition Changea Mean Conditionb

Condition Changea Mean Conditionb
(Low - High) p c

Autumn Migration
Winter Wren 17.66 0.18 7.73% 17.85 0.31 16.00% 8.27% 0.374
Golden-crowned Kinglet 10.39 0.06 2.31% 10.58 0.09 5.25% 2.94% 0.328
Hermit Thrush 32.23 0.18 2.13% 33.41 0.46 11.88% 9.75% 0.048
White-throated Sparrow 34.42 0.26 4.49% 34.66 0.30 5.89% 1.39% 0.430
Spring Migration
Least Flycatcher 16.42 0.19 12.10% 16.53 0.09 3.04% -9.06% 0.244
Yellow Warbler 15.44 0.08 3.20% 15.58 0.09 3.69% 0.49% 0.909
Black-throated Blue Warbler 14.82 0.10 5.68% 15.23 0.15 9.50% 3.82% 0.567
Yellow-rumped Warbler 16.94 0.09 3.03% 17.20 0.18 10.84% 7.81% 0.287
White-throated Sparrow 35.91 0.50 15.65% 34.71 0.16 2.10% -13.55% 0.032
High density days (> 100 birds captured / 100 net hours).  Low density days (< 50 birds captured / 100 net hours).
Data are from Hamlin Beach and Braddock Bay in 1999 and 2000.
a Slope of regression equation.
b Net daily gain is calculated by multiplying hourly rate of gain (slope of the regression line) by 12 hours in autumn 
and 14.5 hours in spring (estimated foraging time), then subtracting 4.5% of mean condition as an estimate of losses 
due to nocturnal metabolism.
c ANCOVA testing for a difference in the rate of energetic condition change between high- and low-density days.

        High Density                Low Density        
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Table 5-4.  Differences between sexes in energetic condition at initial capture. 

F df p
Spring Migration
Golden-crowned Kinglet 10.66 ± 0.09 10.97 ± 0.18 2.28 121 0.134
Ruby-crowned Kinglet 10.92 ± 0.03 11.57 ± 0.03 203.91 1147 < 0.001
Nashville Warbler 14.93 ± 0.14 14.53 ± 0.12 5.27 154 0.023
Yellow Warbler 15.33 ± 0.05 15.69 ± 0.05 25.29 697 < 0.001
Chestnut-sided Warbler 15.44 ± 0.17 15.55 ± 0.12 0.29 125 0.590
Magnolia Warbler 14.38 ± 0.07 14.43 ± 0.06 0.38 656 0.540
Black-throated Blue Warbler 15.23 ± 0.08 15.11 ± 0.11 0.81 252 0.368
Yellow-rumped Warbler 16.90 ± 0.19 17.38 ± 0.15 8.32 345 0.004
Black-throated Green Warbler 14.58 ± 0.18 14.47 ± 0.17 0.21 48 0.772
Blackpoll Warbler 18.30 ± 0.33 18.59 ± 0.41 0.32 70 0.574
Black-and-white Warbler 15.17 ± 0.14 14.94 ± 0.18 1.13 100 0.290
American Redstart 13.20 ± 0.05 13.14 ± 0.05 0.66 536 0.417
Mourning Warbler 20.52 ± 0.21 20.52 ± 0.26 0.00 94 0.993
Common Yellowthroat 18.53 ± 0.09 18.63 ± 0.08 0.64 486 0.425
Wilson's Warbler 14.74 ± 0.13 14.16 ± 0.07 16.30 331 < 0.001
American Goldfinch 17.93 ± 0.13 17.50 ± 0.13 5.93 145 0.016
Autumn Migration
Golden-crowned Kinglet 10.62 ± 0.03 10.40 ± 0.03 37.05 1466 < 0.001
Ruby-crowned Kinglet 10.63 ± 0.02 10.80 ± 0.03 26.70 1789 < 0.001
Nashville Warbler 14.23 ± 0.12 14.14 ± 0.16 0.19 102 0.661
Magnolia Warbler 14.22 ± 0.14 13.95 ± 0.10 2.58 154 0.110
Black-throated Blue Warbler 14.97 ± 0.11 14.87 ± 0.12 0.34 208 0.558
Yellow-rumped Warbler 16.53 ± 0.18 16.85 ± 0.17 1.99 103 0.161
American Redstart 12.96 ± 0.08 12.84 ± 0.10 0.89 142 0.346
Wilson's Warbler 13.91 ± 0.17 13.99 ± 0.14 0.12 125 0.727
Dark-eyed Junco 23.90 ± 0.20 23.34 ± 0.21 5.26 162 0.023

Mean Initial Condition (±SE) ANOVA
Female Male
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Fig. 5-1.  The influence of the number of birds at a site on the rate of mass gain during 
stopover.   
Spring migration (a) and autumn migration (b).  On high-density days ≥ 100 birds were 
captured per 100 net hours.  On low-density days ≤ 50 birds were captured per 100 net 
hours.  The rate of change was positively related to the number of birds at the stopover 
sites for White-throated Sparrows during spring (ANCOVA, F1,236 = 4.68, p = 0.032), 
and negatively related to the number of birds for Hermit Thrush during autumn (F1,405 = 
3.92, p = 0.048).  See Appendix 5-1 for species codes.  Error bars represent standard 
error. 
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Fig. 5-2.  The influence of year on the rate of mass gain during stopover. 
Spring migration (a) and autumn migration (b).  A relationship was detected between the 
rate of mass gain and year in American Redstarts during spring migration, with a more 
rapid rate of gain in 1999 than in 2000 (F1,521 = 3.97, p = 0.047).  During autumn 
migration, Blackpoll Warblers gained mass at a faster rate in 2000 than in 1999 (F1,352 = 
4.56, p = 0.033).  Error bars represent standard error.  See Appendix 5-1 for species 
codes. 
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Fig. 5-3.  Difference in initial energetic condition between 1999 and 2000. 
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Spring migration (a) and autumn migration (b).  An asterisk by the species code indicates 
a difference (ANOVA, p < 0.05).  Error bars represent 95% confidence intervals.  See 
Appendix 5-1 for species codes. 
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Fig. 5-4.  The influence of season on the rate of mass gain during stopover.   
The rate of mass gain was faster in autumn than in spring for the Least Flycatcher (F1,344 
= 8.25, p = 0.004) and Common Yellowthroat (F1,642 = 5.78, p = 0.017).  Error bars 
represent standard error.  See Appendix 5-1 for species codes. 
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Fig. 5-5.  Differences in initial condition between spring and autumn migration.  
Differences were detected in 25 of 31 species (indicated by asterisk, ANOVA, p < 0.05).  
Error bars represent 95% confidence intervals.  See Appendix 5-1 for species codes. 
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Fig. 5-6.  Differences in initial condition between the Braddock Bay and Hamlin Beach 
study sites.   
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Spring migration (a) and autumn migration (b). An asterisk following the species code 
indicates that differences between sites were detected (ANOVA, p < 0.05).  Error bars 
represent 95% confidence intervals.  See Appendix 5-1 for species codes. 
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Increasing Density

Vigilance Cost Competition Cost

Optimal Density

 

Fig. 5-7.  The theoretical costs of foraging due to vigilance and competition.   
If a species experiences both vigilance and competition costs, a curve reflecting the 
relationship between density and the maximum rate of mass gain may resemble the 
dashed line. 
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Appendix 
Appendix 5-1. Common name, scientific name, and species codes.

Common Name Scientific Name Code
Yellow-bellied Flycatcher Empidonax flaviventris YBFL
"Traill's" Flycathcer E. alnorum & E. Traillii TRFL
Least Flycatcher Empidonax minimus LEFL
Red-eyed Vireo Vireo olivaceus REVI
Blue Jay Cyanocitta cristata BLJA
Black-capped Chickadee Poecile atricapillus BCCH
Brown Creeper Certhia americana BRCR
Winter Wren Troglodytes troglodytes WIWR
Golden-crowned Kinglet Regulus satrapa GCKI
Ruby-crowned Kinglet Regulus calendula RCKI
Veery Catharus fuscescens VEER
Gray-cheeked Thrush Catharus minimus GCTH
Swainson's Thrush Catharus ustulatus SWTH
Hermit Thrush Catharus guttatus HETH
American Robin Turdus migratorius AMRO
Gray Catbird Dumetella carolinensis GRCA
Nashville Warbler Vermivora ruficapilla NAWA
Yellow Warbler Dendroica petechia YWAR
Chestnut-sided Warbler Dendroica pensylvanica CSWA
Magnolia Warbler Dendroica magnolia MAWA
Black-throated Blue Warbler Dendroica caerulescens BTBW
Yellow-rumped Warbler Dendroica coronata MYWA
Black-throated Green Warbler Dendroica virens BTNW
Palm Warbler Dendroica palmarum WPWA
Blackpoll Warbler Dendroica striata BLPW
Black-and-white Warbler Mniotilta varia BAWW
American Redstart Setophaga ruticilla AMRE
Ovenbird Seiurus aurocapillus OVEN
Northern Waterthrush Seiurus noveboracensis NOWA
Mourning Warbler Oporornis philadelphia MOWA
Common Yellowthroat Geothlypis trichas COYE
Wilson's Warbler Wilsonia pusilla WIWA
Lincoln's Sparrow Melospiza lincolnii LISP
Swamp Sparrow Melospiza georgiana SWSP
White-throated Sparrow Zonotrichia albicollis WTSP
White-crowned Sparrow Zonotrichia leucophrys EWCS
Dark-eyed Junco Junco hyemalis SCJU
American Goldfinch Carduelis tristis AMGO  
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